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Preface 

FROM December 1974 through November 1977, a research program entitled "Deve-
lopment of Analytical and Empirical Systems of Design and Fabrication of Welded 
Structures" was conducted at the Department of Ocean Engineering of the Massachu-
setts Institute of Technology for the Office of Naval Research, U.S. Navy under Contract 
No. N00014-75-C-0469 NR031-773 (MIT OSP # 82558). The objective of the research 
program was to develop analytical and empirical systems to assist designers, 
metallurgists and welding engineers in selecting optimum parameters in the design and 
fabrication of welded structures. The program included the following tasks: 

Task 1 : The development of a monograph about the prediction of stress, strain 
and other effects produced by welding. 

Task 2: The development of methods of predicting and controlling distortion in 
welded aluminum structures. 

Efforts under Task 1 have resulted in a monograph entitled "Analysis of Design 
and Fabrication of Welded Structures". This book has been prepared from the mono-
graph. This book covers various subjects related to design and fabrication of welded 
structures, especially residual stresses and distortion, and their consequences. How 
and whom this book is intended to help is written in Chapter 1 (Section 1.1.3). 

Results of Task 2 are incorporated in Chapter 7. The final report of this research 
project is included as Reference (720). 

Financial assistance also was given, especially in preparing the final draft of this 
book from the original monograph prepared under Task 1, by a group of Japanese 
companies including: 

Hitachi Shipbuilding and Engineering Co. 
Ishikawajima Harima Heavy Industries 
Kawasaki Heavy Industries 
Kobe Steel 
Mitsubishi Heavy Industries 
Mitsui Engineering and Shipbuilding Co. 
Nippon Kokan Kaisha 
Nippon Steel Corporation 
Sasebo Heavy Industries 
Sumitomo Heavy Industries 

The author wishes to acknowledge financial assistance provided by the Office of Naval 
Research and the above Japanese companies. 

The author also acknowledges a group of individuals who provided guidance, en-
couragement, and assistance. A number of people in the U.S. Navy, especially 
Dr. B. A. MacDonald and Dr. F. S. Gardner of the Office of Naval Research, reviewed 

vn 



viii Preface 

the monograph and provided numerous valuable comments. Professor W. S. Owen, 
Head of the Department of Materials Science and Engineering of M.I.T., provided 
various suggestions. Dr. K. Itoga of Kawasaki Heavy Industries, Ltd., Kobe, Japan, 
who was a research associate at M.I.T. from April 1975 through April 1978, assisted 
the author in preparing Chapters 9 to 10. Mr. V. J. Papazoglou assisted the author in 
preparing Chapter 13. Mrs. J. E. McLean, Mrs. M. B. Morey, and Miss M. M. Alfieri 
helped the author in typing. 

In order to write this book, while working as professor at M.I.T., the author spent 
numerous hours during nights and weekends. The author sincerely thanks his wife 
Fumiko for her encouragement and understanding during these days. 

KOICHI MASUBUCHI 



Units 

CURRENTLY changes are being made, slowly but steadily, in the United States in 
the use of units from the English system to the metric system, or more precisely the SI 
system (le Système international d'Unités). However, many articles referred to in this 
book use the English system and many readers of this book are still accustomed to the 
English system. To cope with this changing situation, the book has been prepared in the 
following manner. 

(a) All values given in the text are shown in both English and the SI units—the unit 
used in the original document first followed by a conversion. For example, when 
the plate thickness used was 1 inch it is shown as 1 in. (25.4 mm or 25 mm). On 
the other hand, when the original experiment was done with a 20-mm-thick plate, 
it is shown as 20 mm (0.8 in.). In the case of stresses, values are written in psi 
(or ksi), kg/mm2, and newton/m2 (or meganewton/m2). 

(b) Most figures and tables are shown as they appear in the original document, 
although in some cases both the English and the SI units are used. 

The author hopes that the way in which this book is written provides a compromise 
rather than a confusion, thus making the book easy to read by people in various countries. 

Below is a conversion table for units frequently used in this book. 

To convert from 

inch (in.) 
inch 
foot (ft) 
lbm/foot3 

Btu 
calorie 
lbf (pound force) 
kilogram force (kgf) 
pound mass (lbm) 
lbf/inch2 (psi) 

ksi 
kgf/meter2 

Fahrenheit (iF) 

to 

meter (m) 
mm 
meter 
kilogram/meter3 

joule (J) 
joule 
newton (N) 
newton 
kilogram (kg) 
newton/meter2 

(N/m2) 
MN/m2*(û) 

newton/meter2 

Celcius (tc) 

multiply by 

2.54 x 10"2 

2.54 
3.048 x 10"l 

1.601 x 10 
1.055 x 103 

4.19 
4.448 
9.806 
4.535 x 10"l 

6.894 x 103 

6.894 
9.806 
ic = (5/9)(iF-32) 

MN (meganewton) = 106 N (newton). 

ix 



Notations 

EFFORTS were made to use the same notation symbols, as much as possible, to express 
various quantities throughout the entire book. For example, / and V are used to express 
welding current and arc voltage, respectively. However, the author has found that 
it is almost impossible to use a single, unified system of notation throughout the entire 
book because: 

1. the book covers many different subjects, 
2. the book refers to works done by many investigators who used different notations. 

Efforts were made to provide sufficient explanations whenever symbols are used. 

x 



References 

REFERENCES are numbered by the number of the chapter in which the document 
is referred to first and the sequence in that chapter. For example, (103) is the third 
reference in Chapter 1, and (809) is the 9th reference in Chapter 8. At the end of each 
chapter, references which are used in that chapter for the first time are listed. For example, 
references (901), (902),..., are listed at the end of Chapter 9. 

When a reference is used repeatedly in later chapters, the original reference number is 
used throughout this book. For example, if reference (101) is used in a later chapter, 
it is still referred to as (101). 
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CHAPTER 1 

Introduction 

THIS chapter provides the necessary background information on structural materials 
and welding processes to enable those readers whose knowledge in these areas is limited 
to understand the remainder of this book. 

1.1 Advantages and Disadvantages of Welded Structures and 
Major Objective of this Textbook 

Since this book discusses at length the problems associated with the design and 
fabrication of welded structures, it risks creating the impression that welded structures 
are impractical due to their many special problems and their tendency to fracture. 
On the contrary, welded structures are superior in many respects to riveted structures, 
castings, and forgings. It is for this reason that welding is widely used in the fabrication 
of buildings, bridges, ships, oil-drilling rigs, pipelines, spaceships, nuclear reactors, and 
pressure vessels. 

Before World War II, most ships and other structures were riveted; today, almost 
all of them are fabricated by welding. In fact, many of the structures presently being 
built—space rockets, deep-diving submersibles, and very heavy containment vessels 
for nuclear reactors—could not have been constructed without the proper application 
of welding technology. 

1.1.1 Advantages of Welded structures over riveted structures 

(A) High joint efficiency. The joint efficiency is defined as: 

Fracture strength of a joint χ 

Fracture strength of the base plate ° 

Values of joint efficiency of welded joints are higher than those of most riveted joints. 
For example, the joint efficiency of a normal, sound butt weld can be as high as 100%. 
The joint efficiency of riveted joints vary, depending on the rivet diameter, the spacing, 
etc., and it is never possible to obtain 100% joint efficiency. 

(B) Water and air tightness. It is very difficult to maintain complete water and air 
tightness in a riveted structure during service, but a welded structure is ideal for structures 
which require water and air tightness such as submarine hulls and storage tanks. 

(C) Weight saving. The weight of a hull structure can be reduced as much as 10 and 
20% if welding is used. 

(D) No limit on thickness. It is very difficult to rivet plates that are more than 2 inches 
1 



2 Analysis of Welded Structures 

thick. In welded structures there is virtually no limit to the thickness that may be 
employed. 

(E) Simple structural design. Joint designs in welded structures can be much simpler 
than those in riveted structures. In welded structures, members can be simply butted 
together or fillet welded. In riveted structures, complex joints are required. 

(F) Reduction in fabrication time and cost. By utilizing module construction 
techniques in which many subassemblies are prefabricated in a plant and are assembled 
later on site, a welded structure can be fabricated in a short period of time. In a modern 
shipyard, a 200,000-ton (dead weight) welded tanker can be launched in less than 
3 months. If the same ship were fabricated with rivets, more than a year would be 
needed. 

1.1.2 Problems with welded structures 

Welded structures are by no means free from problems. Some of the major difficulties 
with welded structures are as follows: 

(A) Difficult-to-arr est fracture. Once a crack starts to propagate in a welded structure, 
it is very difficult to arrest it, therefore, the study of fracture in welded structures is very 
important. If a crack occurs in a riveted structure, the crack will propagate to the end 
of the plate and stop; and, though a new crack may be initiated in the second plate, the 
fracture has been at least temporarily arrested. It is for this reason that riveted joints 
are often used as crack arresters in welded structures. 

(B) Possibility of defects. Welds are often plagued with various types of defects 
including porosity, cracks, slag inclusion, etc. 

(C) Sensitive to materials. Some materials are more difficult to weld than others. 
For example, steels with higher strength are generally more difficult to weld without 
cracking and are more sensitive to even small defects. Aluminum alloys are prone to 
porosity in the weld metal. 

(D) Lack of reliable NDT techniques. Although many non-destructive testing 
methods have been developed and are in use today, none are completely satisfactory 
in terms of cost and reliability. 

(E) Residual stress and distortion. Due to local heating during welding, complex 
thermal stresses occur during welding; and residual stress and distortion result after 
welding. Thermal stress, residual stress, and distortion cause cracking and mismatching; 
high tensile residual stresses in areas near the weld may cause fractures under certain 
conditions; distortion and compressive residual stress in the base plate may reduce 
buckling strength of structural members. 

Consequently, in order to design and fabricate a soundly welded structure, it is essential 
to have: (1) adequate design; (2) proper selection of materials; (3) adequate equipment 
and proper welding procedures; (4) good workmanship; and (5) strict quality control. 

1.1.3 Major objective of this book 

Figure 1.1 shows the importance of residual stresses and distortion in the design 
and fabrication of welded structures. 

When a practicing engineer is concerned with residual stresses and distortion, he is 
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STEP 0 [ input ] 

STEP I 

STEP 2 

STEP 3 [output] 

DESIGN AND FABRICATION PARAMETERS 

Analysis I 

ANALYSIS OF TRANSIENT THERMAL 
STRESS, RESIDUAL STRESSES AND 
DISTORTION 

Analysis 2 

ANALYSIS OF CONSEQUENCES OF 
TRANSIENT THERMAL STRESSES 
RESIDUAL STRESS AND DISTORTION 

Brittle fracture 
Fatigue 
Stress corrosion cracking 
Buckling 
Weld cracking 

Other considerations: 

[METALLURGY 
DEFECT POTENTIAL 
INSPECTION 
ICOST ANALYSIS 

RELIABLE WELDED STRUCTURES 

FIG. 1.1. Importance of residual stresses and distortion in the design and fabrication of 

welded structures. 

also likely to be concerned with their adverse effects on the service performance of the 
structure which he is designing or fabricating. High tensile residual stresses in regions 
near the weld may promote brittle fracture, fatigue, or stress corrosion cracking. Com-
pressive residual stresses and initial distortion may reduce buckling strength. What 
complicates the matter is that the extent of the effects of residual stresses is not only 
governed by residual stresses but also brittleness of the material. When the material is 
brittle, residual stresses may reduce the fracture strength of the weldment significantly. 
When the material is ductile, on the other hand, the effects of residual stresses are practi-
cally zero. 

In fact what the practicing engineer wishes to do is to change design and fabrication 
parameters, such as plate thickness, joint design, welding conditions, welding sequence, 
etc., so that the adverse effects of residual stresses and distortion can be reduced to accept-
able levels. It is much better to achieve this goal during an early stage of design and 
fabrication rather than confronting the problem at later stages of fabrication. 

In order to accomplish this task, the engineer needs at least two kinds of analysis: 

1. An analysis of transient thermal stresses, residual stresses, and distortion (Analysis 1 
between Steps 0 and 1 in Fig. 1.1). 

2. An analysis of the effects of thermal stresses, residual stresses and distortion on the 
service behavior of welded structures (Analysis 2 between Steps 1 and 2). 

The major objective of this book is to cover the present knowledge of these two analyses. 



4 Analysis of Welded Structures 

Chapters 2 through 7 cover Analysis 1, while Chapters 8 through 14 cover Analysis 2. 
The engineer also must consider many subjects other than residual stresses and distor-

tion, and their consequences. These subjects include metallurgy, weld defect potential, 
inspection, fabrication cost, etc. The welding conditions that would give the minimum 
amount of distortion may not be usable because of the poor metallurgical properties 
or excessively high fabrication cost, for example. Therefore, what the engineer really 
needs is an integrated system which can analyze all the relevant subjects required. 
However, such an integrated system, yet to be developed, would be too extensive to be 
covered in a single book. 

This book primarily covers subjects related to residual stresses and distortion, and 
their consequences. Attempts have been made to minimize duplications with other 
existing books. For example, a number of books have been written on brittle fracture, 
fatigue, stress corrosion cracking, buckling etc. Discussions in this textbook emphasize 
those subjects characteristic of welded structures, especially those related to residual 
stresses and distortion. 

In preparing this book, discussions on welding processes, materials, and welding 
metallurgy have been kept to a minimum. The author plans to cover these subjects in 
subsequent books with the desire that the entire system will one day be fully integrated.1 

1.2 Historical Overview and Future Trends0 01) 

When one thinks about what may happen in the future, it is often worthwhile to 
first examine what has happened in the past and what is happening now, because the 
future can be regarded as an extension of the past and present (although abrupt changes 
often take place). Figure 1.2 illustrates some major events in recent world history, the 
use of materials for ships and other large structures, and the development of joining 
methods and their applications. 

1.2.1 Materials for large structures 

From wood to steel. Until around 1850 wood was the principal material for building 
ships, bridges, and other structures. Around the middle of the nineteenth century, iron 
was introduced as a construction material. By the early 1900s, however, iron also became 
obsolete; since then steels, alloys of iron and carbon, and other elements have become 
the principal materials for ships and various other structures. Although other construc-
tion materials have been developed, steel still remains the most widely used material 
for the construction of ships and other large structures. Low carbon steels are used for 
most applications. However, high-strength steels are experiencing an increased use. 

Figure 1.3 shows how the yield strength of materials used for U.S. Navy submarines 
and submersibles has increased.*101'102) Prior to the early 1940s, combat submarines 
were fabricated largely from low-carbon steel, a material with a tensile yield strength of 
about 32,000 psi (22.4 kg/mm2 or 220 MN/m2). Between 1940 and 1958 high-tensile-
strength steel (HTS) with a 50,000 psi (35.2 kg/mm2 or 344.7 MN/m2) yield strength 
was used in most submarine structures. In 1958 HY-80 steel, a quenched-and-tempered 

f The following three books are under preparation: (1) Welding Engineering, (2) Fractures of Welded Struc-
tures, (3) Materials for Ocean Engineering [revision of Reference (102)]. 
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INBOARD PROFILE 

FIG. 1.4. General schematic of 20,000 ft (6100 m) DSSV. This figure is taken from Reference 
(103). Some design changes may have been made. 

steel with a minimum yield strength of 80,000 psi (56.2 kg/mm2 or 552 MN/m2) was 
first introduced to submarine hulls. Some years later HY-100, a steel with 100,000 psi 
(70.3 kg/mm2 or 689 MN/m2) minimum yield strength and very similar to HY-80, was 
introduced. Today, HY-80 and HY-100 are the basic fabrication steels for submarine 
hulls. 

The next steel in line is HY-130. This steel was first called HY-140; however, it was 
discovered later that only 130,000 psi (91.4 kg/mm2 or 896 MN/m2) yield strength 
can be guaranteed in the welds. In 1969 the first Deep Submergence Rescue Vehicle 
(DSRV) was fabricated by Lockhead Missile and Space Company using HY-130. 
DSRV is capable of diving to a depth of 6000 ft (1830 m). The U.S. Navy plans to use 
HY-130 for submarines in the next decade. The U.S. Navy also has a plan to build 
Deep Submergence Search Vehicle (DSSV) with a depth capability of 20,000 ft (6100 m). 
The material being considered is HY-180. 

Figure 1.4 is a general scheme of the DSSV which is designed to operate at the maxi-
mum depth of 20,000 ft (6100 m).(103) 

Applications of high-strength steels to commercial structures, including ships, bridges, 
and pressure vessels, occurred several years later; and most applications have been 
limited to steels up to 120,000 psi (84.4 kg/mm2 or 827 MN/m2) yield strength. Besides 
the Navy's HY-80 and HY-100, there are a number of commercial quenched and temper-
ed steels such as ASTM A514/517. These steels have excellent fracture toughness at low 
temperatures and they have been extensively used for various structures. 

So far, attention has been placed on development of high-strength steels. Another 
important development involves materials with excellent fracture toughness at cryogenic 
temperatures primarily for tanks for liquefied natural gas (LNG) carriers. Table 1.1 list 
several tank systems developed to date.(101) The most important feature from the view-
point of materials and welding technology is the cryogenic tank. Ferrous alloys which 
have been used include : 

9% and 5ψ/0 nickel steel, 
Austenetic stainless steel, 
36% nickel steel (Invar). 



TABLE 1.1. Tank systems for LNG Carrier. 

Introduction 7 

Tank system Spherical type 
Independent tank 

Square type" 

Midship section 

Conch 
i tank) Licensee Moss-Kvaener Techm-Gaz K3az-Transpor 

Lgyj&siainl9% Nis,*ei 1 9%NI **« 
Conch ESSO 

(single tank) 

Tank material Aluminum 9% Ni steel Aluminum 

Midship section 

Licensee Techni-Gaz Gaz-Transport Bridgestone Liq. Gas Ilshikowajimo-Horimo 

Tank material Stainless steel 36% Ni steel (invar)! 9% Ni steel 
and aluminum Aluminum 

FIG. 1.5. Surface effect ship-SES 100.(101). This photograph shows SES 100, a 100-ton surface 
effect ship completed in 1975 by the Bell Aerospace for the U.S. Navy. This ship cruises at a 
speed of over 80 knots. The U.S. Navy plans to build surface effect ships as large as 2000 tons 

with a crusing speed of 100 knots. 
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Aluminum. The first use of aluminum in ships occurred in the 1890s, very shortly after 
steel was introduced. In 1889 aluminum was used in U.S. Navy torpedo boats. 

Since the 1930s aluminum alloys have been used extensively in aircraft, primarily 
due to its light weight. Aluminum alloys also have been used for other structures. In 
ships, for example, aluminum alloys are used primarily for superstructures. Aluminum 
alloys are extensively used for hull structures of advanced high-performance ships 
(AHPS), including surface effect ships (SES), as shown in Fig. 1.5. 

Besides light weight, aluminum alloys have good toughness at extremely low tempera-
tures. Aluminum alloys have been extensively used for tanks containing cryogenic 
cargos. For example, the huge tanks containing the fuel (kerosene and liquid hydrogen) 
and the oxidizer (liquid oxygen) of the Saturn V space rocket used in the Apollo program 
were built with aluminum alloys (see Fig. 1.6). These tanks were welded. 

Aluminum alloys also have been considered as important structural materials for the 
cryogenic tanks of LNG carriers, as shown in Table 1.1. 

Titanium alloys. Titanium alloys were first used for aerospace applications in the late 
1950s. Today titanium alloys are used for various parts of aircraft structures (especially 
supersonic aircraft) and jet engines. However, it was not until 1963 that the submarine 
hull program of the U.S. Navy was actually started. Uses of titanium alloys for structures 
other than aerospaces and chemical applications so far have been very limited. 

The major advantages of titanium alloys are high strength-to-weight ratio and 
excellent corrosion resistance. Extremely high material and fabrication costs are the 
principal drawbacks. 

1.2.2 Joining technology 

Historians can trace welding techniques back to prehistoric days. Men were soldering 
with copper-gold and lead-tin alloys before 3000 B.C. However, the only sources of heat 
available until around 1850 were wood and coal. Because of the relatively low tempera-
ture available, the joining processes used were limited to soldering, brazing, and forging. 

Development of modern welding technology began in the latter half of the nineteenth 
century when electrical energy became commercially available. Most of the important 
discoveries leading to modern welding processes were made between 1880 and 1900. 
Processes invented during this period include: carbon arc, arc welding, oxyacetylene, 
and electric resistance processes. Covered electrodes were introduced around 1910. 

During World War I, metal-arc welding was used for the first time in ship construction, 
primarily for repairs. In 1921 the first all-welded, ocean-going ship was built. From 
these beginnings, applications of welding increased steadily in the 1930s. Demand for 
reliable methods for welding light-metal alloys for aircraft accelerated the development 
of inert-gas arc welding processes. The submerged arc process was also introduced in 
the 1930s. 

A drastic change in ship construction occurred during World War II from riveting to 
welding. To meet the urgent demand for a large number of ships needed for the war, 
the United States entered into the large-scale production of welded ships for the first 
time in history. By that time the technique of welding steel plates had been well establish-
ed. However, there had not been enough knowledge and experience regarding design 
and fabrication of large welded structures and their fracture characteristics. 
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SERVICE MODULE 

LUNAR MODULE 
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LOX TANK 

J-2 ENGINE (5) 
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FIG. 1.6. Saturn V Space Vehicle(104). The Saturn V space vehicle stands 363 ft (110.6 m) 
high with its Apollo spacecraft in place. Its maximum diameter is 33 ft (10 m). The first stage, 
which is called S-IC, is powered by five F-1 engines, which burn kerosene and liquid oxygen. 
The second stage, S-II, and the third stage, S-IVB, are powered by J-2 engines, which burn 

liquid hydrogen and liquid oxygen. 
As far as the weight is concerned, the Saturn V may be considered as an assembly of huge 

fuel and oxidizer tanks. The Saturn V filled with fuel and liquid oxygen weighs about 2700 tons, 
while its emptied weight is only 170 tons. 

Aluminum alloys 2014 and 2219 were used for structural alloys for fuel and oxidizer tanks 
because of their attractive strength-to-weight ratio in the range of temperatures to be encounter-
ed. Joint thickness ranged from £ to 1 in (3.2 to 25.4 mm). The tanks were welded with gas tungsten 

arc and gas metal arc processes. 
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Among approximately 5000 merchant ships built in the United States during World 
War II, about 1000 ships experienced structural failures. About twenty ships broke in 
two or were abandoned due to structural failures. These failures led to an enormous 
research effort on brittle fracture and welding, and the technology for fabricating welded 
ships and other structures was established between 1954 and 1955. By 1960 most ships 
built in the world were fabricated by welding. 

A number of new welding processes have been developed during the last 30 years. 
They include: C02-gas shielded arc, electroslag, electrogas, ultrasonic, friction, electron-
beam, plasma arc, and laser welding processes. As a result, most metals used in present-
day applications can be welded. 

1.3 Requirements for the Selection of Materials*102* 

1.3.1 Required properties 

The following pages discuss some of the important properties materials must possess 
to be used successfully for strength members of structures. 

Strength-to-weight ratio. The weight density of a material is frequently a critical 
characteristic, since structural weight is so often a major design consideration. In 
many cases it is not the absolute density itself which is important but a strength-to-weight 
ratio, usually represented by the ratio of either yield stress or ultimate stress to the 
weight density. Such a parameter is usually employed in cases where maintaining a 
certain level of strength to the minimum structural weight is desirable. 
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Among various ocean engineering structures, submarine hulls present the most 
crucial problems. Figure 1.7 shows curves representing the calculated performance of 
near-perfect spherical pressure hulls in various materials/105) Shown here are relation-
ships between the collapse depth and the ratio of collapse or buckling stress (which is 
dependent on geometry) to density. The advantage of materials with high strength-to-
weight ratio is obvious especially at a greater depth. 

It is important to mention that techniques for fabricating submarine hulls with various 
materials are not necessarily available at the present. The Navy classifies materials 
according to background and experience. 

Category 1 materials include those alloys such as HY-80 and HY-100 for which there 
is an abundance of technical data and operational experience. Category 2 materials 
include those alloys such as HY-130, Marging (190) steel, HP 9-4-25, and annealed 
TÎ-A1-4V. There is also an abundance of data, but experience in the operations environ-
ment is limited. Category 3 contains those materials for which there is little technical 
data and experience. Several Category 3 materials have high collapse-stress-to-density 
ratios. They include heat-treated titanium alloys, ultrahigh-strength steels, glass, 
ceramics such as aluminum oxide, advanced metal-matrix and resin-matrix composites, 
and dualalloy, diffusion-bonded plates. 

Fracture toughness. Fracture toughness is a measure of a material's ability to absorb 
energy through plastic deformation before fracturing. Several technical terms including 
"ductility", "notch toughness", and "fracture toughness" are used to describe the resis-
tance of a material to fracture. Notch toughness, for example, refers to the ability of a 
material to resist brittle fracture in the presence of a metallurgical or mechanical crack 
or notch. In general, the more energy absorbed, the more ductile or tough the material is 
said to be. Chapter 9 discusses fracture toughness in detail. 

Fracture toughness often becomes a critical problem when a material with high 
strength is considered, because there is a general tendency for fracture toughness to 
decrease with increasing strength. Notch toughness also becomes a critical problem 
when a structure is subjected to low temperatures. 

Fatigue strength. Loads which do not cause fracture in a single application can result 
in fracture when applied repeatedly. The mechanism of fatigue failure is complex, but 
it basically involves the initiation of small cracks, usually from the surface, and the 
subsequent growth under repeated loading. Chapter 11 covers subjects related to fatigue 
failures. 

Resistance again corrosion and stress corrosion cracking. Materials used for structural 
components exposed to seawater and other environments must have adequate resistance 
against corrosion and stress corrosion cracking. 

Corrosion is the destructive attack of a metal by chemical or electrochemical reaction 
with the environment. Stress corrosion cracking, on the other hand, is the fracture of a 
material under the existence of both stress and certain environments. Chapter 12 
covers stress corrosion cracking and hydrogen embrittlement. 

Other properties. Other material characteristics which merit consideration include 
ease of fabrication, weldability, durability, maintenance, general availability, and finally 
(but not least important), cost. With several possible modes of failure to be anticipated 
in each element of a structure and weight and/or cost to be minimized (or perhaps 
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other performance characteristics to be maximized) trade-off studies must be resorted to 
before a final optimum choice of material can be made for any specific application. 

1.3.2 Commonly used or promising structural materials 

Structural materials which are commonly used at present and which are promising 
in the future fall into four main categories: ferrous metals, non-ferrous metals, non-
metals, and composites. 

Steel. Steels show promise mainly because of the extremely high strengths which new 
heat-treatment techniques are making possible. These new steels include such types 
as HY-80, HY-100, HY-130, HY-180, and the maraging steels. Yield stresses range from 
80,000 psi (56.2 kg/mm2 or 552 MN/m2) for HY-80 to approximately 300,000 psi 
(211 kg/mm2 or 2068 MN/m2) for some maraging steels. A tendency toward brittle 
behavior and low notch toughness, in addition to only moderate increase of fatigue 
life are the major drawbacks of these high-strength steels. 

As the strength level increases, steels tend to become more difficult to weld without 
cracks and other defects. Some high-strength steels also are sensitive to stress corrosion 
cracking. Section 1.4 discusses more about structural steels. 

Aluminum. Aluminum is of interest mainly because of its low density. Aluminum 
alloys also have good fracture toughness at low temperatures, and they are antimagnetic. 
Some of the new aluminum alloys are competitive with some steels in yield and ultimate 
strength. As with steel, as strengths increase, aluminum alloys show a tendency toward 
lower notch toughness, and questionable fatigue life. 

Some high-strength aluminum alloys, especially those which are heat treated, also 
are difficult to weld, and are sensitive to stress corrosion cracking. Section 1.5 discusses 
aluminum alloys for structural uses. 

Titanium. Titanium combines a relatively low density with very high strength, 
excellent fatigue properties and corrosion resistance, and antimagnetic properties. 
Titanium alloys are considered to be promising materials for high-performance aero-
space and hydrospace structures despite the high costs of materials and fabrication. 
Section 1.6 discusses titanium alloys for structural uses. 

Other metals. Various metals other than steels, aluminum alloys, and titanium alloys 
are used or can be used for various components of engineering structures. They include 
nickel alloys, bronze, and other copper alloys, etc. 

Composite materials. Composite materials are made of filaments of some material 
specifically oriented in a matrix material. The filaments may be of either a metallic or 
non-metallic material. Glass and boron are commonly considered. Such fiber composites 
are being developed with very high strength-to-weight ratios. Current major problems 
of composite materials involve joining and delamination under pressure in long-term 
use. 

Glass and ceramics. Glass and ceramics are of interest because of their extremely 
high strengths in compression. They also demonstrate excellent corrosion resistance. 
Glass, in addition, offers the advantage of transparency. The chief drawback of glass 
and ceramics is their brittle behavior. 
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Other materials. Plywood and concrete have been used for various structures. The 

main advantage of both is their relatively low cost. In addition, concrete posseses good 
compressive strength, good availability, resistance to corrosion, and excellent formability. 
Its chief disadvantage is its limit tensile strength. 

Since this book is concerned primarily with welding of structural materials, the fol-
lowing pages discuss steel, aluminum alloys, and titanium alloys. 

1.4 Structural Steels*102) 

The following pages cover various steels which have been or may be used for structures. 
These steels include: carbon steels, low-alloy high-strength steels, quenched-and-
tempered steels, and maraging steels. 

1.4.1 Low carbons steels and high-strength steels 
with less than 80,000 psi yield strength 

Low carbon steels and high-strength steels with less than 80,000 psi (56.2 kg/mm2 or 
522 MN/m2) yield strength are among the most widely used structural materials. 

For many years ASTM A7 steel was the basic structural carbon steel and was produced 
to a minimum yield strength of 33 ksi (23.3 kg/mm2 or 228 MN/m2)(106) for welded 
structures, ASTM A 373 steel with a minimum yield strength of 32 ksi (22.5 kg/mm2 or 
220 MN/m2) was frequently used. In 1960 ASTM A 36 steel was introduced with a yield 
strength of 36 ksi (25.3 kg/mm2 or 248 MN/m2) and improved weldability over A7 steel. 

With regard to ship-hull steels, United States merchant vessels are constructed in 
accordance with requirements established by the U.S. Coast Guard and the American 
Bureau of Shipping. Naval combatant vessels and many merchant-type naval vessels 
are constructed in accordance with U.S. Navy specifications. 

The American Bureau of Shipping requirements can be found in its Rules for Building 

TABLE 1.2 ABS requirements for ordinary-strength hull structural Grades, A, B, D, E, DS, and CS 
Process of manufacture : Open-hearth, Basic-oxygen, or Electric furnace 

Grades 

Deoxidation 

A 

Any 
method 
except 

rimmed steel1 

B 

Any 
method 
except 

rimmed steel 

D 

Fully 
killed, 

fine-grain 
practice2,10 

E 

Fully 
killed, 

fine-grain 
practice10 

DS 

Fully 
killed, 

fine-grain 
practice10 

CS 

Fully 
killed, 

fine-grain 
practice10 

Chemical composition3 

(Ladle analysis) 

Carbon, % 
Manganese, % 
Phosphorus, % 
Sulphur, % 
Silicon, % 

Tensile test 

Tensile strength For all Grades: 41-50 kg/mm2 or 58,000-71,000 psi11-12 

Yield point, min. For all grades: 24 kg/mm2 or 34,000 psi13 

Elongation, min. For all grades: 21% in 200 mm (8 in.) or 24% in 50 mm (2 in.) or 22% in 5 . 6 5 , / A (A 
equals area of test specimen)11 

{Contd.) 

0.23 max.4 0.21 max. 
5 0.80-1.107'8 

0.04 max. 0.04 max. 
0.04 max. 0.04 max. 

0.35 max. 

0.21 max. 0.18 max. 
0.70-1.507·9 0.70-1.407 

0.04 max. 0.04 max. 
0.04 max. 0.04 max. 
0.10-0.35 0.10-0.35 

0.16 max. 0.16 max. 
1.00-1.357 1.00-1.357 

00.04 max. 0.04 max. 
0.04 max. 0.04 max. 
0.10-0.35 0.10-0.35 
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TABLE 1.2 (Contd.) 

Impact test 
Charpy V-notch 
Temperature 
Energy, avg. min. 

Longitudinal specimens 
or 
Transverse specimens 

No. of specimens 

Heat treatment 

Stamping 
AB AB 

Ύ 

20°C( -4°F) 

2.8 kg-m 
(20 ft-lb) 

2.0 kg-m 
(14 ft-lb) 

3 from each 
40 tons14 

Normalized 
over 35 mm 

(If in.) 
thick.15 

AB16 

D 

40°C(-40°F) 

2.8 kg-m 
(20 ft-lb) 

2.0 kg-m 
(14 ft-lb) 

3 from each 
plate 

I Normalized 
l 

AB 
B 

Normalized 
over 35 mm 

(If in.) 
thick 

AB16 

DS 

Normalized 

AB 

es 

Notes 
1 Grade A steel equal to or less than 12.5 mm 

(0.50 in.) in thickness may be rimmed. 
2 Grade D may be furnished semi-killed in thick-

nesses up to 35 mm (1.375 in.) provided that 
the steel over 25.5 mm (1.00 in.) in thickness 
is normalized. In this case the requirements 
relative to minimum Si and Al contents and 
the fine-grain practice of NotelO do not apply. 

3 For all grades exclusive of Grade A shapes and 
bars the carbon content plus | of the Mn 
content is not to exceed 0.40%. 

4 A maximum carbon content of 0.26% is accept-
able for Grade A plates equal to or less than 
12.5 mm (0.50 in.) and all thicknesses of Grade 
A shapes and bars. 

5 Grade A plates over 12.5 mm (0.50 in.) in thick-
ness are to have a minimum manganese content 
not less than 2.5 times the carbon content, 
Grade A shapes and bars are not subject to the 
manganese/carbon ratio of 2.5. 

7 For all grades the specified upper limit of the 
manganese may be exceeded up to a maximum 
of 1.65% provided carbon content plus £ Mn 
content does not exceed 0.40%. For Grade B, 
the lower limit of the manganese may be reduced 
to 0.60% when the Si content is 0.10% or more 
(killed steel). 

8 For Grade B where the use of cold-flaging 

quality has been specially approved the manga-
nese range may be reduced to 0.60-0.90%. 

9 For Grade D steel equal to or less than 25.5 mm 
(1.00 in.) in thickness 0.60%. minimum Mn 
content is acceptable. 

10 See above. 
11 The tensile strength of cold-flaging steel is to 

be 39-46 kg/mm2 (55,000-65,000 psi), the 
yield point 21 kg/mm2 (30,000 psi) minimum, 
and the elongation 23% minimum in 200 mm 
(8.00 in.). 

12 A tensile strength range of 41-56 kg/mm2 

(58,000-80,000 psi) may be applied to Grade 
A shapes and bars. 

13 For Grade A over 25.5 mm ( 1.00 in.) in thickness, 
the minimum yield point may be reduced to 
23 kg/mm2 (32,000 psi). 

14 Impact tests are not required for normalized 
Grade D when furnished fully-killed fine-
grain practice. 

15 Control rolling of Grade D steel may be 
specially considered as a substitute for normaliz-
ing in which case impact tests are required 
for each 20 tons of material in the heat. 

16 Grade D or DS hull steel which is normalized for 
special applications as specified in 43.3.8b is to 

AB AB 
be stamped—— or —— respectively. 
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TABLE 1.3 ABS requirements for higher strength hull structural steel, Grades AH32, EH32, AH36, DH36, 
and EH36 Process of manufacture: Open hearth, Basic oxygen or Electric furnace 

Grades1 

Deoxidation 

AH32 

Semi-killed 
or killed3 

DH32 

Killed, 
fine grain 
practice5 

EH32 

Killed, 
fine grain 
practice5 

AH36 

Semi-killed 
or killed3 

DH36 

Killed, 
fine grain 
practice5 

EH36 

Killed, 
fine grain 
practice5 

Chemical compositions for all grades 
(Ladle analysis) 

Carbon, % 
Manganese, %2 

Phosphorus, % 
Sulfur, % 
Silicon, %3 

Nickel, % 
Chromium, % 
Molybdenum, % 
Copper, % 
Columbium, % 

(Niobium) 
Vanadium, % 

Tensile Test 
Tensile strength 

Yield point, min. 

Elongation, min. 

0.18 max. 
0.90-1.60 
0.04 max. 
0.04 max. 
0.10-0.50 
0.40 max." 
0.25 max. 
0.08 max. 
0.35 max. 
0.05 max. 

0.10 maxj 

} These elements need not be reported on the mill sheet 
unless intentionally added. 

48-60 kg/mm2; 68,000-85,000 psi 

32 kg/mm2; 45,500 psi 

For all grades: 19% in 200 mm (8 in.) or 22% in 50 mm (2 in) 
5.65 ̂ /A (A equals area of test specimen). 

50-63 kg/mm2; 71,000-90,000 psi 

36 kg/mm2; 51,000 psi 

or 20% in 

Heat treatment: see Table 43.4 

Impact test 
Charpy V-notch 
Temperature None 

required 
Energy, avg. min. 

Longitudinal specimens 
or 

Transverse specimens 

No. of specimens 

Stamping AB/AH32 

-20°C 
( -4°F) 

3.5 kg-m 
(25 ft-lb)6 

2.4 kg-m 
(17 ft-lb)6 

3 from each 
40 tons 

AB/DH327 

- 40°C None 
(-40°F) required 

3.5 kg-m 
(25 ft-lb) 

2.4 kg-m 
(17 ft-lb) 

3 from each 
plate 

AB/EH32 AB/AH36 

-20°C 
(-40°F) 

3.5 kg-m 
(25 ft-lb)6 

2.4 kg-m 
(17 ft-lb)6 

3 from each 
40 tons 

AB/DH367 

-40°C 
(-40°F) 

3.5 kg-m 
(25 ft-lb) 

2.4 kg-m 
(17 ft-lb) 

3 from each 
plate 

AB/EH36 

Notes 
1 The numbers following the Grade designation 

indicate the yield point to which the steel is 
ordered and produced in kg/mm2. A yield 
point of 32 kg/mm2 is equivalent to 45,500 psi 
and a yield point of 36 kg/mm2 is equivalent 
to 51,000 psi. 

2 Grade AH 12.5 mm (0.50 in.) and under in thick-
ness may have a minimum manganese content of 
0.70%. 

3 Grade AH to 12.5 mm (0.50 in.) inclusive may be 
semi-killed in which case the 0.10% minimum 

silicon does not apply. Unless otherwise specially 
approved, Grade AH over 12.5 mm (0.50 in.) 
is to be killed with 0.10 to 0.50% silicon. 

5 Grades DH and EH are to contain at least one of 
the grain refining elements in sufficient amount to 
meet the fine grain practice requirement. 

6 Impact tests are not required for normalized 
Grade DH. 

7 The marking AB/DHN is to be used to denote 
Grade DH plates which have either been norma-
lized or control rolled in accordance with an 
approved procedure. 
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TABLE 1.4 Heat treatment requirements for ABS higher-strength hull 
structural steels 

Aluminum-treated steels 
AH—Normalizing not required 
DH1,2—Normalizing required over 25.5 mm (1.0 in.) 
EH—Normalized 

Columbium (niobium)- treated steels 
AH1—Normalizing required over 12.5 mm (0.50 in.) 
DH1—Normalizing required over 12.5 mm (0.50 in.) 
EH—Normalized 

Vanadium-treated steels 
AH—Normalizing not required 
DH1—Normalizing required over 19.0 mm (0.75 in.) 
EH—Normalized 

Notes 
1 Control rolling of Grades AH and DH may be specially considered as a substitute 

for normalizing in which case impact tests are required on each plate. 
2 Aluminum-treated DH steel over 19.0 mm (0.75 in.), intended for the special applica-

tions is to be ordered and produced in the normalized condition. 
3 When columbium or vanadium are used in combination with aluminum, the heat-

treatment requirements for columbium or vanadium apply. 

and Classing Steel Vessels, which is revised annually. Tables 1.2 and 1.3 show ABS 
requirements in 1977 for ordinary and high-strength hull structural steel. The present 
rules include high-strength steels of about 46,000 to 51,000 psi (32.3 to 35.9 kg/mm2 

or 317 to 352 MN/m2) yield strength. Table 1.4 shows heat-treatment requirements 
for high-strength steels. The ABS specifications for hull steels since 1948 recognize 
variations in notch toughness due to thickness of plates by specifying grades. Require-
ments for notch toughness are specified for steels under Grades D, E, DH32, EH32, 
DH36, and EH36. Tables 1.5 and 1.6 show applications of these steels. 

The U.S. Navy Specification MIL-S2269A, Steel Plate, Carbon, Structural for Ships, 
is in substantial agreement with the American Bureau of Shipping specifications for 
ordinary-strength hull steels as follows : 

1. Grade HT, a carbon steel with minimum yield strength 42,000 to 50,000 psi (29.5 
to 35.2 kg/mm2 or 290 to 345 MN/m2) depending upon thickness. 

2. QT 50, a carbon manganese steel heat-treated by quenching with minimum yield 
strength 50,000 to 70,000 psi (35.2 to 49.2 kg/mm2 or 345 to 483 MN/m2). 

In regard to the last steel mentioned, QT 50, quenching is required to prevent a trans-
formation of the high temperature austenite phase to undesirable microstructure consti-
tuents which are a normal result of transformations on "slow" cooling in temperatures 
400-1250° F (204-677°C) for one to several hours. The highest tempering temperature 
results in the lowest strength and maximum fracture toughness, and the converse is 
true. 

In addition to the above steels which have been developed for ship-hull applications, 
there are many other steels which can be used or have been used for various applications. 
Tables 1.7(a) and (b) provide lists of various steels used for structures.(107) These tables 
are prepared from Technical and Research Bulletin No. 2-11 a, Guide for the Selection 
of High-strength and Alloy Steels, published by the Society of Naval Architects and 
Marine Engineers.(108) 
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TABLE 1.5 Applications of ABS ordinary-strength hull structural steels 

(a) Plates 51.0 mm (2.00 in.) in thickness and under—ordinary applications. Plates 51.0 mm (2.00 in.) in thickness 
and under, where intended for ordinary applications, are to be of the following grades. 

Grade A. Acceptable up to and including 19.0 mm (0.75 in.) in thickness. Acceptable over 19.0 mm (0.75 in.) up 
to and including 51.0 mm (2.00 in.) in thickness except for the bottom, sheerstrake, strength-deck plating 
within the midship portion and other members which may be subject to comparatively high stresses. 

Grade B. Acceptable up to and including 25.5 mm (1.00 in.) in thickness and up to and including 51.0 mm 
(2.00 in.) where Grade A is acceptable. 

Grades D and DS. Acceptable up to and including 51.0 mm (2.00 in.) in thickness. 
Grades CS and E. Acceptable up to and including 51.0 mm (2.00 in.) in thickness. 

(b) Plates 51.0 mm (2.00 in.) in thickness and under—special applications. Plates 51.0 mm (2.00 in.) in thickness 
and under, where required elsewhere in these Rules to be of special material owing to their application in 
the deck and shell plating, are to be of the following grades. 

Grade A. Acceptable up to and including 19.0 mm (0.75 in.) in thickness for the bilge strake, where a Rule 
double bottom is fitted. 

Grade B. Acceptable up to and including 16.0 mm (0.63 in.) in thickness and up to and including 19.0 mm 
(0.75 in.) where Grade A is acceptable. 

Grade D. Acceptable up to and including 22.5 mm (0.89 in.) in thickness when furnished as rolled and accept-
able up to and including 27.5 mm (1.08 in.) in thickness when fully killed, fine grain normalized. (See Note 16 
of Table 1.2.) 

Grade DS. Acceptable up to and including 22.5 mm (0.89 in.) in thickness when furnished as rolled and accept-
able up to and including 51.0 mm (2.00 in.) in thickness when normalized (see Note 16, Table 1.2). 

Grades CS and E. Acceptable up to and including 51.0 mm (2.00 in.) in thickness. 

(c) Plates Over 51.0 mm (2.00 in.) in thickness Plates over 51.0 mm (2.00 in.) in thickness are to be produced to 
specially approved specifications. 

(d) Shapes and bars. Unless otherwise specified, steel meeting the requirements of Grade A is acceptable. 

TABLE 1.6 Applications of ABS higher-strength hull structural steels 

(a) Plates 51.0 mm (2.00 in.) in thickness and under—ordinary applications. Plates 51.0 mm (2.00 in.) in thickness 
and under, where intended for ordinary applications, are to be of the following grades: 

Grade AH. Acceptable up to and including 19.0 mm (0.75 in.) in thickness. Acceptable over 19.0 mm (0.75 in.) 
up to and including 51.0 mm (2.00 in.) in thickness except for the bottom, sheerstrake, strength-deck plating 
within the midship portion, and other members which may be subject to comparatively high stresses. 

Grade DH. Acceptable up to and including 51.0 mm (2.00 in.) in thickness. 
Grade EH. Acceptable up to and including 51.0 mm (2.00 in.) in thickness. 

(b) Plates 51.0 mm (2.00 in.) in thickness and under—special applications. Plates 51.0 mm (2.00 in.) in thickness 
and under, where required elsewhere in these Rules to be of special material owing to their application in 
the deck and shell plating, are to be of the following grades : 

Grades AH and DH. Acceptable up to and including 19.0 mm (0.75 in.) in thickness. 
Grade DH. Acceptable up to and including 27.55 mm (1.08 in.) in thickness, provided the material is 
normalized. However, normalizing is not required for thicknesses up to and including 19 mm (0.75 in.) 
unless required by Table 1.4. 
Grade EH. Acceptable up to and including 51.0 mm (2.00 in.) in thickness. 

(c) Plates over 51.0 mm (2.00 in.) in thickness. Plates over 51.0 mm (2.00 in.) in thickness are to be produced to 
specially approved specifications. 

(d) Application of shapes and bars. Unless otherwise specified, steel meeting the requirements of Grade AH 
semi-killed is acceptable. 
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Steel plates and shapes listed in these tables are for ship structures requiring an 
increase of strength not originally available with standard ship steels. The values tabulat-
ed are for steels of 1-in. thickness and may vary with steel mill practice. Further details 
of these steels are available in ASTM or manufacturers' specifications. 

Steels with less than 60,000 psi (42.2 kg/mm2 or 414 MN/m2) minimum yield strength 
are usually available in the as-rolled or normalized condition, while steels with minimum 
yield strength over 60,000 psi (42.2 kg/mm2 or 414 MN/m2) are usually available in the 
quenched-and-tempered condition.f 

Notch-toughness requirements. Structural steels must have a suitable degree of 
notch toughness and weldability in addition to conventional mechanical properties 
such as ultimate tensile strength, yield strength, and elongation. Notch toughness is 
important in avoiding brittle fracture of welded structures. Notch toughness of steel is 
discussed in detail in Chapter 9. Table 1.7 provides notch toughness data given in Nil 
Ductility Transition (NDT) temperatures of various steels. 

Welding of low-carbon steels. Shielded metal-arc welding continues to be the major 
welding process for fabricating structures in low carbon steels. Electrodes for use in 
welding ship hulls should meet the requirements of the AWS-ASTM Tentative Specifica-
tions for Mild-steel-covered-arc Welding Electrodes or the American Bureau of Shipping 
rules for the approval of Electrodes for Manual Arc Welding. The E60xx series is used for 
all hull construction except for E6012 and E6013, which are not approved for any 
joints in shell plating, strength decks, tank tops, bulkheads and longitudinal members 
of large vessels or in galvanized material because of their slightly lower ductility. (See 
Table 9.8) 

Electrodes of the E7015, E6016, and E7018 classes are often used where improved 
mechanical properties in the weld are desirable. The trend is toward the use of electrodes 
having iron-power coatings, because they offer high deposition rates. 

Various automatic and semi-automatic processes are often used in the fabrication 
of ships and ocean engineering structures. Such processes include submerged arc, 
gas metal-arc, electroslag, and electrogas processes. Welding processes with high deposi-
tion rate, such as submerged arc, electroslag, and electrogas processes, often provide 
weld metals with rather low notch toughness. This problem is discussed in detail in 
Section 9.8. 

Welding of high-strength steels.{102) The U.S. Navy provides an electrode specifica-
tion, MIL-E-2220011, with the following classifications and intended uses: 

Type MIL-7018: For welding of medium carbon steels such as Classes A, B, C and 
Grade HT (under f-in. (10 mm) thickness). 

Type MIL-8018: For welding Grade HT (f-in. (16 mm) and thicker). 

In welding high-strength steels there are two factors to be emphasized/109) First, 
select the proper electrode to meet the strength requirements for the welded joint. 
Second, select an adequate preheat to assure that a sound weld will be produced. In 
cases of high restraint it is recommended that higher preheats be used. Better results are 
obtained when low-hydrogen electrodes are used with the higher strength grades. 

tThis trend is true for steels with minimum yield strength over 80,000 psi (56.2 kg/mm2 or 552 MN/m2) 
(see Table 1.7). 
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Satisfactory welds can be obtained using these electrodes at much lower preheats than 
are necessary for conventional electrodes. Further discussions on prevention of cracking 
in welding high-strength steels are given in Chapter 14. 

High-strength steels can also be welded with various other processes. However, 
further discussions of welding high-strength steels are not included here, because the 
subject is considered to be outside the scope of this book. For those who are interested 
in this subject, a book from the American Society for Metals (ASM) entitled Welding 
High-strength Steels is recommended/110) 

1.4.2 Quenched and tempered steels(102) up to 120,000 psi yield strength 

Table 1.7(b) lists several steels with 80,000 to 120,000 psi (56.2 to 84.4 kg/mm2 or 
552 to 827 MN/m2) specified yield strength. To obtain high strength, good notch 
toughness and good weldability, all steels listed here are quenched and tempered. 
Quenching is conducted to prevent the transformation of high-temperature austenite 
phase into undesirable microstructure constituents which are a normal result of "slow" 
cooling in the 800-1100°F (427-593°C) range. Tempering involves reheating for one to 
several hours to temperatures 400° to 1250°F (204 to 677°C). HY-80 and HY-100, 
made to MIL-S-16216, are used principally for naval ships. Specification MIL-S-13326 
covers four strength levels, including 90,000 and 120,000 psi (63.3 and 84.4 kg/mm2 

or 620 and 827 MN/m2). 
Among the steels listed, HY-80 is the most commonly used for submarines. ASTM 

A517-67 is also commonly used for commercial applications including pressure vessels, 
storage tanks, and merchant ships. Compared with HY-80, ASTM A517-67 contains 
less nickel and is less costly; about twice as expensive as ABS B steel while HY-80 is 
about 3.5 times as expensive as ABS B steel. Since HY-80 is the most well known among 
the steels listed in Table 1.7 (b), the following discussions primarily concern HY-80 steel. 

Chemical composition of HY-80 steel The specification limits of chemical composi-
tions of HY-80 steel are (see Table 1.7 (b)):(1 x m 

1. 0.18% for carbon, which is the same requirement for HTS. 
2. 0.15-0.35% for silicon, which is used for deoxidation. 
3. 0.025% each for sulfur and phosphorus, not to exceed 0.045 altogether. This strict 

control of sulfur and phosphorus requires that more care than usual be taken 
during the steel-making process. 

4. 0.10-0.40% for manganese which is again used for sulfur control, rather than 
strength. An amount over 1.0% of Mn would cause embrittled steel during heat 
treatments. 

5. Molybdenum, slight quantities for lowering the temper embrittlement. 
6. Nickel, slight quantities for toughness. 
Mechanical properties of H Y-80 steel Table 1.8 shows specification limits for mechani-

cal properties of HY-80 steel. Values of specified yield strengths are 80,000 to 100,000 psi 
(56.2 to 70.3 kg/mm2 or 552 to 689 MN/m2) for plates less than f in. (16 mm) thick and 
80,000 to 95,000 psi (56.2 to 66.8 kg/mm2 or 552 to 655 MN/m2) for plates (f in. (16 mm) 
and over. Minimum specified Charpy V-notch impact energy values at — 120°F (— 84°C) 

Chapter 9 covers effects of chemical composition on notch toughness of steel. 
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TABLE 1.8 Specification limits of HY-80 mechanical properties*1 U ) 

Property Plate thickness 

Less than f in. 

Ultimate strength (psi) For information 

Yield strength at 0.2% offset (psi) 80,000 to 100,000 

Min. elongation in 2 in. (%) 19 

Reduction in area (%) 
Longitudinal — 
Transverse — 

| in. and over 

For information 

80,000 to 95,000 

20 

55 
50 

Charpy V-notch energy requirements 

Plate thickness 

\ in. to \ in excl. 

\ in. to 2 in. incl. 

Over 2 in. 

Specimen size Foot pounds 
(mm) (min) 

1 0 x 5 For information 

10 x 10 50 

10 x 10 30 

Test temperature 
(Degrees F) 

- 1 2 0 

- 1 2 0 

- 1 2 0 

are 50-lb (6.9 k2/m) for plates | in. (12.5) mm) to 2 in. (51 mm) inclusive and 30 ft-lb 
(4.1 kg/m) for plates over 2 in. (51 mm). 

Figure 1.8 shows typical Charpy V-notch energy bands for production of HTS and 
HY-80.(111) The figure shows that notch toughness of HY-80 is much superior to 
that of HTS. 

Welding of H Y-SO steel. In welding any material, the goal is to produce weld metals 
with properties the same as those of the base metal. It is not easy with even common 
materials, but with a high-strength notch-tough steel such as HY-80 it is extremely 
difficult. So far it has not been possible to develop electrodes which produce weld 

ALL SPECIMENS 
LONGITUDINAL 

TEMPERATURE eF 

FIG. 1.8. Typical Charpy V-notch energy bands for production HTS and HY-80.(111) 
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TABLE 1.9 H7-80 welding electrodes and application111" 

Elec. type 

MIL-11018 

MIL-10018 

MIL-9018 

MIL-B88 

MIL-EB82(e) 

MIL-MI88(e) 

MIL-8218Y QT 

Specification 

MIL-E-22200/1 

MIL-E-22200/1 

MIL-E-22200/1 

MIL-E-19822 

MIL-E-22749 

MIL-E-22749n 

MIL-E-22200/5 

Process 

Shielded metal arc 

Shielded metal arc 

Shielded metal arc 

Semi-automatic or 
automatic metal 
inert-gas arc 

Submerged arc 

Submerged arc 

Shielded metal arc 

Position 

All 

All 

All 

Flat 
or 
horizontal 

Flat 

Flat 

All 

Application 

All 

Fillet, fillet groove 
or groove joints 

Limited use 

All 

All 

All 

Limited to procedure 
approval 

(fl) Granular flux particle size 10 x 50. 
ib) Granular flux particle size 12 x 150. 

metals as notch tough as HY-80 base plate. This problem is discussed in detail in 
Section 9.8. 

Table 1.9 lists electrodes currently used for welding HY-80 and their application in 
submarine construction.*1 U ) In addition to the electrode type designation, the appro-
priate Military Specifications, welding processes, welding positions, and applications 
are included in the table. Regarding electrodes for shielded metal arc process, the low-
hydrogen iron powder/Exxl8-types are used most widely. Table 1.9 also includes 
electrodes for inert-gas metal arc (semi-automatic and automatic) and submerged arc 
processes. 

Table 1.10 shows spécification limits of mechanical properties of as-deposited weld 
metals. A family of Exxl8-type electrodes has been developed which can provide a 
range of yield strength from 60,000 to 100,000 psi (42.2 to 70.3 kg/mm2 or 414 to 689 
MN/m2), therefore, to select from Table 1.10 an electrode which will undermatch, 
match, or overmatch the strength of HY-80 base metal as desired or required by the 
design. 

1.4.3 Steels over 120,000 psi yield strength 

Table 1.7 lists mechanical properties and chemical compositions of some quenched-
and-tempered steels with minimum yield strength of up to 120,000 psi (84.4 kg/mm2 or 
827 MN/m2). Rigorous efforts have been and are being made to develop steels with 
higher and higher strength. Table 1.11 presents a highly simplified summary of composi-
tional aspects of weldable, high-strength steels. The first four are quenched and tempered 
steels, while the last two are maraging steels. As the strength level increases it becomes 
increasingly difficult to maintain sufficient fracture toughness. 

Trends in fracture toughness. According to Pellini,(112'113) the general effects of 
increasing strength level on the temperature and strength transitions are shown 
schematically in the three-dimensional plot of Fig. 1.9. The vertical scale references 
the dynamic tear (DT) test energy. One of the horizontal axes defines the transition 
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FIG. 1.9. Schematic illustrations of three-dimensional DT test energy surface evolved by 
combined effects of temperature- and strength-induced transitions. The nature of changes 
in fracture appearance for the 1-in. DT specimens are illustrated by the drawings. Transitions 
from ductile to brittle fracture are developed as a consequence of decreasing temperature or 

increasing strength level/11 lt il2) 

temperature range features, and the other the strength transition features. Two surfaces 
are indicated in this plot. The outer surface relates to the best (premium) quality steels 
that have been produced to date for the respective yield strength levels. The inner 
surface, which lies at generally lower DT test energy values, pertains to commercial 
products of lowest practical cost. The latter steels are produced with minimum alloy 
content for the section size involved and are melted by conventional practices which 
result in relatively large amounts of non-metallic inclusions. Both aspects are a result 
of the desire to minimize costs. 

A simple, yet highly significant, zoning of metallurgical type is developed in Fig. 1.10 
by tracing the effects of increasing strength level on the shelf transition features of various 
generic classes of steels. Further discussions on the Ratio Analysis Diagram (RAD) 
are given in Section 10.4. A series of metallurgical quality corridor zones, which are 
related to the melting and processing practices used to produce the steels, become 
evident. The lowest corridor zone involves relatively low-alloy commercial Q&T 
steels produced by conventional low-cost melting practices. The corridor is defined by 
the strength transition of these steels to the 0.5 ratio level, as the result of heat treatment 
to yield strength levels in the order of 130 to 150 ksi (91.4 to 105.5 kg/mm2 or 896 to 
1034 MN/m2). Optimum levels of alloy content, coupled with improved melting and 
processing practices, elevate the corridors to higher levels. The strength transition 
to the 0.5 ratio is shifted accordingly to higher levels of yield strengths. Recent metallurgi-
cal investigations of high-strength steels have emphasized processing and metal purity 
aspects rather than purely physical metallurgy considerations of transformations. 

Welding of high-strength steels. With increasing strength levels, welding of higher 
strength steels presents various problems. One of the most difficult problems is how to 
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effects of melting and processing factors on the strength transition/111·112) The three corridors 
of strength transition relate to metallurgical quality (void site density) which controls micro-
fracture processes and, thereby, the macroscopic fracture toughness of the metal. The location 

of generic alloy steel types are indicated by the notations. 

obtain weld metals which have both strength and toughness comparable to those of 
the base plate. For steels in the yield strength range of 130 to 180 ksi (91.4 to 126.6 kg/mm2 

or 896 to 1241 MN/m2) the research effort expended for the weld metal development 
ordinarily exceeds that for the base material by several fold. 

Pellini(112,113) has prepared Fig. 1.11 which provides the weld metal zoning of the 
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FIG. 1.11. Zoning of the ratio analysis diagram which defines weld metal factors of first-order 
importance to strength transition features. The strength transition corridors relate to weld 
metal deposited by metal arc (SMA), inert gas shielded metal arc (GMA), and inert gas shielded 
tungsten arc (GTA). The bold arrows indicate the strength level of transition to the 0.5 ratio value. 
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ratio analysis diagram (RAD). This presentation highlights the strong effects of metal-
quality factors as related to the welding procedure. For attainment of high corridor 
features it is essential to use weld wire of high metallurgical quality (equal to the low-
void-site-density of high corridor base metals) and then to protect the weld metal pool 
by the use of inert gas shielding. The gas tungsten arc (GTA) method is superior to the 
gas metal arc (GMA) method in these respects. Because of poor protection from atmos-
pheric gases, shielded metal arc (SMA) welds are limited to the low corridor irrespective 
of improvements in wire quality. Adjusting weld alloy compositions to control micro-
structures is not sufficient—the metal quality aspects related to void coalescence 
processes must also be controlled if the highest corridor relationships are to be utilized 
in practice. 

The heat-affected zone (HAZ) of high-strength metals also poses difficult metallurgical 
problems because of the off-standard nature of the heat treatments developed in the 
welding cycles. In this case there is no recourse to changing compositions as for the weld 
metal. For the high-alloy base materials which follow high RAD corridors, the HAZ 
problem is minimized, and excellent properties are obtained with latitude in the control 
of welding parameters. The high-alloy contents promote the development of optimum 
metallurgical structures over fairly wide ranges of weld heat-treatment variables, as 
compared to the low-alloy steels. 

For the low-alloy commercial steels which follow the low-corridor relationships, 
the HAZ problem becomes more difficult to resolve. This results from the marginal 
alloy contents which are barely adequate for developing desirable microstructures 
under controlled mill heat-treatment conditions. Thus, weld HAZ for such metals 
may be seriously degraded by non-optimum welding procedures. The shelf characteristics 
for the HAZ of steels featuring only 90 to 120 ksi (63.3 to 84.4 kg/mm2 or 620 to 827 
MN/m2) yield strength may then drop to the very low levels described previously for 
the ultrahigh-strength steels. The shelf level differential between the base metal and 
the HAZ for such cases is so large that fracture along the HAZ becomes the expected 
fracture mode in structures. 

1.5 Aluminum Alloys 

1.5.1 Metallurgy and properties of aluminum alloys{102, ll4~l 16) 

Pure aluminum can be alloyed readily with many other metals to produce a wide 
range of physical and mechanical properties. Table 1.12 describes the major alloying 
elements in the wrought aluminum alloys/102,114) The four-digit system of classifying 
aluminum alloys is used by the Aluminum Association : 

1st digit = major constituents 
2nd digit = the modification 
3rd and 4th digits = alloy 

In the 2xxx-8xxx alloy classification group, the last two digits have no special signi-
ficance, but are used to identify different aluminum alloys in the group. 

lxxx series. This series is demonstrated by alloy 1100, which is 99% pure aluminum, 
non-heat treatable, soft and ductile, highly corrosion resistant, formable and weldable. 

lxxx series. The "aircraft alloys", as this group is called, has high strength, and is 
heat treatable, but lower ductility than lxxx. Furthermore, it requires spot or seam 



Introduction 29 

TABLE 1.12 Designations for alloy groups" 

Major alloying element 
99.0% minimum aluminum 

and over 
Copper 

Manganese 

Silicon 

Magnesium 

Magnesium and silicon 

Zinc 

Other elements 

Unused series 

Designation 
lxxx 

2xxx 

3xxx 

4xxx 

5xxx 

6xxx 

7xxx 

8xxx 

9xxx 

a Aluminum Association designations. 

welding as opposed to fusion welding. It is less corrosion resistant than lxxx, but may 
be good if mechanical fastening for parts can be used. 

3xxx series. This class is non-heat treatable. 3003, used extensively for military 
structures, has Mn added and is 20% stronger than 1100. 

4xxx series. The addition of silicon in amounts up to 12% will yield aluminum 
alloys particularly suitable as a filler material for welding and brazing, because they 
have low melting points. Aluminum alloys containing silicon also are used for casting 
and forging; however, casting alloys have different numerical designations. 

5xxx series. This is the most important material for structural applications. It is a 
weldable Mg-Mn alloy formable, highly corrosion resistant, has a high weld zone 
ductility and high strength. Advances in 5052, 5083, 5086, and 5456 welding make 
realistic the welding of aluminum in applications where welds are subject to heavy 
dynamic loading. 

6xxx series. A heat-treatable material, this alloy has sheets, plate and extrusions 
two-thirds to three-quarters less in strength than the 2xxx series. However, it is easily 
available, weldable and cheap, which makes it practical for structures with low dynamic 
loading factors. Alloys 6063 and 6061 are two of the most versatile of aluminum alloys 
of intermediate strength. They have outstanding corrosion resistance. 

7xxx series. This group contains the highest strength. It is used in aircraft, although it 
involves some forming difficulties. 7079 in particular hardens to a great depth. 

Alloys and heat treatments.(l02'117) Alloys are classified further into two broad 
categories : heat treatable and non-heat treatable. The first is stronger and more expensive 
because of the heat treatment involved. 

A letter following the alloy designation and separated from it by a hyphen indicates 
the basic-temper designation. The addition of a subsequent digit, where applicable, 
indicates the specific treatment employed to produce the basic temper. Those composi-
tions that are hardenable only by strain hardening are given "-H" designations; whereas 
those hardenable by heat treatment through precipitation or a combination of cold 
work and precipitation are given the letter "-T" in accordance with the following 
classification : 

- F As fabricated 
- O Annealed, recrystallized (wrought only) 
- H Strain-hardened 
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-HI strain-hardened only 
-H2 Strain-hardened and then partially annealed 
-H3 Strain-hardened and then stabilized 
Solution heat-treated—unstable temper 
Heat-treated to stable tempers 
-T2 Annealed (cast only) 
-T3 Solution treated and cold-worked 
-T4 Solution treated followed by natural aging at room temperature 
-T5 Artificially aged only after an elevated-temperature, rapid cool fabrication 

process such as casting or extrusion 
-T6 Solution treated and artificially aged 
-T7 Solution treated and stabilized to control growth and distortion 
-T8 Solution treated, cold-worked, and artificially aged 
-T9 Solution treated, artificially aged, and cold-worked 

A second numeral following the basic temper letter indicates the degree of hardness 
produced by the specific processing operation. The numeral "8" designates the full hard 
commercial temper, whereas the numeral "4" indicates a hardness midway between 
the fully annealed (0) and 8 temper. The extra hard temper is designated by the numeral 
"9". As an illustration, the designation 1100-H14 refers to commercially pure wrought 
aluminum, indicated by 1100, which has been strain-hardened, indicated by -HI, to a 
tensile strength midway between the hardest and softest commercial tempers, indicated 
by 4. 

1.5.2 Aluminum alloys for marine applications^02,116) 

Aluminum alloys in the 5xxx series and the 7xxx series are used extensively in marine 
applications; therefore, these groups are discussed in more detail. 

The 5xxx group involves magnesium as a major additive. The 7xxx group, on the 
other hand, is composed of magnesium, zinc, magnesium and zinc, or copper/16) 

The mechanical properties of these alloys, beyond that obtained by solid solutions, 
include: 

1. strain hardening, 
2. artificial aging. 

Table 1.13 shows mechanical properties of aluminum alloys for marine applications. 
The 5xxx series has been used for more than 10 years in marine structures. It is valuable 

for its high resistance to corrosion in the water. These materials are non-heat treatable 
and derive their mechanical properties from combinations of chemistry and work 
hardening. In the 5xxx series in general, annealing takes place between 650-800°F 
(343-427°C) with cooling in still air. Usually it is then strained to get various strength 
levels and, finally, it is thermally stabilized. Stability treatments vary, but usually involve 
hot forming at 425°F (218°C). Such treatment attains stability but lowers the strength. 

The 7xxx series, also used for ocean engineering structures, is solution heat treated 
at 850°F (454°C) with a soaking time depending upon the thickness of the material. 

30 

-W 
-T 
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TABLE 1.13 Mechanical properties of aluminum alloys for marine applications 
(\-in. platefll6) 

Alloy 
Designation 
and temper 

5083-0 
5083-H112 
5083-H113 
5086-H34 
5086-H112 
5454-H32 
5454-H34 
5454-H112 
5456-H321 
X7002-T6 
X7005-T6 
X7106-T6 
X7106-T63 
X7039-T6 
X7039-T61 
X7139-T63 
X7005-T63 

Tensile 
ultimate 
strength 

(ksi) 

40 
40 
44 
44 
35 
36 
39 
31 
46 
61 
45 
55 
56 
65 
62 
63 
47 

Tensile 
yield 

strength 
(ksi) 

18 
18 
31 
34 
16 
26 
29 
12 
33 
50 
36 
50 
50 
55 
51 
55 
38 

Percent 
elongation in 

2 in. 

16 
12 
12 
10 
10 
12 
10 
11 
12 
9 
7 

— 
9 

13 
14 
13 
7 

Compressive 
yield 

strength 
(ksi) . 

18 
19 
26 
32 
16 
24 
27 
12 
27 
53 
36 
50 
50 
58 
— 
— 
38 

Note: "X" refers to experimental. 

After soaking, it is immediately cold-water quenched. This treatment gives the excep-
tional strength properties inherent in the 7xxx series alloys. 

1.5.3 Mechanical characteristics of aluminum alloys{l02) 

Figure 1.12 shows a typical stress-strain diagram for various structural materials as 
follows :(116) 

Aluminum alloy 5083-H113 base metal. 
Weldment of 5083-H113 welded with 5183 filler wire. 
Ship steel plate, ASTM-131. 
Reinforced polyester laminates with grain. 

Table 1.14 presents a comparison of weight and strength in these materials. 

Strength. Maximum tensile strength and yield strength of aluminum are comparable 
to those of low-carbon steel. Or, to cite another comparison, most 5000 series aluminum 
alloys have a strength of 31,000-63,000 psi (21.8-44.3 kg/mm2 or 214-434 MN/m2). 
Most steels used in ocean structures have 58,000-71,000 psi (40.8-49.9 kb/mm2 or 
400-498 Mn/m2). However, on the weight basis, aluminum is stronger. 

Weight. Aluminum weighs about half as much as steel with the same strength. 
Therefore, a smaller amount or weight of aluminum can be used in a structure in order 
to achieve the same strength as steel. 

Modulus of elasticity. The modulus of elasticity of aluminum is about one-third 
that of steel. If section deflection, as opposed to strength, is the most important considera-
tion, a low modulus of elasticity is a limiting factor. 
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FIG. 1.12. Typical stress-strain diagrams for various marine applications/102,116) 

TABLE 1.14 Comparison of weight and strength of various structural materials{116) 

Column 1 

Material 

(1) Aluminum alloy: 
5083-H113 
5086-H34 
6061-T6 

Ship steel ASTM-A131 
Mild steel ASTM-A100 
Copper, hard sheet 

(2) Reinforced polyester 
laminates : 

With grain 
Across grain 

Column 2 

Weight 
(lb/in3) 

0.096 
0.096 
0.098 
0.29 
0.28 
0.32 

0.062 
0.062 

Column 3 Column 4 Column 5 

Typical strength (psi) 

Ultimate Yield Ultimate 
tensile tensile shear 

46,000 33,000 27,000 
47,000 37,000 27,000 
45,000 40,000 30,000 
66,000 33,000 
56,000 30,000 42,000 
46,000 40,000 

32,000 13,000 
21,000 14,000 

Column 6 

Tensile 
modulus 

of 
elasticity 

(xlO6) 

10.3 
10.3 
10.0 
29.0 
29.0 
17.0 

1.4 
1.1 

Column 7 

Strength 
to-weight 

col. 3/ 
col. 2 

(xlOOO) 

480 
490 
460 
230 
200 
140 

520 
340 

Fracture toughness. Aluminum which has a face-centered cubic atomic arrangement 
is ductile even at low temperatures. Aluminum alloys generally are less notch sensitive 
than many steels. However, there has been concern recently about fracture toughness of 
aluminum alloys in the presence of a sharp notch. 

Figure 1.13 shows a summary of V-notch Charpy impact energy of aluminum alloys 
as a function of strength level.(118) The figure shows the following: 

(1) For aluminum alloys, the impact energy does not change drastically with tempera-
ture as observed for steel. 

(2) As the strength level of an aluminum alloy increases, the impact energy generally 
decreases. 
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FIG. 1.13. Summary of V-notch Charpy impact energies of aluminum alloys as a function of 
strength level/118) 
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DT,andKIcscales.(118) 

(3) Compared with steel and titanium, impact energy for an aluminum alloy is 
considerably low. 

Figure 1.14 shows the optimum material trend line (OMTL) for aluminum alloys/118) 

The figure shows the following values: 

V-notch Charpy impact energy, Cv ft-lb, 
drop-weight tear test energy, DT, ft-lb, 
plane strain fracture toughness, KIC, ksi < 

Fracture toughness decreases as the yield strength increases. Generally speaking, 
5000 series alloys have the highest fracture toughness followed by 6000 series, 2000 series, 
and 7000 series. 

in. 

1.5.4 Cutting and welding of aluminum alloys{102) 

Aluminum can be cut relatively easily by saw. However, it cannot be cut with an 
oxyacetylene torch because it forms oxides which have melting points much higher 
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than that of aluminum plate. Aluminum can be cut by a tungsten arc and a plasma arc. 
The advances in welding aluminum greatly affected its use as a construction material. 

Until suitable welding techniques were developed for aluminum, use of the material 
was greatly restricted. New processes allow high-speed welding with manual or auto-
matic equipment which is standardized and readily available. Many times the power 
source for steel welding can be applied to aluminum welding. Two welding processes 
are most used with aluminum—gas tungsten arc welding (GTA) and gas metal arc 
welding (GMA). 

GTA. The process involves no flux, but is slow and not commonly used for joining 
heavy plates. It is used on thickness down to 0.04 in. (1 mm). The usual commercial 
thickness is 0.062 to 0.25 in. (1.6 to 6.4 mm). 

GMA. The process is faster and cheaper and requires less manual dexterity than 
GTA. It is used for thicknesses of 0.081 in. (2mm) and higher. No preheating is required. 
This is the most common type of welding used for aluminum fabrication. Table 1.15 
presents recommended practices for welding of aluminum alloys/116) Table 1.16 shows 

TABLE 1.15 Recommended practices for GMA welding of aluminium alloysii02,li6) 

Material 
thickness 

(in.) 

3 
32 

1 
8 

1 
4 

3 
8 

1 
2 

1 

2 

3 

Welding 
position 

Flat 

Flat 
Horiz. & vert. 
Overhead 

Flat 
Horiz. & vert. 
Overhead 
Flat 

Flat 
Horiz. & vert. 
Overhead 
Flat 

Flat 
Horiz. & vert. 
Overhead 
Flat 

Flat 
Horiz. & vert. 
Overhead 
Flat 

Flat 

Joint 
design 

None 

None 
None 
None 

None or single bevel 
Single bevel 
Single bevel 
None 

Single or double bevel 
Single or double bevel 
Single or double bevel 
None 

Single or double bevel 
Single or double bevel 
Single or double bevel 
None 

Single or double bevel 
Single or double bevel 
Single or double bevel 
None 

Single or double bevel 

Single or double bevel 

Current 
amps-dc 

70-110 
100-120 

110-130 
100-120 
100-120 

200-225 
170-190 
180-200 
220-250 

230-320 
180-235 
200-240 
260-280 

280-340 
210-250 
225-275 
280-320 

320-420 
225-285 
225-285 
390-400 

350-450 

350-450 

Arc 
voltage 

18-22 
18-22 

20 
20 
20 

26-28 
26-28 
26-28 
28-30 

26-28 
26-28 
26-28 
28-30 

26-30 
26-30 
26-30 
30-32 

26-30 
26-30 
26-30 
35-37 

26-30 

26-30 

Filler 
wire dia. 

0.030 
3 

64 

3 
64 
3 

64 
3 

64 
1 

16 
1 

16 

To 
TZ 
1 

16 
1 

16 
1 

16 
1 

16 
3 

32 
1 

16 

To 
Î 6 

3 
32 
1 

16 
1 

16 
1 

16 
3 

32 
3 

32 

Argon(fl) No. of 
gas flow passes 

CFH 

30 
30 

30 
30 
40 

40 
45 
50 
80 

50 
50 
50 
80 

50 
50 
80 
80 

60 
60 
80 
80 

60 

60 

1 
1 

1 
1 
1 

1 
2or3 
2or3 
2 

lor 2 
3 
5 
2 

2or3 
3or4 
8 to 10 
2 

4 to5 
4 to 6 
15 or more 
2 

12 or more 

20 or more 

" Gas flows for helium are slightly higher than for argon. 
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TABLE 1.16 Typical mechanical properties of inert-gas metal-arc welded joints in aluminum 
alloys 5086 an<Z5083(1O2»116) 

Alloys, temper and 
gage 

Tensile 
strength 

(psi) 

Yield 
strength(e) 

(psi) 
Elongation 
(%in2in.) 

Joint 
efficiency 

(%)*ib) Location of fracture 

Tested with beads in place 

5086,04 in. 
5086, HI 12, £ in. 
5086,H34,|in. 

5086, HI 12, fin. 
5086, H34, fin. 
5886, HI 12, | in. 

38,000 
38,000 
38,000 

39,000 
39,000 
41,000 

18,000 
19,000 
21,000 

21,000 
21,000 
21,000 

15.4 

14.0 
8.3 

11.4 
12.0 
16.7 

100 
100 
80 

100 
84 

100 

Parent plate, fusion line 
Parent plate, fusion line 
Parent plate, fusion line, 
weld metal 
Fusion line 
Fusion line 
Fusion line, parent plate 

Tested with beads machined off 

5086,0,| in. 
5086, HI 12, £ in. 
5085,H34,±in. 
5086, HI 12, fin. 
5086, HI 12, fin. 

35,000 
37,000 
37,000 
39,000 
39,000 

17,000 
17,000 
18,000 
20,000 
20,000 

12.5 
14.3 
12.9 
16.5 
16.8 

100 
94 
78 

100 
100 

Fusion line 
Fusion line, weld metal 
Fusion line, weld metal 
Fusion line 
Fusion line, weld metal 

Tested with beads in place 

5083,0,£ in. 
5086, HI 13, i in. 

» » 4, 

5083, HI 13, fin. 
5083, HI 13 , | in. 

43,000 
46,000 
45,000 
45,000 

20,000 
24,000 
22,000 
23,000 

16.2 
16.6 
12.5 
16.0 

100 
100 
88 
97 

Fusion line, parent plate 
Fusion line 
Fusion line 

Tested with beads machined off 

5083,0,±in. 
5083, HI 13, £ in. 
5083, HI 13, fin. 
5083, HI 13, | in. 

40,000 
42,000 
42,000 
42,000 

20,000 
22,000 
21,000 
21,000 

15.3 
14.0 
16.3 
18.3 

97 
91 
93 
90 

Weld metal 
Weld metal 
Weld metal 

(e) At 0.2% offset. 
ib) Based on the typical tensile strength shown in the Kaiser Aluminum Sheet and Plate Book, Second Edition, 

1958. 

typical mechanical properties of GMA welded joints in aluminum alloys 5086 and 
5083.(116) 

Problems in welding aluminum. As described above, aluminum alloys are definitely 
weldable. However, this does not mean aluminum welding is problem free. Major 
problems in welding aluminum include: 

1. Porosity in welds. Compared with steel, aluminum alloys are more active and thus 
are prone to weld porosity. 
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2. Shrinkage and distortion. Aluminum alloys, compared with steel, have higher 
heat conductivity, larger thermal expansion coefficients, and a lower modulus of 
elasticity. Therefore, welds in aluminum alloys have more shrinkage and distortion. 

3. Loss of strength in the heat-affected zone. A reduction in the strength of the heat-
affected zone has been experienced in weldments in aluminum alloys, especially 
heat-treated alloys. 

A report by Masubuchi(104) describes the results of extensive studies on welding 
aluminum supported by the National Aeronautics and Space Administration. The 
studies are primarily on alloys 2014 and 2219 which are used extensively in the fabrica-
tion of fuel and oxidizer tanks of the Saturn V space vehicle. Results of these studies 
should be useful for welding of aluminum alloys for other structures. 

1.6 Titanium Alloys*102) 

1.6.1 Titanium and its alloys 

Pure titanium at room temperature is in a hexagonal, close-packed form. At about 
1620°F (882°C) allotropie transformation occurs and titanium takes on a body-centered 
cubic lattice. Only a 0.1% volume change takes place during this transformation. The 
low-temperature phase of this process is designated alpha titanium. The high-tempera-
ture phase is beta titanium/119) 

The addition of alloying elements to titanium either raises or lowers the transformation 
temperature and slows down or speeds up the transformation from the high-temperature 
beta phase to the room-temperature alpha phase. Titanium alloys are classified into 
alpha, alpha-beta, and beta types, depending upon the predominant phases in micro-
structure. Furthermore, the type of structure that exists at room temperature determines 
if the titanium alloy can be heat treated and if it is sensitive to thermal embrittlement, 
which hinders weldability.(120) 

An addition to titanium of an element such as aluminum, tin, or oxygen raises the 
transformation temperature. These elements are called "alpha stabilizers". On cooling 
from a high temperature, the alloy with the above additions reaches the transformation 
stage sooner than pure titanium; therefore the alpha phase is formed faster/121) An 
alloy with alpha stabilizers is referred to as a "non-heat treatable" alloy, since no further 
basic change takes place by subsequent heating in the low-temperature-phase region. 

Elements such as iron, chromium, and vanadium, which lower the transition tempera-
ture, are called "beta stabilizers". Thus, at a given cooling rate the transformation is 
retarded in time and takes place at a lower temperature than that of pure titanium. 
As a result, it is possible for the transformation at lower temperature to become much 
slower, permitting intermediate microstructures of alpha to be produced. These forms 
of alpha have different properties from the alpha formed at high temperatures. When 
added in sufficient amounts, certain beta-stabilizing elements will cause retention of 
the beta-phase indefinitely at room temperature. These alloys are metastable beta 
alloys at room temperature. 

The relative amounts of alpha and beta stabilizers in an alloy (and the heat treatment) 
determine whether its microstructure is predominantly one-phase alpha, a mixture of 
alpha and beta, or the single-phase beta, over its useful temperature range. 
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Properties are directly related to microstructure. Single-phase alloys are usually 
weldable with good ductility. Some two-phase alloys are also weldable, but their welds 
are less ductile. Two-phase alpha-beta alloys are stronger than the one-phase alpha 
alloys, primarily because body-centered cubic beta is stronger than the close-packed 
hexagonal alpha. More important, two-phase alloys can be strengthened by heat 
treatments, because of the microstructure, which can be manipulated by controlling 
heating, quenching, and aging cycles. 

At present there are about twenty-five different titanium alloys in commercial produc-
tion. Table 1.17 contains a list of these alloys with the appropriate specifications and 
mechanical properties/119) In some instances, cryogenic properties and elevated 
temperature properties are given. Alloys for which these properties are given are those 
which can be used advantageously at the respective temperatures. The table also notes 
the welding capabilities of particular alloys. 

Titanium alloys which have been used and which may be used for structural applica-
tions include/121'122) 

1. Commercially pure titanium of different grades depending upon differences 
in interstitial elements. For example, a 99.5% pure titanium contains the following 
elements : 

0.1% maximum oxygen 
0.1 % maximum nitrogen 
0.07% maximum carbon 
0.2% maximum iron 

The ultimate tensile strength ranges from 38,000 psi (26.7 kg/mm2 or 262 MN/m2) 
for 99.5% pure titanium to 100,000 psi (70.3 kg/mm2 or 689 Mn/m2) for 98.9%. 

2. The Ti-7Al-2Cb-lTa alpha alloy of about 125,000 psi (87.9 kg/mm2 or 862 
MN/m2) ultimate tensile strength. The designation indicates that the principal 
alloying elements are 7% aluminum, 2% columbium, and 1% tantalum. 

3. The Ti-5Al-2.5Sn alpha alloy of about 120,000 psi (84.4 kg/mm2 or 827 MN/m2) 
ultimate tensile strength. The designation indicates that the principal alloying 
elements are 5% aluminum and 2.5% tin. 

4. The Ti-6A1-4V heat-treatable alpha-beta alloy. This has an ultimate tensile 
strength of 130,000 psi (91.4 kg/mm2 or 896 MN/m2) in the annealed condition 
and up to 160,000 psi (112.5 kg/mm2 or 1103 MN/m2) in the heat-treated condi-
tion. The designation indicates that the principal alloying elements are 6% 
aluminum and 4% vanadium. 

5. The Ti-6Al-6V-2Sn heat-treatable alpha-beta alloy with a tensile strength of 
165,000 psi (116 kg/tnm2 or 1138 MN/m2) under the annealed condition and up to 
190,000 psi (133.6 kg/mm2 or 1310 MN/m2) under the aged condition. The 
designation indicates that the principal alloying elements are 6% aluminum, 6% 
vanadium, and 2% tin. Among these alloys, pure titanium and the Ti-6A1-4V 
alloy have been most commonly used for marine applications. 

1.6.2. Effects of impurities and alloying elements on mechanical properties 

Pure titanium is very ductile and relatively low in strength. A small addition of 
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FIG. 1.15. Effects of impurities on mechanical properties of titanium.002,114) 

impurities such as oxygen, nitrogen, and carbon causes increase in strength and a decrease 
in ductility. Other elements also can strengthen the metal with some reduction in 
ductility. 

Impurities. The elements carbon, hydrogen, nitrogen and oxygen form interstitial solid 
solutions with titanium. Figure 1.15 shows the individual effect of carbon, nitrogen, 
and oxygen on ultimate tensile strength and elongation of titanium. Hydrogen also 
causes an increase in strength and a reduction in ductility. 

0 2 4 6 8 10 12 14 16 

ADDITION ELEMENT (wt%) 

FIG. 1.16. Effect of alloy additions on mechanical properties of alpha titanium alloys/102, ί 14) 
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Alloying elements. Figure 1.16 shows the individual effect of aluminum, tin, and 
zirconium, which are added to many titanium alloys, on the ultimate strength and 
elongation of titanium. These alpha alloys cannot be strengthened by heat treatment. 
Therefore, strengthening can be achieved either by increasing the alloy content or by 
cold working. 

1.6.3 Fracture toughness of titanium alloys 

Titanium and titanium alloys, like steel, are sensitive to a notch. Figure 1.17 presents 
a summary of V-notch Charpy impact data for titanium alloys with different levels of 
yield strength. As the strength level increases, notch toughness decreases/118) Compared 
to steels, titanium alloys do not show a sharp transition in fracture toughness with 
temperature changes and only a gradual change is noted over a relatively broad range of 
temperatures. 

Optimum material trend line (OMTL). Figure 1.18 shows the fracture toughness for 
all different generic families of titanium alloys. Here, fracture toughness is given in 
three different scales: 

1. V-notch Charpy impact energy, Cv, ft-lb. 
2. Drop weight tear test energy, DT, ft-lb. 
3. Critical plane strain fracture toughness, KlCi ksi -Jin. 

The data shown in Fig. 1.18 represents as-rolled material and a variety of processing 

90 r- — 1 

ol i i ι i ι ι ι I 
- 4 0 0 -300 -200 -100 0 100 200 300 400 

TEMPERATURE CF) 

FIG. 1.17. Summary of relationship between V-notch Charpy curves for titanium alloys and 
different level of yield strength/118) 
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FIG. 1.18. OMTL diagram for titanium alloys. Data points relate to 1-inch thick DT test 
values. The other fracture toughness scales are indexed to DT energy by correlation/118) 

and heat-treatment conditions for alloys in each family. The upper OMTL curve 
relates to the highest "weak" direction fracture toughness values determined for the relat-
ed level of yield strength. The normal expectancy OMTL curve relates to the level of 
fracture toughness that can be expected with reasonable confidence if the chemistry, 
processing, and heat treatment are specified in the best way. The range of fracture 
toughness indicated for any given level of yield strength results from chemical composi-
tion, impurities, processing, and heat-treatment variables. Fracture toughness generally 
decreases as the yield strength increases. 

1.6.4 Welding of titanium and its alloys 

Shielding during the welding process is vital in preventing absorption of impurities 
at welding temperatures. For this purpose, inert gas-shielded arc welding processes 
are used most commonly/119) The weld zones should be protected at 1200° F (649°C) 
or higher. The molten weld metal area is the most critical point for this protection. 
In this region, impurities diffuse into the titanium quickly and may result in severe 
weld embrittlement. Weld zones that are not molten but at temperatures of 1200°F 
(649°C) are subject to surface contamination from the air which may lead to early failures 
in service/123) 

Vacuum purging offers the best inert-gas atmosphere possible for welding titanium. 
Pre-weld cleaning with alkaline washes of dilute solutions of sodium hydroxide may 
also be required as well as an acid pickling treatment to remove the light oxide scale. 
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This again stresses the need for purity of the material during welding and purity of the 
gas used during the process. 

Commercially pure titanium. A weld in titanium that is commercially pure is essentially 
a casting. The grain size is very large and the structure consists of beta dendrites. Oxygen 
and hydrogen in normal quantities have little effect on the microstructure, but extra 
carbon (over 0.2%) make TiC precipitate out of the melt into a network pattern which 
tends to lower ductility.(124) 

Titanium alloys. The structure of titanium alloy welds varies according to the alloy 
content. The weld is still a large grained casting which also has some transformation 
structures. A segregation effect during solidification occurs due to differences in composi-
tion between liquids and solids of the alloy. Dendritic structures, precipitated particles 
and some retained beta are present in certain microstructures.(119) 

"Two important factors in welding titanium and titanium alloys are: 
1. At temperatures present in the weldment and heat-affected zone, the material 

readily reacts with air and most elements and compounds (excluding the inert 
gases). 

2. The mechanical properties of these materials are affected in an extreme manner 
by relatively minute amounts of impurities, expecially nitrogen, oxygen, carbon, 
and hydrogen."(119) 

Contamination. When hot, titanium will easily absorb or combine with almost every 
other element. Most such combinations result in greater strength and ductility and 
toughness. Consequently, when titanium is welded, it must be completely protected 
from external elements, including not only the molten weld puddle, but all metal that is 
hot. As a general rule, a temperature above 1200°F (649°C) is regarded "hot" for the 
periods of time at temperature associated with welding. 

Normal fluxes provide inadequante protection for titanium. In fact, they may actually 
contribute to a loss of weld ductility by alloying with the metal. Developmental work 
in the U.S. shows the feasibility of fluxes; and they are reportedly used in U.S.S.R. 
for joining titanium. A flux for titanium must be relatively non-reactive and produce 
no harmful compounds in the metal. Furthermore, it must have a greater free energy 
of formation with oxygen than does titanium, and be oxygen free itself. Only the halogen 
salts of the alkaline metals (specifically calcium fluoride) come close to meeting these 
requirements. The toxicity of this and similar compounds always will restrict 
their use.(122) 

Oxygen effects. Oxygen has the greatest effect on titanium welds; it is ever present, 
readily absorbed by hot titanium and small amounts have a tremendous influence on 
mechanical properties. Titanium normally contains a thin, self-healing surface oxide 
film. This provides the corrosion resistance noted earlier and, in itself, does not cause 
any welding problems. This film thickens as titanium is treated in air, and the titanium 
dissolves its own oxide. Oxygen atoms diffuse from the surface oxide film into the metal, 
causing an increased oxygen content and reduced ductility toughness. Both processes 
are continuous; the surface oxidizes and the metal underneath dissolves the oxides. The 
surface oxidation proceeds generally at a faster rate than its solution, so that after a 
heating cycle the metal will have a heavier than normal surface oxide. If the surface 
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oxide is not too heavy, it acts as a refractor of light and appears to the eye as colors. 
Different colors represent different thicknesses. They show the thermal cycle the metal 
has seen experienced. However, they do not directly indicate the amount of oxygen in 
solution or weld contamination. Their only source of contamination is the diffusion of 
oxygen into the metal which is also dependent upon the thermal cycle, so the colors 
are an indirect measure of weld contamination. These colors on a weld always can 
indicate if a weld is bad, but they cannot prove that a weld is not contaminated.(122) 

Porosity. Titanium welders are constantly confronted with the problem of porosity. 
It is believed that porosity is caused by hydrogen; however, the origin of this hydrogen 
is not certain. All titanium contains some hydrogen, usually less than 100 ppm, as an 
impurity. However, it is unlikely that porosity is caused by this "dissolved" hydrogen. 
Other possible causes of porosity include dirt, microscopic particles, and water vapor. 
Whatever the cause, it has been demonstrated that a fresh, clean joint edge is required to 
produce minimum porosity/122) 

Mechanical properties of welds. Figure 1.19 shows comparisons between tensile 
yield strength and drop-weight tear energy of welds in various titanium alloys/122) 

Alloys types of the base metal and filler wire used are shown also. 
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FIG. 1.19. Comparison of drop weight tear test and tensile yield strengths in base plates and 
weldments.(122) 
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1.7 Welding Processes 

1.7.1 Classification of welding processes 

Today, more than fifty different processes, used in various applications, are available 
commercially to join metals. These joining processes, as presently practiced, can be 
classified into the five basic categories: 

1. Fusion welding, in which the parts to be joined are heated until they melt together. 
Pressure is not a requisite. Examples are arc welding, gas welding, electron-beam 
welding, and laser welding. 

2. Electrical-resistance welding, which involves first heating by passage of an electric 
current through the parts to be welded, and second, the application of pressure. 
Examples are spot welding, upset welding, and precussion welding. 

3. Solid-phase welding, in which pressure is applied but the metals to be joined do not 
melt, except for very thin layers near the surfaces to be joined. Examples are forge 
welding, friction welding, and pressure welding. 

4. Liquid-solid phase joining, in which the parts to be joined are heated to a tempera-
ture lower than their melting points and a dissimilar molten metal is added to form 
a solid joining upon cooling. Examples are brazing and soldering. 

5. Adhesive bonding, in which joints are formed as a result of the molecular attrac-
tion exerted between the surface to be bonded and the adhesive. Examples of 
adhesives are animal and vegetable glues, cements, asphaltums, and various plastics 
such as epoxy. The term "welding" is used for those processes included in categories 
1 through 3. 

As far as the fabrication of large structures are concerned, the following welding 
processes are commonly used: 

(1) Shielded metal-arc welding. 
(2) Submerged arc welding. 
(3) Gas-sheilded-arc welding. 
(4) Vertical automatic welding (electroslag and electrogas processes). 

1.7.2 Shielded metal-arc weldingil02>125) 

Shielded metal-arc welding is an arc-welding process wherein coalescence is produced 
by heating with an electric arc between a covered electrode and the work. Shielding is 
obtained from decomposition of the electrode covering. Pressure is not used and filler 
metal is obtained from the electrode. 

In practice, the process is limited primarily to manual covered electrodes in which the 
welding operator manipulates the electrode. 

Figure 1.20 is a schematic representation of the shielded metal-arc process. Equipment 
to operate the electrode usually consists of an electric power supply specifically designed 
for the process, insulated electrode holders of adequate electric and thermal capacity, 
cable, and grounding clamps. The process may use either alternating current or direct 
current with the electrode either positive or negative. Currents between 15 and 500 
amperes with arc voltages between 14 and 40 volts, depending upon the covering charac-
teristics, are normal. 
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FIG. 1.20. Schematic representation of shielded metal-arc process. 

Coated electrodes for manual arc welding are classified by the American Welding 
Society (AWS) and the American Society for Testing Materials (ASTM).(126'127) 

Table 1.18 shows electrodes commonly used for welding low carbon steel. The electrodes 
are classified according to the operating characteristics, the type of coating, and the 
strength level of the weld metal. For example, E-60XX electrodes produce deposited 
metal having a minimum specified ultimate tensile strength of 60,000 psi (42.2 kg/mm2 

or 414 MN/m2). The last two digits in the electrode designation refer to the type of 
coating and operating characteristics as shown. 

Electrodes used for military applications are specified by MIL-E-22200/1. Electrodes 
MIL-9018, MIL-10018, MIL-11018, and MIL-12018 are similar to those of AWS 
specifications E-9018-M, E10018-M, E11018-M, and E12018-M. The U.S. Navy specifi-
cation NAVSHIP 250-637-3 specifies among other processes the use of covered electrodes 
in the fabrication of HY-80 submarine hulls. MIL-11018 and 9018 electrodes are used 
most commonly. 

Electrodes as large as -^ in. (8 mm) diameter may be employed, depending upon 
the plate thickness and type of joint. The welds are built up in relatively thin layers, 
approximately ten layers per inch of thickness. This will permit a partial progressive 

TABLE 1.18 Electrodes commonly used for welding low-carbon steel 

AWS-ASTM 
electrode 
class 

E6010 
E6011 
E6012 
E6013 
E6014 
E7016 
E7018 
E6020 
E7024 
E6027 

Coating 

High cellulose, sodium 
High cellulose, potassium 
High titania, sodium 
High titania, potassium 
Iron powder, titania 
Low-hydrogen, potassium 
Low-hydrogen, iron powder 
High iron oxide 
Iron powder, titania 
Iron powder, iron oxide 

Current, polarity(a) 

dcrp 
dcrp, ac 
dcsp, ac 
dcsp, ac 
dcsp, ac 
dcrp, ac 
dcrp, ac 
dcrp, dcsp, ac 
dcrp, dscp, ac 
dcrp, dcsp, ac 

Welding 
position(ft) 

F, V, OH, H 
F, V, OH, H 
F, V, OH, H 
F,V,OH,H 
F, V, OH, H 
F,V,OH,H 
F, H 
F, H 
F, H 
F, H 

(a) dcrp—direct current reverse polarity, electrode positive; dcsp-
negative; ac—alternating current. 

(ft)F—flat; V—vertical; OH—overhead; H—horizontal. 

-direct current straight polarity, electrode 
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grain refinement of proceeding layers resulting in an improvement in ductility and 
impact resistance of the weld metal. 

Semi-automatic processes. Some attempts have been made at mechanizing the shielded 
metal-arc process. The idea of making shielded metal-arc welding semi-automatic 
by laying an electrode along the joint has existed for more than 30 years. However, 
the electrodes were not advanced enough to be used for actual production in large 
scale. The development of contact electrodes using high iron oxide and iron-powder 
coating has shown that a weld metal with sound quality can be obtained without manipu-
lating electrodes/128'129) 

A group of Japanese electrode manufacturers and shipbuilders has developed elec-
trodes and welding devices which can be used for production in a semi-automatic 
operation. Electrodes are 25 to 40 in. (635 to 1000 mm) long and one operator can handle 
four to six electrodes simultaneously. 

1.7.3 Submerged-arc welding{l02>125) 

Submerged-arc welding is an arc-welding process wherein coalescence is produced 
by heating with an electric arc or arcs between a bare metal electrode or electrodes and 
the work. The welding is shielded by a blanket of granular, fusible material on the work. 
Pressure is not used, and filler metal is obtained from the electrode and sometimes 
from a supplementary welding rod. Figure 1.21 shows how a submerged-arc groove 
weld is made. 

The fusible shielding material is known as "flux", "welding composition", or "melt". 
This is a finely crushed mineral composition and will be referred to as flux in this book. 
Flux, when cold, is a non-conductor of electricity, but in the molten state it becomes 
highly conductive. 

FIG. 1.21. The processes of a submerged arc groove weld.(102,125) 



50 Analysis of Welded Structures 

The wide use of submerged arc welding stems from its ability to produce satisfactory 
welds at high rates of deposition. Currents used in submerged arc welding are much 
higher than those employed in manual shielded metal-arc welding. The maximum 
electrode usually employed is -^ in. (8 mm) diameter and the maximum current (for 
single electrode) is approximately 2000 amperes. 

It should be pointed out that high amperage results in a very coarse columnar structure 
in the weld metal with an enlarged heat-affected zone in the base metal as compared to 
multipass welding wherein the energy input is relatively small. This is important in 
connection with vessels which will operate at low temperature. The coarse columnar 
structure of the high amperage weld usually results in lower impact resistance as com-
pared to multipass welds. Therefore, particular consideration should be given to the 
welding procedure in terms of the service requirements involved. 

One-side submerged-arc welding. As the structure under construction keeps getting 
bigger, the need for one-side submerged-arc welding becomes more critical. In some 
shipyards, where tankers as large as 300,000 DWT or even bigger are being fabricated, 
plate assemblies which measure 60 ft (18 m) by 60 ft (18 m) or even larger are commonly 
handled. 

When the size of an assembly was not so large, automatic welding was done by one 
pass from each side of the plate. However, the job of turning the plate over can be 
dangerous. And it can be economically impractical. A fabrication shop with a very high 
ceiling is required. To further increase the size of an assembly, the ceiling has to be 
raised. Of course, that can be an extremely costly operation. 

Several types of one-side submerged-arc welding systems have been developed and 
installed in a number of shipyards/130"133) The welding systems can be classified into 
four groups depending upon the backing system employed as follows: 

Copper backing system. 
Flux backing system. 
Flux-copper backing system. 
Resin-bonded backing flux system. 

The greatest advantage of one-side submerged-arc welding at the assembly state is the 
simplification of flow line of the entire fabrication system. Due to the elimination of the 
process of turning over of plating, the whole assembly system can be placed on a con-
veyor line. This results in great increase in overall production efficiency and lends itself 
to systematic control of the entire production process. 

1.7.4 Gas-shielded-arc welding 

In the gas-shielded-arc welding process, coalescence is produced by fusion from an 
electric arc maintained between the end of a metal electrode, either consumable or 
non-consumable, and the part to be welded with a shielded of protective gas surrounding 
the arc and weld region. The shielding gas may or may not be inert; pressure may or may 
not be used; and filler metal may or may not be added. 

There are two different types of gas-shielded-arc welding. One is termed gas tungsten-
arc welding. It employs a tungsten electrode or an electrode of some other refractory, 
high-melting-point material, such as graphite, which will not melt or be vaporized too 
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FIG. 1.22. Schematic diagram of gas tungsten-arc welding.(125) 

rapidly in the intense heat of the arc. The other type is termed gas metal-arc welding. 
It employs a continuously fed electrode which melts in the intense arc heat and is 
deposited as weld metal. 

Gas tungsten-arc welding. Gas tungsten-arc welding is also known as GTA welding, 
while gas metal-arc welding is called GMA welding.* 

Figure 1.22 shows basic features of gas tungsten-arc welding. The shielding gas is 
fed through the electrode holder which is generally referred to in this process as a 
torch. Argon, which is an inert gas, is commonly used for the shielding gas. The use 
of helium as the shielding gas is rather rare. A small percentage of oxygen is often added 
to the inert shielding gas. Carbon dioxide and a mixture of C0 2 and 0 2 have been found 
to be effective as the shielding gas for use in welding carbon and low-alloy steels. More 
recently, fluxes have been added as a core within a tubular sheath or as a granular 
magnetic material which adhere to the filler wire surface. 

Gas metal-arc welding. Figure 1.23 shows basic features of gas metal-arc welding. 
The filler wire, which is manufactured in a coil form, is fed mechanically into the welding 
arc. The arc travel is controlled manually in the semi-automatic process and mechani-
cally in the automatic process. 

A bare wire is commonly used for the electrode, but flux-covered wires are used also. 
Various gases are used for shielding, including: 
(1) Pure inert gases, such as argon and helium. 
(2) Mixtures of argon, C02, 0 2 , and other gases. 
(3) C02. 
Because of the high cost of inert gas, C0 2 and a mixture of C02 and 0 2 are widely 

used for welding carbon steel and low-alloy high-strength steels. Argon and a mixture of 
argon and C0 2 are often used for welding quenched-and-tempered steels and ultra-

f In the past gas tungsten-arc welding was known as TIG (tungsten inert-gas) welding, and gas metal-arc 
welding was known as MIG (metal inert-gas) welding. 
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FIG. 1.23. Schematic diagram of gas metal-arc welding.(125) 

high-strength steels. Inert gases, which may contain small portions of other gases, are 
used almost exclusively for welding stainless steels, aluminum, titanium, and other 
non-ferrous metals. 

Compared to the gas tungsten-arc welding, the gas metal-arc welding is characterized 
by a high deposition rate. Therefore, the GMA process is chiefly used in welding heavy 
plates, while the GTA process is used mainly in welding thin sheets. 

Narrow-gap welding process. A new gas metal-arc welding process, which is called 
the narrow-gap process, has been developed at several laboratories including Battelle 
Memorial Institute/134) The narrow-gas process is especially suited for joining heavy 
plates in high-strength quenched-and-tempered steel. 

As the name implies, the narrow-gap process differs from conventional welding 
processes in the type of joint design used. The new procedure uses a square-butt joint with 
a narrow root opening (approximately ^in. (6.4 mm)). The use of this type of joint results 
in a weld deposit with a small fusion zone. A typical weld deposited by this process in 
2-in. (50 mm) thick HY-80 steel is shown in Fig. 1.24. The very high depth-to-width 
ratio and the very narrow, uniform heat-affected zone are apparent. A mixture of argon 
and C 0 2 is used as the shielding gas. Welds are deposited from one side of the plate 
using a specifically designed guide tube that extends into the joint. Welds can be made 
in all positions—the weld shown in Fig. 1.24 was made in the vertical position. 

1.7.5 Vertical automatic welding processes 

Vertical automatic welding processes used in fabrication include: 

Electroslag process, as shown in Fig. 1.25. 
Electrogas process, as shown in Fig. 1.26. 

Electroslag welding.(102Λ25) The process is based on the generation of heat production 
by passing an electrical current through molten slag. In electroslag welding, the electrode 
is immersed in the molten slag pool between the components to be welded and the 
copper molding devices. The melt is heated to a high temperature by a current passing 



FIG. 1.24. A weld deposited by the narrow-gap process (2 inches thick). 
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FIG. 1.26. The process of electroslag welding/125) 

between the electrode and the base metal and electrical conductivity is increased. The 
temperature of the slag pool must exceed the melting point of the base and filler metal. 
Therefore, the slag melts the faces of the work and the electrode is immersed in the 
molten slag. The weld pool is formed when the molten base and filler metal collect at the 
bottom of the slag pool. This weld pool solidifies and forms the weld and joints the 
faces of the components. The electrode is lowered as it melts. 

Electroslag welding originally was developed for joining thick sections positioned 
vertically. Theoretically, any thickness can be welded in a single pass, but the maximum 
reported thickness is 1000 mm (40 in.). Single-pass welds are made in any practical 
thickness of steel or alloy steel. Welding starts at the bottom of the joint and progresses 
upward, usually by moving the welding head and auxiliary equipment. 

Although the electroslag process offers economic savings through reduced welding 
costs and lower capital-equipment inventories in heavy-machine-building factories, 
application of the process in the United States has been limited. 

Electrogas welding}102,125) A fully automatic process, electrogas welding provides a 
method of fusion welding of butt, corner, and tee joints in the vertical position. Metal 
sections ranging from \ in. (12.7 mm) to several inches in thickness can be joined in a 
single pass by adapting the operational concepts of electrogas welding equipment to 
spray-type arc welding. 

In electrogas welding, water-cooled copper shoes bridge the gap between the compo-
nents being welded and form a rectangular pocket or cavity containing the welding 
operation. A wire guide feeds a flux-cored wire or solid wire into the pocket. An electric 
arc is established and maintained continuously between the electrode and the weld 
puddle. To provide a suitable atmosphere for shielding the arc and weld puddle, helium, 
argon, carbon dioxide or mixtures of these gases are continuously fed into the pocket. 
The weld metal is cleaned by deoxidizers and slagging materials provided by the flux 
core of the electrode. 

As the weld metal is deposited, the wire feed, carrying the wire guide and copper shoes, 
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FIG. 1.27. Schematic of high-voltage electron beam welding equipment/135) 
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FIG. 1.28. Schematic of laser underbody welding system. (Supplied by Hamilton-Standard 
for Ford Motor Co.)<140) 
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moves steadily upward to provide a weld pocket of uniform depth in which the weld is 
deposited. 

1.7.6 Electron beam welding 

The electrom beam (EB) welding is a fusion joining process in which the workpiece is 
bombarded with a dense stream of high-velocity electrons, as shown in Fig. 1.27.(135) 

Welding usually takes place in an evacuated chamber. 
The major advantage of EB welding is the very deep penetration that can be achieved. 

The major problem, however, is how to deal with the vacuum needed for the process. 
Attempts have been made to join large structural components by use of a partial vacuum 
system and a movable chamber which can slide on the surface of the structure to be 
welded. Efforts have been made to develop an EB welding system suitable for fabricating 
critical structures for aerospace, marine, and nuclear applications/136) One example 
is welding of heavy aluminum sections to be used for equator rings of the cryogenic 
tanks of LNG carriers. 

Table 1.19 shows cross-sections of typical butt welds in aluminum plates in different 
thicknesses: 2 in. (50 mm), 3 in. (75 mm), and 8 in. (200 mm). For example, joining of 
plates 8 in. (200 mm) thick requires over 600 passes when conventional gas metal arc 
processes are used. Over 100 passes are needed even using a specially developed narrow-
groove process. By using the EB process, the plate can be welded in only two passes. 

1.7.7 Laser welding 

Lasers can be used for various metal working operations including drilling and cutting, 
as well as welding. Several recent publications discuss the present state-of-the-art 
and future possibilities/137"140) For example, Fig. 1.28 shows schematically a 6-kw 
welding system for fabricating an automobile underbody.(140) In this system, stamped 
panels are loaded in an assembly fixture which is part of a transfer table. The table 
provides one axis of weld motion (the x-axis is Fig. 1.18). The platform-mounted laser 
has its beam directed through a transport system which provides four axes of motion. 
Two are translation, y- and z-motions; and two are rotations, one in the horizontal and 
one in the vertical plane. 

Another possible application is the fabrication of stiffened panel structures commonly 
used for ships, aircraft, and other structures.(138) Stiffeners can be laser-welded onto 
panels with no filler materials. There is no doubt that lasers will be used in various ways 
in metal fabrication industries. However, it is rather difficult to predict how extensively 
they will be used and how soon. 
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CHAPTER 2 

Heat Flow in Weldments 

THE heat supplied by a welding arc produces complex thermal cycles in the weldment 
and these in turn cause changes in the microstructure of the heat-affected zone, cause 
transient thermal stress and metal movement, and result in the creation of residual 
stress and distortion in the finished product. In order to analyze these problems, we 
must first analyze heat flow during welding. 

Many investigators have studied heat flow during arc welding both analytically and 
experimentally/201_206) Analytic methods already developed are capable of computing 
with reasonable accuracy temperature distributions in simple weldments, such as 
bead-on-plate welding. The accuracy of the analysis is reasonably high in dealing 
with temperature changes in areas not too close to the welding arc. The accuracy 
generally drops considerably when one tries to analyze temperature changes in the 
heat-affected zone and the weld metal. However, with the advancement of computer 
technology and such techniques as the finite element method it is quite possible to 
significantly advance the technology of analyzing heat flow in weldments. 

This chapter presents a rather elementary discussion of heat flow in weldments as 
an introduction to the analysis of thermal stresses during welding which is discussed in 
Chapter 5. This chapter also includes some discussions on cooling rates and the metallur-
gy of the heat-affected zone. 

2.1 Generation and Dissipation of Welding Heat 

2.1.1 Heat generated by the welding arc 

The sources of heat generated during metal-arc welding are as follows : 
(1) Heat generated by the electric power of the welding arc, H, 

H =VI watts (joules per second) (2.1) 
where V = arc voltage, volts, 

I = arc current, amperes. 
The thermal equivalent of the electric power is 0.24 calories per second. 

(2) Heat caused by chemical reactions which take place in the electrode coatings, 
arc atmosphere, and the molten pool (reaction between slag and molten metal, 
etc.) 

(3) Heat caused by transformation of metal. 
By far the largest contributor of heat is the electric power of the welding arc. 

The energy input (or heat input of the welding arc, A, given in terms of joules per inch 
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(or joules per cm) of weld, is commonly used to express the intensity of the welding 
heat source: 

VI 
h = 60 x — , joules per inch (2.2) 

where v = travel speed of the welding arc in inches per minute. 

Dissipation of welding heat. The heat generated by the welding arc dissipates into : 

(1) The workpiece by thermal conduction. 
(2) The electrode by thermal conduction (most of the heat is used for melting the 

electrode). 
(3) The surrounding atmosphere by radiation directly from the arc and from the 

workpiece. 
The welding arc transfers most of its heat into the portion of the workpiece immediately 
under the arc. The heat then spreads into farther portions of the workpiece. Customarily 
we express the amount of heat supplied to the workpiece, g, cal/sec, as a portion of the 
thermal equivalent of the electric power of the welding arc (or arc energy), 0.24 VI, as 
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FIG. 2.1. Measured values of arc efficiency for various welding processes and materials 
(Christensen et α/.(207)). 
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follows : 
Q = ηα x 0.24VI (2.3) 

where ηα is called arc efficiency and Q may be called the net heat or effective thermal 
power of the welding arc. 

Figure 2.1, presented by Christensen et α/.,(207) shows measured values of arc efficiency 
for various welding processes and materials. This logarithmic presentation covers the 
range of energies from 300 to 12,000 cal (1 to 50 kVA). The position of the curves or 
bands representing each process gives the arc efficiency, ηα. The slope of these bands, by 
definition, remains constant at 45 degrees. 

Submerged-arc welding is represented in Fig. 2.1 by a narrow band, corresponding to 
arc efficiencies between 90 and 99%. The heat loss of 1 to 10% may be accounted for by 
that part of the flux which is heated but not fused. 

In ac, shielded metal-arc welding of mild steel, arc efficiency ranges from 66 to 85%. 
According to Rykalin,(202) the range for coated electrode welding is 75 to 85%. 

For GMA welding, arc efficiencies range from 66 to 70% in deposition on mild steel 
and from 70 to 85% on aluminum. 

In contrast to the consumable-electrode processes, GTA welding exhibits a wide 
range of arc efficiencies as well as lower absolute values. In GTA welding, a substantial 
part of the heat generated at the electrode tip dissipates into the electrode holder. The 
data plotted in Fig. 2.1 yields the following ranges: 

Mild steel, ac: 22 to 48% 
Mild steel, dc: 36 to 46% 
Aluminum, ac: 21 to 43% 
Tin, ac: 21 to 28% 

According to Rykalin,(202) the arc efficiency for carbon-arc welding ranges from 50 to 
75%. 

2.2 Mathematical Analysis of Heat Flow in Weldments—Basic 
Considerations and Present State-of-the-art 

2.2.1 Basic considerations 

Figure 2.2 shows schematically the temperature distribution in a plate when a surface 
weld bead is being laid at a speed v. Curves 1 to 6 represent isothermal curves on the 
surface while the dotted curves represent isothermal curves on the transverse section, 
ABCD. O-xyz is the coordinate axis; the origin, O, is on the surface underneath 
the welding arc, the x-axis lies in the direction of welding, and the z-axis is placed in 
the thickness of the plate, downward. 

The fundamental equation of heat conduction in a solid is(204'208) 

ee Λ 3 / , a \ s / , a \ sfd\ 

where p — density, g cm " 3, 
c = specific heat, cal g"*, 

(2.4) 
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FIG. 2.2. Schematic figure showing the temperature distribution in a plate when a weld 
bead is laid on the surface. 

λ = thermal conductivity cal cm l sec 1 °C *, 

()G = rate of temperature change due to heat generated per volume, 
°C sec * cal cm 

Table 2.1 shows how eqn. (2.4) is obtained. Table 2.2 lists symbols used throughout this 
chapter. 
Equation (2.4) can be written: 

The mathematical analysis of heat flow in a weldment is essentially a solution of 
eqn. (2.5) for a given initial condition (initial temperature distribution) and a boundary 
condition (shape and intensity of the heat source, geometry of the weldment, etc.). 

If the value of thermal conductivity does not change with temperature, or δλ/δθ = 0, 
eqn (2.5) can be reduced to a linear differential equation: 

~δ2θ δ*θ 
dx2 + df + (2.6) 

If there is no heat sink or heat source in the element concerned or ()G = 0, eqn. (2.6) can 
be further reduced to: 

δθ Γ 

ΤΓΚ[ dx2 + dy2 + dz2 (2.7) 

where κ = λ/cp = thermal diffusivity, cm2 sec i. 
In order to avoid mathematical complexity in solving a non-linear equation, eqn. (2.5), 

(2.5) 
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TABLE 2.1 Fundamental equation ofheatflow{a 

The rate of heat flow, - ^ or Q, across a surface A is: 
at 

Λ , do 

where ί = time 
λ = thermal conductivity, 
A = cross-sectional area, 
Θ = temperature. 

The rate of the heat transfer across Face 1 is : 

>--m 
and across Face 2 is 

e >--('£) 

Δ^Δζ 

Δ>>Δζ. 

Net rate of heat transfer per unit volume flowing to the cube in the x-direction: 

Qx-Qi 
AxAyAz 

<£L-(a 
Ax 

We assume that in the limit as x approaches zero 

lim Q1-Q2 

The rate of heat transfer in the three directions is : 

: dx\ dxf 

dx\ dx Ty\XTy) +δζ[λΟ~ζ) 
The time rate of change of internal energy per unit volume is : 

Q» = PCJt 

We will define QG as the net heat generated per unit volume per unit of time by heat sources or sinks which 
exist in the small unit. Thus, from conservation of energy, the final balance becomes: 

' dt" ox (Λ£>+έ( ôy) dz\ dz 

(fl)For further details read Reference (204). 

almost all analyses on heat flow during welding have assumed that thermal properties 
do not change with changes in temperature, i.e. ολ/οθ = 0. 

The characteristics of heat flow during metal-arc welding are affected by the following: 

(1) The heat source moves, usually at a constant speed, on or near the surface of the 
workpiece. 

(2) The size of the heat source (welding arc) is small compared to the size of the 
workpiece. 

Quasi-stationary state and non-stationary state. Heat flow in arc welding involves 
three stages: 

Stage 1 : Heat saturation process during which the temperature around the heat 
source is rising. 
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TABLE 2.2 Symbols used for heat-flow analysis 

C.G.S. or 
Symbols 

Θ 

0o 
λ 

K 

c 
9 
t 

Ό 
h 
x, y, z 
xo 

Xl 

w 
l> 

e 
4 
Γ 
K 
/ 
na 

\ Designation 

Temperature 
Initial temperature 
Thermal conductivity 

Thermal diffusivity κ = — 
cp 

Specific heat 
Density 
Time 
Time interval of welding 
Time after arc extinguishment 
Coordinates of a point 
Coordinate fixed at the starting point 

of welding 
Coordinate fixed at the finishing point 

of welding x{ = x0 — vt0 

Moving coordinate, w = x-vt 
Traveling speed of welding arc 
Effective thermal power of welding arc 
Intensity of line heat source, q = Q/T 
Plate thickness 
Arc volatage 
Welding current 
Arc efficiency 

physical units 

°C 
°C 
cal cm"1 sec - 1 °C 

cm2 sec - 1 

calg"1 °C~l 

gern- 3 

sec 
sec 
sec 
cm 

cm 

cm 
cm 
cm sec - 1 

cal sec - 1 

cal cm"1 sec- 1 

cm 
volt 
ampere 

Practical units 

= | ( ° F - 3 2 ) 

= §(°F-32) 
:_1 =0.56 x 10"2Btu.in._1sec-

= 0.155 in.2 sec"1 

= 0.999 Btu. lb"1 °F~l 

= 0.03613 lb in."3 

= 0.3937 in. 

= 0.3937 in. 

= 0.3937 in. 
= 0.3937 in. 
= 23.6 in. min"1 

= 0.238 Btu. min"1 

= 0.605 Btu. in"1 min- 1 

= 0.3937 in. 

l o p -

Stage 2: Quasi-stationary state in which the temperature distribution is stationary 
in a coordinate system which moves with the heat source. 

Stage 3 : Levelling off stage in which the temperature evens out after the welding arc 
is extinguished. 

In the quasi-stationary state, the mathematical analysis is simple, since the problem 
can be treated as a steady-heat-flow problem for a moving coordinate. The quasi-
stationary state occurs in a small area close to the weld during long welding cycles. 
Most of the mathematical analyses conducted so far on heat flow in weldments have 
been on the temperature distribution in the quasi-stationary state. 

In areas near the start (Stage 1) and the end (Stage 3) of a weld, heat flow is in the 
non-stationary state, even when the weld is made over a considerable length. When 
welding is performed over a short length, the quasi-stationary state is never reached, 
and metal areas adjacent to a short bead or an arc strike cool much faster than those 
adjacent to a long weld bead. Mathematical analysis of heat flow in the non-stationary 
state is much more complex than that in the quasi-stationary state. 

Effect of the heat-source shape. The local effect principle of the heat-conduction 
theory shows that the heat distribution pattern of a local source affects temperature 
distribution substantially only in the region adjacent to the source. Therefore, 
temperature distribution in outlying areas of the workpiece can be calculated with 
sufficient accuracy by schematizing the pattern of heat distribution. In Fig. 2.2 the 
temperature distribution in areas outside curve 4 can be calculated with sufficient 
accuracy by assuming that the heat source is at point O. The difference in temperature at a 
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corresponding point on the top and the bottom surface is less pronounced the further 
the point is from the welding arc, as indicated by curves 5 and 6. If it is assumed that the 
heat source is concentrated along line 00' (line source), the calculation of the temperature 
distribution can be reduced to a two-dimensional plane problem. 

In computing heat flow in a actual weldment, however, especially a heavy weldment, 
one must often take into consideration the effect of the size and shape of the heat source. 
This can be done by treating the heat source to be distributed over a volume or an area. 

Physical constants {linear and non-linear theories). Figure 2.3 shows the thermal 
conductivity (A) of plain carbon steel (AISI 1010), stainless steel (Type 316), and 
aluminum.(209) Figure 2.4 shows thermal diffusivity (κ) for the same materials. Thermal 
properties, which are expressed as coefficients in eqn. (2.4), are not really constants 
but change with the temperature, the extent of the change varying according to the 
kind of metal. 

When the values of thermal properties are treated as variables that change with the 
temperature, eqn. (1.7) becomes non-linear and the mathematical analysis becomes 
extremely complex. Grosh et al.{210) analyzed heat flow in weldments but assumed 
that thermal properties change linearly with the temperature. Only limited work has 
been done on the non-linear analysis of heat flow in weldments. 

To date, almost all of the mathematical analyses of heat flow in weldments, even 
those utilizing computers, have used the linear theory in which thermal properties are 
assumed to be constants. Through experience over a number of years, M.I.T. researchers 
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have found that reasonably accurate results can be obtained by using modified linear 
solutions; different thermal properties are used depending upon the temperature of 
the locations being studied/211) This is done by means of an iteration technique. This 
will be discussed further in Chapter 5. 

2.2.2 Development of mathematical analyses of 
heat flow in weldments 

The most significant early work was done by Rosenthal(201'212) in the late 1930s 
and the early 1940s. His study is essentially an analysis of the pattern of heat conduction 
in a solid when a moving heat source is in use. Even today some of the solutions obtained 
by Rosenthal are widely used. 

Analyses prior to 1960. In the study by Rosenthal, assumptions were made to simplify 
the analysis as follows (see Table 2.3): 

1. The analysis was limited to the quasi-stationary state. 
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TABLE 2.3 Summary of past studies on heat flow in weldements 

1935-40 

1945-55 

1950-55 

1965 

1970 

1972-73 

U.S.A. 

Basic study by Rosenthal 
(quasi-stationary) 

Nippes and Savage 
• Tried to use Rosenthal 
equation 

• Then used graphical 
approach 

Adams 

Univ. of Wisconsin 
McDonnell-Douglas 

M.I.T. (underwater) 

M.I.T. (Skylab) 
Finite element programs 

Europe 

Rykalin (Russia) 
Wells (England) 
Christensen (Norway) 

Battelle-Geneva 

Japan 

Tanaka, 1940 
(non-stationary) 

Naka 
Masubuchi, 1950 

Suzuki (1955-60) 
(analytical-
empirical) 

1975-present. Computer-aided analyses of heat flow in weldments. 

2. It was assumed that the welding heat would be concentrated at a point (in the 
three-dimensional analysis) or along a line (in the two-dimensional). 

Although the studies on heat flow were expanded by a number of investigators, 
including Adams(213'214) and Rykalin,(202) all the studies conducted in U.S.A. and 
U.S.S.R. were of heat flow in the quasi-stationary state. 

More recently, heat flow in the non-stationary state has been studied by several 
Japanese investigators, including Tanaka,(215) Naka,(216) and Masubuchi(206,217'218) 

and efforts have been made to apply mathematical analyses to the practical problems 
caused by non-stationary heat flow. Whenever an arc strike or short weld is used, the 
cooling rates are high and the heat flow is non-stationary in the surrounding metal 
areas. 

In the late 1940s and the early 1950s, Nippes and Savage(219'220) studied the cooling 
rates of heat-affected zones. They used the Rosenthal equations in analyzing experi-
mental data and found large discrepancies between analytical and experimental results. 
Because of this, they simply graphed their experimental data. 

In the late 1950s Suzuki conducted a comprehensive study of the metallurgical 
structure of the heat-affected zone of weldments in high-strength steels/222,223) He 
developed an analytical-empirical method of studying the effects of welding parameters 
on metallurgical structures. Some of his results are presented in Section 2.4. Further 
details are given in a book written by Kihara et al.{222) 

Analytical-empirical approaches also were taken by other investigators including 
Christensen(224) and Wells.(225) 

Recent computer-aided analyses. Recently, there has been a renewed interest in the 
use of computers in the mathematical analyses of heat flow in weldments.* 

In the late 1960s the Battelle Institute Geneva Laboratory in Switzerland conducted a 
comprehensive study on the metallurgical structure of the heat-affected zone of weld-

* In a recent survey made at M.I.T., it was found that the use of computers in welding fabrication started 
around 1965.<226) 
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ments in high-strength steels. Attempts were made to use a computer-aided mathematical 
analysis of heat flow in order to predict the metallurgical structure of the heat-affected 
zone.(227) 

Since 1965, computer-aided analyses of heat flow in weldments have been conducted 
in a number of laboratories, including those at the University of Wisconsin,*204'228* 
McDonnell Douglas Aircraft Company,(229) and M.I.T. researchers at M.I.T. have 
developed computer programs for analyzing heat flow during underwater welding/230) 

Paley and Hibbert of the Department of Energy, Mines and Resources, Ottawa, Canada, 
have developed computer programs capable of computing temperatures in actual 
weld designs/231) 

Researchers at M.I.T. recently completed a study on heat flow for the G. C. Marshall 
Space Flight Center, NASA, during two joint experiments conducted in space as a part of 
the Skylab program/232'233) In this study, finite element programs on heat flow during 
welding have been developed/234* Based upon this study a manual entitled "Computer 
Programs Useful for the Analysis of Heat Flow in Weldments" has been developed. 
A number of investigations in various countries are currently engaged in computer-
aided analyses of heat flow in weldments/235* 

2.3 Some Simple Solutions Useful for Analyzing Heat Flow in 
Weldments 

On the following pages are some simple solutions useful for the analysis of heat 
flow in weldments. 

2.3.1 Temperature distributions in the quasi-stationary state 

Mathematical analyses of heat flow in welding in the quasi-stationary state have 
been made by Boulton and Lance-Martin,(236) Rosenthal and Schmerbes,(212) 

Rykalin,(202) and many other investigators. 
Using a coordinate (w, y, z), which moves at the same speed as the welding arc, as 

shown in Fig. 2.2: 

w = x - vt (2.8) 

The temperature undergoes no change in the new system of a moving coordinate, 
thus eqn. (2.7) is expressed as follows :f 

1 Since w = x — vt, 

dw dw 
~dx = ' ~dt~~Vy 

d0 _d6 dw _ δθ δ2θ _ δ2θ 
dx dw ôx dw' δχ2 dw2' 

The relationship between (dO/dt) for the fixed coordinate {d6/dt)FC and that of the moving coordinate 
0 0 / ^ is: 

/d9\ =(<M\ ^_^ = ( 
V ^ / F C ~ V ^ / M C dw dt~~\ dtjMC \dw 

In the quasi-stationary state, (d9/dt)MC = 0. 
Then eqn. (2.7) can be expressed by eqn. (2.9). Further details of mathematical derivations are given in 

References (201) and (202). 



2 + ττ2 + τζι=--[ — )■ (2-9) 

70 Analysis of Welded Structures 

δ2θ (M d_^___l(^_ 
dw2 dy2 dz2 K\dw 

Now, Θ is a function of position (w, y, z) only. 
Equation (2.9) is more easily handled by replacing it with the following expression : 

e = e0 + e~iv/2K)w(t)(w,y,z) (2.10) 

where θ0 = initial temperature, 
0(w,j;,z) = function to be found. 

Putting the expression (2.10) in (2.9) and performing the calculations, we find 
32φ ο2φ 32φ 

A similar differential equation is encountered in problems of electric waves. 
Some examples of solutions for special cases follow: 

1. Three-dimensional case, semi-infinite plate. This solution applies when a single 
bead is deposited on the surface of a very large, thick plate (T-> oo in Fig. 2.2). The solu-
tion of eqn. (2.9) must satisfy the following conditions: 

(a) Since the source is a point source, the heat flux through the surface of the 
hemisphere drawn around the source must tend to the value of the total heat, 
β, delivered to the plate, as the radius of the sphere tends to zero. Mathematically 
speaking, if R is the radius of the sphere, 

1 ί ι η - 2 π Κ 2 λ | | = ρ ρ (2.12) 

2 + ΐά + Ίά-\τ7.) * = 0· (2·11) 

where R = ^/w2 + y2 + z2. 

(b) Heat loss through the surface being negligible, there is no heat transmission 
from the plate to the surrounding atmosphere: 

— = 0 forz = 0 a n d K ^ 0 . (2.12)' 
dz 

(c) The temperature of the plate remains unchanged at a very great (infinite) distance 
from the source, i.e., 

0 = 0oforK = oo. (2.12Γ 

The following solution of eqn. (2.9) satisfies the above conditions: 
ft e-(v/2K)R 

θ~θο = ^λ*~(ν iT~' ( 2 , 13 ) 

2. Three-dimensional case, finite thickness. We can obtain the temperature distri-
bution in a plate of finite thickness, T, from the former solution by neglecting the radia-
tion from the surface. The condition on the surface is 

8Θ 
— = 0, for z = 0 and z = T. (2.14) 
dz 
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The solution is obtained by adding an infinite series to eqn. (2.13) as follows: 

"-"«-è* ^ ~-(V/2K)W [ Q-(V/2K)R OO /Q-(v/2K)Rn Q-{vf2)R'n\~l 

—+ï\—+^r)\ where 

3. Two-dimensional case, infinite plate. Equation (2.16) gives the temperature change 
caused by a Une source (intensity: q = Q/T) which moves along the x-axis of an infinite 
plate: 

. - . . . J L * « . K.(±r) (2.16, 

where 

r = y/w2 + y2. 

K0(z) is the modified Bessel function of the second kind and zero order.* 
This solution applies to butt welds in large, thin plates. 

4. Two-dimensional case, finite breadth. If the breadth of the plate is 2J3, the condition 
at the plate edge is: 

!? = 0 fory=±B. (2.17) 

The solution can be obtained by adding an infinite series to eqn. (2.17). 

2.3.2 Dimensionless expressions of the heat-flow solution 

As shown in eqns. (2.13), (2.15), and (2.16), the temperature change at a certain point 
during welding is determined by (1) the location of the point, (2) time, (3) heat supplied 
by the welding arc, (4) travel speed of the arc, (5) size and thickness of the plate, and (6) 
thermal properties of the material, etc. Investigators, including Jhaveri, et α/.,(214) 

Naka and Masubuchi,(217) and Christensen et α/.,(207) have used dimensional expressions 
to simplify numerical calculations of heat-flow solutions. For example, eqn. (2.13) 

f Detailed descriptions of the modified Bessel functions are given in References (237) and (238). Values of 
K0{z) are given in many books including References (237) and (238). 

foo e-zt 

when (z) is large enough, K0(z) can be expressed as follows: 

(2.15) 
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for a semi -infinite solid is expressed 

Θ-

M 

F 

ξ 

as follows: 

θ0 = MF, 

_ Qv 
Απλκ 

= -e-<'+«, 
P 

2K 

(2.18) 

(2.18)' 

(2.18)" 

(2.18)'" 

The temperature change Θ — 0O is expressed as a product of M and F. The parameter, M, 
governs the amount of heat. This parameter is determined by the intensity of the heat 
source, Q, the travel speed of the welding arc, and the thermal properties of the material, 
λ and K. A dimensionless function, F, determines the temperature distribution in the 
welded joint. F is a function of dimensionless variables, ξ and p, which are determined 
by x, r, v, and κ. 

P 

2κ r . / F7777 
FIG. 2.5. Dimensionless function F for heat flow in a semi-infinite solid due to a moving 

heat source.(202) 
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Figure 2.5 shows values of F given in eqn. (2.20)" as follows: 
Figure 2.5a. Values of F on the surface (ζ = 0) along lines parallel to the ξ-axis 

with various lateral distances η = 0,0.1,0.5,1,2, and 5. 
Figure 2.5b. Values of F on the surface (ζ = 0) along lines parallel to the rç-axis with 

various longitudinal distances ξ = 1,0, — 1, — 2, — 4, and — 10. 
Figure 2.5c. Equi-F curves (or isothermal curves) on the plate surface (ζ = 0). 
Figure 2.5d. Equi-F curves (or isothermal curves) on the transverse section passing 

the heat source, ξ = 0. 

The type of chart shown in Fig. 2.5, when extended over a wide range of F contours, 
is generally applicable to all combinations of materials and welding conditions. We can 
easily calculate the temperature change at any point, as shown in the following example. 

Suppose that a weld bead is laid on a heavy, mild-steel plate using a covered electrode 
and conditions of / = 180 amperes, K = 25 volts, and f = 0.2 cm/sec (4.7 in./min). 
According to Fig. 2.1, Q is estimated to be 800 cal/sec. When the initial temperature of 
the plate, 0O, is 15°C (59°F), the temperature, 0, of a point under the weld bead 3 cm 
away from the arc (x = — 3cm, y = z = 0) is calculated as follows : 

ξ = τΓχ=- ^7 x 3 = - 2.31 2/c 0.26 

where it is assumed that κ = 0.13 cm2 sec"1 (see Fig. 2.4). From Fig. 2.5a, F = 0.433 
ϊοτξ = — 2.31, f| = C = 0. 

_ 8 0 0 ^ _ 
4πχ 0.12x0.13 

θ-θ0 = 816x0.433 = 353, 
θ = 368°C. 

2.3.4 Temperature distribution in the non-stationary state 

Solutions for a non-stationary heat flow. Naka(216) obtained analytical solutions for 
non-stationary heat flow in a plate during welding. Masubuchi and Kusuda(218) later 
obtained solutions for the three-dimensional non-stationary heat flow. Solutions for 
the two-dimensional case follow. 

Suppose that an instantaneous line source, q., cal/cm, occurs at P'(x\y') at an infinite 
plate, as shown in Fig. 2.6a, at a time t' and is then extinguished. Equation (2.19) gives 
the temperature change at P(x,y) at time T.(208) 

e-[(x-x')2 + (y-y')2/4.K(t-t') 
θ~θο = T—, y\ — · (2·1 9) 

0 4πκ(ί-ί') cp 
Temperature change due to a moving point source can be obtained by using eqn. 

(2.19). A line source of intensity q initiates at point O0 and moves along the x-axis at a 
constant velocity, v, for a period t0. It is then extinguished at point Ox as shown in 
Fig. 2.6b. The temperature change, 0, at point P at time t19 after the extinguishment of 
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P(x,y) 

PV, y') 

♦ x 

a. Instantaneous Heat Source at p ' (x \y ' ) 

Start End 
Weld 

b. Welding Along the X-axis from 0o to 0, 
for a Distance vt0 

P 

w 

c. Quasi-stationary State 

FIG. 2.6. Coordinates in the two-dimensional heat flow due to welding. 

the heat source is: 
f'o e - [(x - vt)2 + y2 ]/4κ(ίο + ίι - 0 a 

0 - 0 n = . , . — " d t . '•=f 4κπ(ί0 + rr — r) cp 

Equation (2.20) can be expressed as follows: 

a Πυ2/4κ)(ίο+ίι) ρ -ζ - (ν 2 /ζ ) 

4 î d J(̂ /4K,(1 C 

where 

W = X - D ( Î 0 + Î 1 ) , 

»2 . 

(2.20) 

(2.21) 

^ ) V + ̂ ) . 
Equation (2.21) represents a general solution for two-dimensional heat flow when 
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laying a straight weld bead. For example, by assuming that welding continued from 
i0 = — oo to + oo, we obtain the temperature distribution in the quasi-stationary state 
from eqn. (2.21) as follows: 

*co e-Ç-<y*/0 q 

0 — 0 — ** P-(V/2K)W 

°~4πλ ζ 
äC^-^K0{^r). (2.22) 

In the above equation, the origin of the moving coordinate (w, y) is taken as shown in 
Fig. 2.6c; i.e. t = 0 when the heat source passes point 0. Equation (2.12) is the same as 
eqn. (2.16) 

Temperature changes at the start and end of weld. We can determine temperature 
changes at the starting point or the end (crater) of a weld bead (points O0 and 0γ in 
Fig. 2.6) from eqn. (2.21) as follows: 

Starting point: 
,2 

End point: 

i-».-£«"»**^s..J· (123) 

To simplify the analysis, we assume that welding is continued for a long time; that-the 
weld initiated at t0 = 0 and continued to t0 -> oo. For the end point, we assume that the 
weld stopped at tx — 0 after being continued for a long time to t0 -> oo. 

A comparison of Eqns. (2.22), (2.23), and (2.23)' shows that the temperature at the 
weld starting point changes in the same way as the temperature at the end of the weld 
(or the crater). It also shows that the temperatures at these two points at any given time 
are equal to one-half the temperature at a point on the weld line under the quasi-statio-
nary state. 

2.4 Thermal history of the heat-affected zone 

2.4.1 Determinations of thermal history of the heat-affected zone 

The metal adjacent to a weld is exposed to rapid thermal cycles, and often undergoes 
complex metallurgical changes. Several investigators, including Nippes and asso-
ciates*219 ~221) and Kihara et α/.,(222,223) have studied the thermal history of the heat-
affected zone and have found it difficult to make experimental data fit analytical results 
based on linear theory. It is apparent that the assumptions used in the mathematical 
analyses given in eqns. (2.13), (2.15), and (2.16) do not really apply to the thermal history 
of a heat-affected zone, the reasons being: 

(1) The heat-affected zone is so close to the heat source that we cannot assume that 
the heat source is a point source located at the plate surface. 

(2) The temperature change encountered in the heat-affected zone is so great that we 
cannot neglect the change of thermal properties. 

Consequently, investigators have commonly used experimental investigation to deter-

(2.23)' 
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mine the thermal cycles in a heat-affected zone. The most popular technique is tempera-
ture measurement using thermocouples mounted at precise locations on the workpiece. 
Careful experimental techniques are essential for accurate results. Of special importance 
is the secure mounting of the thermocouples to the workpiece and the preciseness of 
their location. 

Figure 2.7 shows thermal cycles measured by Kihara et α/.(222) of the heat-affected 
zone of a bead-welded specimen. A weld bead was laid on a low-carbon, high-strength 
steel plate 0.7 in. (18 mm) thick, 6 in. (152 mm) wide, and 14 in. (356 mm) long. Low-
hydrogen type electrodes (AWS E7016) ^ in. (4 mm) in diameter were used. The weld 
was made with a heat input of 47,600 joules per inch (arc current: 170 amperes; arc 
voltage; 28 volts; and arc travel speed: 6 in. (152 mm) per minute). Small holes, 0.06 in. 
(1.5 mm) in diameter, were drilled normal to the surface from the back side to a pre-
determined depth. An alumel-chromel thermocouple, 0.012 in. (0.3 mm) in diameter, 
was welded to the specimen at the bottom of a hole. The hot junction of the thermo-
couple was melted into the weld metal, so that the thermocouple would indicate the 
temperature at the weld fusion zone. A coated electrode was fed by a specially designed 
automatic welding machine so that the weld bead was laid at a predetermined position 
on the specimen. 

Figure 2.7 shows the thermal cycles for two locations: (a) at the bottom of the weld 
and (b) at the toe of the weld bead. The metal at the toe of the weld bead cooled at 
a faster rate than did the metal at the bottom of the weld bead. Also shown in the figure 
are values of cooling rates at three temperature levels, 700, 540, and 300°C (1292, 1004, 
and 572°F), measured on three specimens, 18 mm (0.71 in.), 24 mm (0.94 in.), and 30 mm 
(1.2 in.) thick. The cooling rate at 300°C, (572°F) was about 11 % greater at the toe than 
at the bottom of the weld metal, but the difference was negligible at temperatures below 
350°F (177°C). 
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FIG. 2.7. Thermal cycles at two locations of the heat-affected zone of a bead-welded specimen 
(Kihara et α/.(222>). 
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2.4.2 Factors influencing the cooling rate of the heat-affected zone 

The microstructure and hardness of the heat-affected zone depend upon the cooling 
rate. This rate is influenced by various factors including plate thickness, welding condi-
tions, preheat, the length of weld, joint geometry, etc. Many research programs have 
been carried out to study the effects of welding variables on the cooling rate of the heat-
affected zone. 

Plate thickness and preheating temperature. Figure 2.8 shows the effect of plate thick-
ness and preheating temperature on the cooling rate of the fusion zone in bead-welded 
specimens. Weld beads were laid on low-alloy, high-strength steel plates 3 in. (76 mm) 
wide and 8 in. (203 mm) long. Welds were made with a heat input of 47,600 joules/in. 
(18,740 joules/cm). The thermal cycles of the heat-affected zones were measured with 
thermocouples. Shown in the figure are cooling rates at three temperature levels: 
700°, 540°, and 300°C (1292°, 1004°, and 572°F). The cooling rates increased with in-
creasing plate thickness. For the cooling rate at 540°C (1004°F) no further increase in 
the cooling rate was observed when the plate thickness exceeded 25 mm (1 in.). 

Welding conditions [heat input). Figure 2.9 shows the effect of welding conditions or 
heat input on the cooling rate of the heat-affected zone in a bead-welded specimen. 

r jHERMO- > 
COUPLE 

SIZE OF SPECIMEN t ' ^ ' S S ™ 75 x 200mm 
WELDING CONDITION : I70A. 28V.6IPM 

ELECTRODE : E70I6 4mmD 

TEST STEELS 
C % 0.12-0.21 

Mn % 0.80-1.58 
Si % 0.22-0.71 
T.S. k9/mm2 47-68 

12 16 20 24 

PLATE THICKNESS, mm 

FIG. 2.8. Cooling rates of the fusion zone at 700, 500, and 300°C, as affected by plate thickness 
and initial plate temperature (Kihara et al.{222)). 
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FIG. 2.9. Effects of welding conditions on cooling rates at 700, 540, and 300°C of the fusion 
zone (Kihara et al.(222)\ 

Weld beads were laid on steel specimens 20 mm (0.79 in.) thick with E7016 electrodes 
4 mm (3I in.) in diameter under the following conditions : 

arc current / = 170 amperes, 
arc volts V= 21, 24, and 28 volts, 
arc travel speed v = 4, 6, 8, and 11 in./min. 

Figure 2.9 shows values of the cooling rate determined experimentally at three tempera-
ture levels: 700°, 540°, and 300°C (1292°, 1004°, and 572°F). The experimental results are 
plotted against two values: I/v and VI/v which is proportional to the heat input, see 
eqn. (2.2). The values of cooling rate had a better correlation with I/v than VI/v. The 
results indicate that the amount of heat supplied to the plate Q is proportional to the 
arc current rather than the electric power of the arc VI. 

Types of electrode coating. Variations in the type of electrode coating introduce cor-
responding differences in the heat of the chemical reaction and in the melting point of 
the coating or slag and thus differences in the thermal cycle. According to the information 
presently available, differences in the cooling rate due to variations in the type of elec-
trode coating are moderate, as long as welds are made under the same conditions. 

Weld length and joint geometry. Figure 2.10 shows the effects of weld length on the 
cooling rates of the heat-affected zones in bead-welded and fillet-welded specimens. 
Measurements were made at two locations: the center of the weld and the crater (or 
at the end of the weld). The cooling at the center of the weld increased when the weld 
length was less than about 5 in. (127 mm). At the end of the weld, the cooling rate in-
creased when the weld length was less than about 2\ in. (64 mm). The cooling rate at the 
end of the short weld was about twice the cooling rate at the center of a long weld; 
this can be illustrated by comparing eqns. (2.22) to (2.23)'. 
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FIG. 2.10. Effects of weld length on the cooling rates of the heat-affected zones in bead-welded 
specimens and filler-welded specimens (Kihara et al.{222)). 

Figure 2.10 also shows that the cooling rate of the heat-affected zone in a fillet-welded 
specimen is about 40% greater than that in a bead-welded specimen made under the 
same welding conditions. In a fillet weld, the welding heat dissipates in three directions; 
in a bead-weld it dissipates in two directions. Kihara et al.i222) also found that the cooling 
rate of the first pass of a double-vee joint is about equal to that of a bead-on-plate weld. 

Combined effect of factors. Kihara et al.{222) have proposed, on the basis of data obtain-
ed in an extensive investigation, that the combined effect of the plate thickness, pre-
heating temperature, and welding conditions on the cooling rate of the heat-affected 
zone can be analyzed by a parameter, P, as follows : 

' - [ ^ Γ - [ ' + Ϊ — ^ ] (2.24) 

where 
T= temperature at which the cooling rate is considered, °C, 

T0 = initial temperature or preheating temperature of the plate, °C, 
I = arc current, amperes, 
v = arc travel speed, inches per minute, 
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zone.(222'223) 

t = plate thickness, inches, 
t0, α = constants. 

Figure 2.11 shows the relationship between the p-value determined by welding conditions 
and cooling rates of the heat-affected zone. The following relationship exists: 

Cooling rate (°C/sec) = 0.35p08 (2.25) 
Suzuki(223) further developed a monograph determining the cooling rate from welding 
conditions. 

2.4.3 Control of welding heat input 

In the fabrication of welded structures, especially in high-strength steels, one must 
always consider the effects of welding conditions on the metallurgical characteristics of 
a weldment. How to control welding heat input to obtain optimum heat-affected-zone 
structures for various materials is an important subject in welding metallurgy. Many 
publications are available on this subject/239"245) 

The following pages describe very briefly the effects of welding conditions on properties 
of HAZ structures in weldments in steels, especially high-strength steels. 

Current practice. For welding ferritic steels, especially low-alloy high-strength steels, 
control of welding heat input is exercised basically to achieve the following: 

(1) To avoid rapid cooling to prevent the occurrence of hard, brittle martensite and 
possible cracking. 

(2) To avoid too slow cooling to prevent the occurrence of less ductile heat-affected 
structures. 
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The first subject is important to all steels, while the second subject is especially impor-

tant to heat-treated steels of which excellent fracture toughness is achieved by quench-
and-temper and other heat treatments. Limitations on maximum welding heat input 
are commonly set for quenched and tempered steels such as HY-80 and HY-100 steels. 
NAVSHIPS 0900-000-1000(246) specifies the maximum welding heat input for welding 
HY-80/100 and other Q & T steels, as follows: 

Plate thickness Maximum joules/in. 

Less than \ in. 45,000 

\ in. and greater 55,000 

Note: The word "maximum" shall not be 
interpreted as either nominal or average. 

Discussions. The information given here comes primarily from Welding Metallurgy 
by Linnert.(239) Those who need more information are advised to refer to this book or 
other references/240 " 245) 

It has been found that continuous cooling transformation (CCT) diagrams are useful 
for studying the effects of welding heat input on metallurgical structures of the heat-
affected zone. A number of investigators have developed CCT diagrams for various 
steels.* Figure 2.12 is an example of a CCT diagram for a steel containing 0.17% carbon. 
Note that time is expressed in a logarithmic scale. 

A CCT diagram shows relationships between time and temperature indicating the 
beginning and end of transformation under continuous cooling conditions. To develop 
a CCT diagram for a certain steel, a group of specimens are heated to temperature 
above the A3 temperature and then cooled at various rates representing welds made 
by the shielded metal-arc process for given heat inputs (see Fig. 2.13). 

Fig. 2.14 shows the relationship between cooling time (for 800-500°C temperature 
range) and maximum hardness in the base metal heat-affected zone.f Hardness decreased 
as cooling time increased. 

Figure 2.15 shows relationships between cooling time and mechanical properties of 
specimens cooled at various rates from 1300°C (2372°F). Shown here are: 

(1) bent angle by impact and slow bending, degrees, 
(2) Charpy V-notch impact value at 0°C, kg-m, and 
(3) Vickers hardness (10-kg load). 

As the cooling rate increased, hardness decreased monotonously. However, the change 
of the impact value is rather complex. When the cooling time was less than about 10 
seconds, the absorbed energy was very low, indicating that the material was very brittle. 
The absorbed energy increased suddenly when cooling time was longer than 10 seconds. 

* A CCT diagram is similar to a time-temperature-transformation (TTT) diagram, which shows the beginning 
and end of transformation under isothermal conditions. Specimens are cooled from temperatures above 
A3 to a predetermined temperature and kept at the temperature. For the same steel, these diagrams have 
similar shapes. Compared to the TTT diagram, the CCT diagram represents lower temperatures and longer 
times.*245· 246> 

fIn a recent book by Sekiguchi, he uses an A3 temperature of 796°C (1466°F), while Linnert uses the rounded 
number of 800°C(1472°F). 



800 

7Ό0 

Θ00 

H 500 

H 400 

i 300 

200 

100 

6 8 10 20 40 6080100 200 400 600 1000 2000 4000 

TIME, SECONDS 

FIG. 2.12. CCT diagram for continuous-cooling transformation showing critical points, 
critical cooling curves and critical cooling times. (After Inagaki and Sekiguchi.)(243) 

The diagram depicts the transformation behavior of the 0.17% carbon steel described in 
Fig. 2.13. The scale correlating heat input and cooling rate placed along the 932°F temperature 
level applies to the heat-affected zones produced in a f-in-thick (16 mm) plate welded under 
bead-on-plate conditions. The maximum hardness values shown usually were found in the 

coarse-green region immediately adjacent to the fusion line. 
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FIG. 2.13. Nomograph for calculating cooling time which elapses between 800 and 500°C 
(1472 and 932°F) when the base metal heat-affected zone cools from an arc-welding operation. 

(After Inagaki and Sekiguchi).(243) 
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However, as the cooling time increased further, the impact value decreased steadily, 
indicating that too slow cooling is deterimental to notch toughness. 

Inagaki and Sekiguchi explained the above-mentioned phenomena by use of the 
CCT diagram shown in Fig. 2.12. If the heat input during welding is very low and cooling 
takes place at a rate more rapid than the "Z"-cooling curve, then the heat-affected zone 
structure will be entirely martensitic and its hardness will exceed 415 DPH. If cooling 
should occur at a rate that falls between the "Z"-cooling curve and the "F"-cooling curve, 
some transformation to an intermediate structure (Widmanstatten structure), which the 
investigators have identified by the symbol "Z", will develop and the final heat-affected 
zone structure will be a blending of martensite and intermediate structures. The hardness 
of this zone will be lower than 415 DPH. Slower cooling along a curve passing to the 
right of the "F"-cooling curve will see the formation of some proeutectoid ferrite, and 
the final structure will consist of ferrite, intermediate structure, and martensite. If 
cooling is carried out at a slower rate than marked by the "P"-cooling curve, some 
pearlitic structure also develops and the final structure consists of pearlite, ferrite, 
intermediate structure, and martensite. A further decrease in cooling rate beyond the 
"E"-cooling curve usually enables transformation in the heat-affected zone to proceed 
entirely to ferrite and pearlite. The investigators found that heat-affected zones which 
cooled at a rate sufficiently slow to produce at least some transformation to proeutectoid 
ferrite ordinarily did not crack spontaneously and exhibited a reasonable degree of 
ductility and toughness. They concluded, therefore, that the cooling rate which marked 
the appearance of proeutectoid ferrite could be identified by the symbol "CF" and that 
this rate represented a limiting weldability index. Accordingly, a given steel always 
should be welded by a procedure (heat input, or possibly through preheat) which pro-
duces a heat-affected zone cooling rate slower than CF ; or when the welding procedure 
is fixed, the steel employed should have the smallest practicable value of CF and yet 
provide the desired strength. In any event, the welding should be carried out in a manner 
that heat-affected zones cool over a longer period that CF (or CF as shown on Fig. 2.12). 

However, too slow cooling is deleterious to notch toughness, as shown in Figure 2.14. 
Considering the above two factors, optimum welding conditions are those which 

produce cooling curves between the F and P curves. The cooling is slow enough to 
avoid the formation of brittle martensite, but it is rapid enough not to lose good tough-
ness. 

Discussions so far have been based upon the results obtained by Inagaki and Sekiguchi 
on a low-alloy steel. Many investigators have developed CCT diagrams and other data 
on various steels. Although details are different for various steels, the general trend is 
similar to most structural steels. 

As a matter of exercise, let us estimate the cooling time when a weld is made following 
the maximum heat-input limitations specified by the Navy for welding HY-80 steel. 
Suppose that bead-on-plate welds are made with the heat input of 45,000 joules/in. 
on HY-80 steel plates \ and f in. thick. Cooling times from 800 to 500°C are estimated to 
be 15 and 30 sec. When similar welds are made on \- and f-in. plates using a heat input 
of 55,000 joules/in., values for the cooling times are 20 and 10 sec, respectively. In a 
study on weldability of HY-80 steel, Ivens(244) concluded that to prevent cold cracking 
in the heat-affected zone of rechained welds of HY-80 steel, welding with low-hydrogen 
electrodes and a minimum cooling time at Δί (800-500°C) = 15 sec. is advised. 
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2.5 Heat Flow Problems of Electrode and Weld Metal 

The temperatures in the liquid weld metal have not been studied as extensively as 
those in the base metal. Christensen and Chipman(248) attempted direct measurements 
by means of W-Mo thermocouples. Rabkin(249) measured the temperature distribution 
in the weld pool of automatically weld aluminum. Pokhodnya and Frumin(250) made a 
corresponding investigation on steel. Recently Paley and Hibbert conducted a computer-
aided analysis of the heat flow in weld metals of actual designs/231} Dilawari et α/.(251) 

analyzed heat and fluid-flow phenomena in electroslat welding. 
An interesting engineering problem related to the thermal history of weld metal is to 

study the size and form of the weld nugget and the depth of penetration. Christensen 
and Davis(224) used dimensionless parameters to study the effect of welding variables 
on the size of the weld nugget. Figure 2.16 is a dimensionless presentation of fused metal 
and recrystallized metal cross-sections. The dimensionless parameter on the ordinate 
axis represents the cross-sectional area, and the dimensionless parameter n is determined 
by the intensity of the heat source and other factors. The theoretical relationship between 
the area parameter and the parameter n were derived from a point-source model. The 
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curve in Fig. 2.16 shows this relationship. An excellent correlation was obtained between 
the calculated curve and experimental data. 
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CHAPTER 3 

Fundamental Information on 
Residual Stresses 

THIS chapter presents fundamental information on residual stresses. First elementary 
information on stresses, strains, and mechanical properties of metals is presented. 
Then discussions on fundamentals of residual stresses are given. Presented here are 
basic concepts, and mathematic derivations are kept to a minimum. Residual stresses 
in metal structures occur not only during welding but also in many manufacturing 
processes. 

From the mathematical viewpoint, residual stresses are caused by some singularities 
in a continuous body, which may be called "dislocations". A dislocation can be on a 
macroscopic scale, or it can be on a microscopic scale. When one considers in a broader 
sense effects of singularities in the continuum mechanics he finds a number of examples 
such as vorticity in the fluid mechanics and fracture of a solid. Although this book 
discusses in depth residual stresses in weldments, it is important to recognize that similar 
mathematical analyses are used in seemingly different engineering theories including 
residual welding stresses, fracture mechanics, dislocation theory, and the theory of 
vorticity. 

3.1 Stresses, Strains, and Mechanical Properties of Metals 

3.1.1 Stress and strain 

When a body is in equilibrium under the action forces, it is said to be in a condition 
of stress or in a stressed state.*301} Such stresses cause deformations or strains in the 
body. 

Stress. Stress intensity is usually expressed in load or force per area, such as pounds 
per square inch (psi), kilograms per square millimeter (kg/mm2) or Newton per square 
meter (N/m2).* In the simple case of a prismatical bar subjected to tension, the stress, 
σ, is (see Figure 3.1) 

<x = 4 (3-D 
A 

where P — total tensile force, or tensile load, 
A = cross-sectional area. 

In a general stress field, stresses are not distributed uniformly and are not uniaxial. 
Figure 3.2 shows how stress components act on the three perpendicular planes passing 

* 1 psi = 0.000 703 kg/mm2 = 6.894 N/m2. 
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TABLE 3.1 Stresses acting on an inclined plane 

To simplify the discussion, an analysis for the two-dimensional plane stress (σ2 = τχζ = τ = 0) 
is given here. Stress components on plane BC are: 

where 

σ„ — σχ œs2 Φ + σνsm2 Φ + 2χχνsm 0'cos ψ, 
τ = Txy(cos2 φ — sin2 φ) + (ay — σχ) sin φ cos φ, 

σΒ is the normal stress on plane BC, 

τ is the shearing stress on plane BC, 

φ is the angle between the normal to the plane, N, and the x-axis 

τ = 0 at the following angles φ and φ + -^ : 

itan24>= y « " » —Ea_. 
cos-4 ψ - sin^ ψ σχ - ay 

These two directions are called the principal directions. 

through any point, 0, of a body. On each pair of parallel planes there are three compo-
nents: a normal stress perpendicular to the plane and two components of shearing 
stress acting in the plane. Acting on the plane perpendicular to the x-axis, for example, 
are the normal stress σχ, and the shearing stresses, xxy and τχγ, acting in the directions 
parallel to the y- and z-axes, respectively. Because of the equilibrium of the element, 
only six components are independent, as follows : 

σχ>σ*σ*·> τχ ν = τ 
yx ' 

Xyz ~~ Tzy ' τ_ = τ_ 

These six quantities are designated the components of stress for that point. 
If the six components of stress are known, the stress on any inclined plane through 

the same point can be calculated (refer to Table 3.1). There are always three perpendicu-
lar planes in which there are no shearing stresses. These planes are called the principal 
planes (coordinate axes perpendicular to these planes are called the principal axes) 
and stresses acting on these planes are called principal stresses. 

Strain. When forces are applied to a body, the body deforms slightly. In the simple 
case, as shown in Fig. 3.1, the length of the bar increases from its original value Lto 
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FIG. 3.1 Prismatical bar subjected to tension load, P. 

L + AL. The strain, ε, is expressed as follows: 

AL 
ε = (3.2) 

In a general strain field there are six independent strain components: normal strains, 
εχ, ε̂ , and εζ, and shearing strains, yxy, yy2, and yzx. 

Stress-strain relationship, Hookës law. In most engineering stress analyses it is 
customary to assume that structural materials are purely elastic, homogeneous, and 
isotropic (material properties are the same in all directions). According to Hooke's 
law, the magnitudes of strains and stresses are proportional as follows: 

ε , = £;Κ- ν (σ* + σ*)}> 

1 1 
"xy Q xy* 'yz Q yz9 

*zx n zx G ζχ9 

where E = modulus of elasticity (in tension), or Young's modulus, 
v = Poisson's ratio, 

G = = modulus of rigidity, or shear modulus 
2(1 +v) 

Stress-strain relationships in the plastic condition are much more complex. 

(3.3) 

3.1.2 Mechanical properties of metals 

Figure 3.3 shows schematically the stress-strain curve of a metal such as an aluminum 
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FIG. 3.2. Stress components. 
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FIG. 3.3 Stress-Strain curve of a metal. 

alloy. As the load or stress increases the strain changes as shown by the curve OABCD. 
The region OA is the elastic region and its slope corresponds to Young's modulus. The 
stress at point B is the yield stress, and when the load is increased, the metal deforms 
plastically. Some metals, including carbon steel, clearly exhibit yielding, while others, 
including aluminum alloys, do not. In metals such as aluminum alloys, the stress at 
which 0.2% permanent extension has taken place is commonly designated the yield 
stress. 

Point C represents the ultimate tensile strength, and point D indicates when the piece 
fractures. 

The strain changes when the load is decreased or when the metal is unloaded. When 
stress is decreased from an arbitrary point, P, on the line OA, strain decreases as shown 
by the dotted arrow and no permanent set remains after the load is removed (returns to 
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the origin, 0). When stress is decreased from an arbitrary point, Q, on the curve BC, 
strain changes as shown by the line QQ'. QQ' ( = ε") represents the permanent set or the 
plastic strain. The line QQ' is parallel to the line AO. If the metal is loaded again, strain 
changes as shown by QQCD, indicating an increase in the elastic limit from the stress 
which corresponds to A to that which corresponds to Q. The magnitude of stress σ at 
point Q can be determined by measuring the amount of elastic strain, Q'Q" = ε', which 
takes place during unloading, as follows: 

σ = Εε'. (3.4) 
During unloading, metals behave in a purely elastic manner, even if they have under-

gone plastic deformation. This characteristic is the basis for the strain-relaxation tech-
niques that have been developed for measuring residual stresses in metals. 

In most cases involving measurement of residual stress, the history of the metal being 
investigated is not known. In many cases at least some portions of the specimen have 
undergone plastic deformation, a condition which, when non-uniform, is a major source 
of residual stresses. Even so, it is possible to determine the magnitude of residual stress 
by measuring the amount of elastic strain that takes place during unloading. 

3.2 Residual Stresses 

3.2.1 Residual stresses 

Residual stresses are those stresses that would exist in a body if all external loads were 
removed. Various technical terms have been used to refer to residual stresses, such as(302) 

Internal stresses 
Initial stresses 
Inherent stresses 
Reaction stresses 
Locked-in stresses 

Residual stresses also occur when a body is subjected to a non-uniform temperature 
change ; these stresses are usually called thermal stresses. 

Macroscopic and microscopic residual stresses. Areas in which residual stresses can 
exist vary greatly in scale from a large portion of a metal structure down to areas measur-
able only on the atomic scale. Figure 3.4 shows macroscopic residual stresses on several 
different scales/30υ When a structure is heated by solar radiation from one side, thermal 
distortions and thermal stresses are produced in the entire structure, as shown in Fig. 
3.5(a). Figure 3.5(c) shows how the residual stresses produced by grinding are highly 
localized in a thin layer near the surface. 

Residual stresses also occur on a microscopic scale. For example, residual stresses 
are produced in areas near martensitic structures in steel since the martensite transforma-
tion that takes place at relatively low temperatures results in the expansion of the metal. 
Residual stresses on the atomic scale exist in areas near dislocations. 

This chapter is concerned with macroscopic residual stresses. 
Equilibrium condition of residual stresses. Since residual stresses exist without external 

forces, the resultant force and the resultant moment produced by the residual stresses 
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FIG. 3.4. Macroscopic residual stresses on various scales/301) 

(a) Free State (b) Stressed State 

FIG. 3.5. Residual stresses produced when bars with different lengths are forcibly connected. 
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must vanish: 

σΛΑ = ( ■■ 0 on any plane section (3.5) 

and 

(3.6) dM = 0. 

It is very important to check whether the residual-stress data recorded in any experi-
ment satisfies the above conditions. 

3.2.2 Occurrence of residual stresses 

Residual stresses in metal structures occur for many reasons during manufacturing. 
Residual stresses may be produced: 

(1) In many materials including plates, bars, and sections during rolling, casting, 
forging, etc. 

(2) During forming and shaping of metal parts by such processes as shearing, bending, 
machining, and grinding. 

(3) During fabrication processes, such as welding. 

Heat treatments during manufacturing can also influence residual stresses. For 
example, quenching produces residual stresses while stress-relieving heat treatments 
reduce residual stresses. 

Residual stresses are classified according to the mechanisms which produce them: 

(1) Those produced by structural mismatching. 
(2) Those produced by uneven distribution of non-elastic strains, including plastic 

and thermal strains. 

3.2.3 Residual stresses produced by mismatching{302,303) 

Figure 3.5 shows a simple case in which residual stresses are produced when bars of 
different lengths are forcibly connected. Tensile stresses are produced in the shorter 
bar, Q, and compressive stresses are produced in the longer bars P and P. 

Figure 3.6 shows how a heating-and-cooling cycle causes mismatching resulting in 
residual stress.(304) Illustrated are three carbon-steel bars of equal length and sectional 
area connected by two rigid blocks at the ends; the middle bar is heated to 1100°F 
(593°C) and then cooled to room temperature while the side bars are kept at room tem-
perature. Figure 3.6 plots the stress in the middle bar against the temperature and shows 
the amount of residual stress produced. Since the two side bars are resisting the deforma-
tion of the one middle bar, the stress in each side bar, σ5, is always equal to half the stress 
in the middle bar, tfm, and opposite in sign from the equilibrium condition: 

σ,-Κ,. (3.7) 
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FIG 3.6. Stress-temperature curve for middle bar of a three-bar frame 

Since the lengths of the middle and side bars must be the same, the following equation 
must be satisfied: 

<y σ 

tt E (3.8) 

where E = modulus of elasticity at room temperature, T0, 
Et = modulus of elasticity at temperature, Γ, 

Δ T = T - T0 = increment of temperature, 
a = coefficient of linear thermal coefficient, 

then 

σ = - α Δ Γ 
IE 

i + 2E/E; 
(3.9) 

The stress in the middle bar am, at various stages of the thermal cycle can be calculated 
from eqns. (3.7) and (3.8). 

As the temperature of the middle bar increases, the stress in it changes when the 
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temperature is approximately 340°F (171°C), as indicated by point B. Beyond point B, 
as the temperature rises, the stress in the middle bar is limited to the yield stress at each 
corresponding temperature, as shown by curve BC. When the temperature decreases 
below 1100°F (593°C), on cooling, the action in the middle bar is elastic again. The 
compressive stress in the middle bar drops rapidly, changes to tension, and soon reaches 
the yield stress in tension, as indicated by point D. Then, as the temperature decreases 
further, once more the stress in the middle bar is limited to the yield stress at each 
corresponding temperature, as shown by curve DE. Thus, a residual tensile stress equal 
to the yield stress at room temperature is set up in the middle bar. The residual stresses 
in the side bars are compressive stresses and equal to one-half of the tensile stress in the 
middle bar. Line B'E indicates that residual stress of the same magnitude, which is 
equal to the yield stress at room temperature, will be produced by heating the middle 
bar at any temperature exceeding 600°F (316°C). 

Dislocation in a multiply-connected region. Mathematically speaking, residual stresses 
caused by mismatch can be regarded as stresses due to elastic dislocation/302'303) 

Since many readers may consider the term "dislocation" solely related to the atomic 
dislocation in physical metallurgy, a brief discussion of the fundamentals of dislocation 
in a stressed body is presented here. 

Suppose that the stresses in a body change as shown in Fig. 3.7 from state I to state II 
for some reason—application of an external load, cracking, or closing a mismatch. 
Figure 3.7(a) shows stress changes without dislocation, while Fig. 3.7(b) shows stress 
changes resulting in dislocation. An arbitrary point P moves to P' during the stress 

STATE I STATE II 

a. Stress changes without dislocation 

b. Stress changes involving dislocation 

FIG. 3.7. Stress changes in a body. 
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change, while a neighboring point Q moves to Q'. When there is no dislocation, the 
vector P'Q! becomes infinitesimally small when Q approaches P, or: 

limFß' = 0, i f p £ - 0 . (3.10) 

The situation is different when stress changes involve dislocation. Suppose a crack 
occurs along the line AB, as shown in Fig. 3.7(b). When the neighboring point Q is 
located on the same side of the line AB, eqn. (3.10) still holds. However, when the point 
is located on the opposite side of the line AB, as shown by the point R, the vector FR' 
does not approach zero, but approaches a definite value, which is designated the "crack 
opening". This vector P'R' is generally called the "dislocation". 

Volterra(305) called this mismatched deformation "distorsioni" and Love(306) named 
it "dislocation". Taylor(307) and Orowan(308) used the concept of dislocation to explain 
atomic mechanisms of plastic deformation, and this concept has been widely used to 
explain many phenomena in physical metallurgy. The important fact about dislocation 
is that displacement is multi-valued when dislocation occurs/309"313) A dislocation 
can be on a macroscopic scale, or it can be on a microscopic scale. This chapter discusses 
macroscopic dislocations. 

Figure 3.7(b) shows how the stress changes that occur from state I to state II are 
those of cracking or fracturing while the stress changes that occur from state II to state I 
are reaction stresses caused by closing a mismatch. Consequently, the basic equations 
used in the fracture mechanics theory are similar to those used in the analysis of residual 
stresses in weldments. Some examples will be discussed later in this chapter. 

Figure 3.7(b) also shows that dislocation is related to a topological change of the body. 
In state I, the body occupies a singly connected region, while the body in state II occupies 

(a) Translation in the (b) Translation in the (c) Rotation around the 
x- direction, [ ξ ] y - direction, [η] z - a x i s , [ w z ] 

(d) Translation in the (e) Rotation around the ( f ) Rotation around the 
z-direction, [ ζ ] \ y - a x i s , [ω,] x -ax is , [ω„] 

FIG. 3.8. Dislocations in a ring 

file:///y-axis
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a multiply connected region. It has been found that when a body occupies a multiply 
connected region displacement can be multi-valued. 

Dislocation in a circular ring. A circular ring is a simple example of a multiply con-
nected region. Figure 3.8 shows the six basic types of dislocations that can occur in a 
ring-shaped plate, as follows: 

(1) Translation in the x-direction, [£], as shown in Fig. 3.8 (a). 
(2) Translation in the y-direction, [f/], as shown in Fig. 3.8 (b). 
(3) Rotation around the z-axis or rotation in the xy-plane, [ωζ], as shown in Fig. 

3.8(c). 
(4) Translation in the z-direction, [{], as shown in Fig. 3.8(d). 
(5) Rotation around the y-axis, [ω ], as shown in Fig. 3.8(e). 
(6) Rotation around the x-axis, [ωχ], as shown in Fig. 3.8(f)· 

The dislocations shown in Figs. 3.8 (a), (b) and (c) cause residual stresses uniform in the 
z-direction of the flat plate which will remain after the rings are joined. Dislocations 
shown in Figs. 3.8(d), (e), and (f) cause residual stresses not uniform in the z-direction 
and the flat plate will be bent after the rings are joined. 

Table 3.2 shows Goursat's stress functions for dislocations [{], [η]9 and [ωζ].(314) 

Solutions for [£], [ω ], and [ωχ] are shown in Table 3.3 Table 3.4 provides the basic 
characteristics of Goursat's stress functions. The relationship between Goursat's 
stress functions φ(ζ)9 ψ(ζ) and Airy's stress function F(x,y) is:(315) 

(3.11) 
where 

(3.12) 

By examining stress functions in Table 3.2 one will notice that expressions for φ(ζ) 
and φ(ζ) are composed of two parts, the first part which contains log z or z log z and 
the second part which does not contain logarithmic expressions. The first part causes 
dislocation, while the second part is included to satisfy the boundary conditions that no 
external force exists, or 

ar + n
re

 = 0 along r = a, r = b. (3.13) 
Table 3.5 shows detailed calculations for dislocations [ξ] and \rß. Equations in Tables 
3.2 and 3.3 show that dislocations are caused by logarithmic terms as described in 
Goursat's stress functions. When these terms exist, stresses can be continuous and single-
valued while displacement is multi-valued. 

Stress components are expressed as follows : 
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TABLE 3.2 Goursafs stress functions for [ξ], [η], [ωζ] 

(1) Displacement Type Dislocations [{] , [η~\ 

Stress functions 

^^^{(M-i ra i iogz- iM + i t i ] ) ^ ^ } 

^ ) = | { (Μ + ί[ί])Ζΐο8ζ + ( Μ - . · [ ί ] ) ^ ί 1 } 
Siress components 

ρ 2 (1 -3ρ 2 ) + Λ2(1+ρ2) σ« " I î (™œ s θ - Msin θ)
 ÖTPW 

(2) Rotation Type Dislocation [ωζ] 

Stress functions 
„2 u2 . , , Er J , a2-b2 + 2a2\oga-2b2\ogb , 

Φ(ζ)-^[ωΜζ\ο%ζ — — — z, 

a2b2 

2(a2 - b2) 

* W s S [ f f l J ? r p , o g i , 0 8 r 

Stress components 
Er f A 2 logA( l -p 2 ) ] 

£ r Ί ί , , A2log/l(l+p2) 

τ β = 0 

*«*) ΦΦ) 

ra 
[ω,] 

K] 

0 

1 - v 
-g^-J>[<|logz 

J - v n . -,, 
i-^-D[œy]\o%z 

- i - [ C ] l o g z 

3 + v r η i - - g ^ - K > l o g z 

•3 + v r i i '"g^Klzlogz 

Note: Shown here are only the principal parts of the displacement 
functions pertinent to dislocation—similar to the first terms of φ(ζ) 
and φ(ζ) shown in Table 3.2. 

(1) 

(2) 

(3) 

(4) 

Note: λ = -, P = - , z = x + iy. 
a a 

TABLE 3.3 Displacement functions for dislocations 
involving bending - plates 

3.2.4 Residual stresses produced by uneven distribution 
of non-elastic strains 

When a material is heated uniformly, it expands uniformly and no thermal stress is 
produced. But when the material is heated unevenly, thermal stress is produced. Residual 



100 Analysis of Welded Structures 

TABLE 3.4 Basic characteristics of Goursat's stress 
function 

Stress components 

^ + »,-**.[*'(*)] 

Displacement 

£(u - ID) = (3 - v)<?(i) - (1 + ν)[ζφ'(ζ) + φ'(ζ)] (2) 

Stress components expressed in the polar coordinates 

x = r cos 0, 

orx + iy = re,fi 
y = r sin f 

TABLE 3.5 Dislocations produced by stress functions 
shown in Table 3.2 

Displacement 

E(u - iv) = (3 - v)«?(z) - (1 + ν)[5φ'(ζ) + ψ'(ζ)] 

= (3 - »)^[(M + Ci])iogz - (M - <m>^y 

- (1 + v)^[z( W + <[{])^ - Z(M + <[{])-

+ ([,] + i [ { ] ) ( i o g z + i ) - ( M - i [ { ] ) i ^ i J j 

Dislocation 

[«]-i[o] = |«-io|, 

- ( 3 - ν ) ^ [ ( [ if]+ /[{])(-2W)] 

- (1 + ν ) ^ [ { Μ + ί[ξ])(2«ί)] 

1 
:8π 

< M + «[«])(-2*i)[(3-v) + ( l+v) ] 

{ M + * [ { ] } ( - 0 

= W - ' [ i ] 
Noie: log Z = log r ei9 = log r + ifl 

|logZ|#.1,-|logZ|,.0 = 2iri. 
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Stresses are also produced when unevenly distributed non-elastic strains such as plastic 
strains exist. The following are the fundamental relationships in a two-dimensional 
plane stress (σζ = 0) residual stress field(302,303) (see Fig. 3.3): 

( 1 ) Strains are composed of elastic strain and non-elastic strain : 

ε, = ε; + ε;', (3.14) 
1 xy » xy » x y 

where 
εχ, &r yxy are components of the total strain, 
εχ' ey> y'xy>are components of the elastic strain, 
εχ' E'r y'xy' a r e c o m P o n e n t s of the non-elastic strain. The non-elastic strain can be 
plastic strain, thermal strain, etc.f 

(2) A Hooke's law relationship exists between stress and elastic strain—refer to 
eqn.(3.3): 

8x = ^ Κ - V(Jy)> 

1 
y = —τ . 
'xy Q xy 

(3.15) 

2 + ^ - ^ ) + (-H7# + ^ f - ^ ) = 0. (3.17) 

(3) The stress must satisfy the equilibrium conditions : 

— - H **■ = 0, 
dx dy 
dxxy day _ 
dx dy 

(4) The total strain must satisfy the condition of compatibility: 

ßy2 dx2 dx.dyj \dy2 dx2 dx.dy 

The above equations indicate that residual stresses exist when the value of R, which is 
determined by the non-elastic strain as follows, is not zero :* 

/ 3 V d2s" d2f \ 
R = - ( - H *- -**■ , 

\ dy2 dx2 dx.dyj 
R is the cause of residual stress/302,303) Moriguchi(315'316) called R "incompatibility". 

Important findings obtained from these mathematical analyses include: 

f In the case of thermal stress: 

< = e; = «AT, y';y = 0 

where a is the coefficient of linear thermal expansion, 
AT is the change of temperature from the initial temperature. 

(3.16) 

(3.18) 
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R = 0, consequently, residual stress will not occur when the non-elastic strain com-
ponents are linear functions of the position : 

εχ = a + bx + dy, sy = e + / x + gy, y"xy = k + Ix + my. 

(1) Residual stresses in a body cannot be determined by measuring the stress change 
that takes place when an external load is applied to the body. (Because of this, 
the body is cut to determine residual stresses.) 

(2) Residual stresses σχ, σ , and xxy can be calculated from eqn. (3.15) when elastic-
strain components ε'χ9 ε', and y'xy are determined. However, components of non-
elastic strain εχ, ey, and yxy, which have caused residual stress, cannot be determin-
ed without knowing the history of the formation of the residual stress. 

ß*~ E\ôy2 VÔx2y 

y E\dx2 

'xy 

d2F 

2(1 + v) d2F 
E 'dx.dy 

(3.19) 

Then from eqn. (3.17); 

1 (dAF „ Ô4F d4F\ 
(3.20) 

or 

F(x,y) is generally expressed as follows: 
F(x,y) = F1(x,y) + F2(x,y) 

where Ft (x,y) is a solution of the following equation: 
δ2 δ2 y 

F2 (x,y) is a particular solution of eqn. (3.21). 

(3.21) 

(3.22) 

(3.23) 

Mathematical analysis. Several studies have been made to calculate stress components 
σ . σ , and τ from knowing the distribution of non-elastic strains, ε", ε" and τ" under 

x y xy x y xy 

various boundary conditions. Moriguchi has developed a particular solution for calcula-
ting stresses due to incompatibility distributed in a solid body. Masubuchi(317) has 
developed a particular solution for calculating stresses due to incompatibility distri-
buted in a plate. 

By introducing Airy's stress function F(x,y) as defined by eqn. (3.12), the equilibrium 
condition (3.16) can be satisfied. Then strain components can be expressed from eqn. 
(3.15) as follows: 
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y. 
A 

P(x,y) 

FIG. 3.9. Incompatible strains distributed in an area S. 

Equation (3.23) is a familiar equation for an ordinary electricity analysis. The solution 
for eqn. (3.23) is generally called a biharmonic function which can be expressed as a 
combination of two harmonic functions: 

F1(x,3;) = Re[z^(z)-fiA(z)]. (3.24) 

According to Masubuchi,(26) a particular solution, F2(x,y) for stresses caused by in-
compatibility distributed in an area S of an infinite plate is (see Fig. 3.9): 

F2(
x>y) = NsR(x'>yV2 l n r'dx'dx'd/ (3.25) 

where, R(x\ y') = incompatibility at a point (χ', y'). 

r'=V(x-x')2 + 0>-/)2. 
Later, Kawai and associates*318·319) developed solutions for a strip with a finite 

width and for a rectangular plate. They also have analyzed lateral distortion of plates 
and shells containing incompatible strains and have proposed the use of an energy 
method for determining residual stress. Here, the stress distribution that provides a 
minimum strain energy under a given boundary condition can be determined. The 
energy method appears to be useful for obtaining solutions under complicated boundary 
conditions where accurate solutions are difficult to obtain. 

From a mathematical point of view, incompatibility is a form of singularity in a stress 
field. Investigators have used different types of singular points, such as a concentrated 
load or a center of dilatation, for solving various stress problems. Muskhelishvili's 
work in this area is well known/313) Solutions using singular points for solving stress 
problems under various boundary conditions are useful for analyzing residual stress 
and distortion under similar boundary conditions. 

3.2.5 Similarities among the analysis of residual stress, the vortex theory 
in hydrodynamics and the fracture mechanics theory 

The analysis of residual stress, the vortex theory in hydrodynamics and the fracture 
mechanics theory all deal with effects (stress and flow) due to singularities. Recognizing 
common ground such as this often helps in developing new concepts: ideas already 
developed in one field can be borrowed and modified for use in another.(320) 

Analysis of residual stress vs. vortex theory. Moriguchi(3 * 6) developed the fundamental 
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FIG. 3.10. Coordinate systems used for the analysis of stresses near a slit of length 
L = 2C. 

Point A 0 = 0 PointC 0 = π 

Point B θ = π/2 Point D (A) θ = \π 

θ = 2π 

theory of incompatible strains through his observation of the similarities between the 
theory of residual stress and the vortex theory of hydrodynamics. He visualized that 
the analysis of residual stress due to welding could be handled in a way similar to 
Prandtl's three-dimensional wing theory/321) 

Table 3.6 compares values related to the stress problems caused by dislocation in an 
infinite plate and values related to the air flow around the wings of an airplane/303,322) 

Equation (1) in the left column of the table shows the relationship between the disloca-
tion [u], which occurs along the part of the x-axis between ( - L/2,0), and the transverse 
stress produced at that part of the x-axis designated ay0. The physical meaning of this 
stress problem can be interpreted as follows. When transverse stress, ay0, as given by 
eqn. (3), is applied along both sides of a slit of length L located on the x-axis, the relative 
displacement of the sides of the slit can be determined using eqn. (2). 

To express the arbitrary distribution of [t;], eqn. (2) is used. In eqns. (2) and (3), a 
parameter Θ is used to express various locations along the slit (see Fig. 3.10): 

L 
X = -yCOS0. (3.26) 

Then locations along the upper side of the slit are expressed by changing Θ from π to 2π. 
Equation (2) is an adequate way of expressing an arbitrary dislocation, because the 

value of dislocation (v) must be zero at the both ends of the slit 0 = 0 and n. 
Equation (4) shows the average value of dislocation along the slit, (v). 
Equation (5) shows the elastic energy stored in the plate (per unit plate thickness) 

when the transverse stress ay0 is applied along the slit. 
Shown on the right column are equations for calculating down-wash, circulation, 

lift, and induced resistance when a wing of width b is traveling at a speed j / . ( 3 2 2 ~ 3 2 4 ) 

Equations shown in Table 3.6 indicate that the following semi-exist between physical 
values in the stress problem caused by dislocation and the wing theory: 

Stress problem caused by dislocation Wing theory 

Stress Down wash 

Dislocation Circulation 

Mean dislocation Lift 

Strain energy Induced resistance 
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TABLE 3.6 Comparison Between Theory of Residual Stress and Wing Theory 

105 

Theory of Rtsldual Strtss Wing Theory 

\ 

Stress: σχ, σν, τ, 
Slit length (weld length): 

Transverse Stress on Slit: σ^ 

E L/2 1 (d[v}\ 

where: 

E = Young's modulus. 
[v] = dislocation. 

00 

[u] «■ Σ^η sin ne m 
n - 1 

E ^ A sin ηθ 

L 
X = — COS Θ 

Mean Dislocation: [v] 

1 L,2 
lv) = γ S [v]dx 

lj -L/2 

L 

dx 

ein 

' CD 

(2) 

(3) 

ede 

Velocity: u, v 
Wing breadth: b 

Down Wash: w 

1 b/2 1 /dr\ , , 
4τ _·£/2* - x \dx/x 

where: 
Γ = circulation. 

00 

Γ = 26V £ An sin ni 
n - l 

„ = V V „A. 5=4" 
„ - i 8 l n » 

V = velocity at infinity 
b 

X = ^ COS 0 

Lift: Z, 
6/2 

£ - PV f (x)dx 
- 6 / 2 

= | ρ 6 · ν · Α , 

- * * « ( 4 ) 

The magnitude of mean dislocation 
is determined only by the value A^ 

Strain Energy: U 
L/2 1 

U = / v<rvo[v)dx 
-L/2 Δ 

where: 

1 + ί)Αι· ^E(l + i)A,t (5) 

(5') 

C = X ^ < g > 

where: p = density. 

The magnitude of life is determined 
only by the value A\. 

Induced Resistance: D< 
6/2 

Di = p f r(x)w(x)dx 
-6 /2 

= | pb>V*(jïnA*n\ 

= |p6«V»(l + «)A,« 

where: 

The magnitude of strain energy be-
comes minimum when 5 = 0 provided 
that the length of L and mean disloca-
tion [v ] remain constant. When 5 = 0, 
the form of dislocation [v] is elliptical 
and the distribution of transverse 
stress σνο is uniform along the slit. 

The magnitude of induced resistance 
becomes minimum when 2 = 0 , provided 
that the wing breadth and lift L re-
main constant. When 5 = 0 , the 
distribution of circulation Γ is elliptical 
and the distribution of down wash is 
uniform along the wing. 
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The above discussion provides an insight into ways of conducting analytic studies of 
residual stresses and distortion in weldments. In aerodynamic theory, analytical studies 
usually separate the problem into: 

(1) Determination of the distribution of vorticity around the wing. 
(2) Determination of the effects on the flow of air around the wing induced by the 

vorticity. 

The analysis of the first step is very complex, because the air must be treated as a viscous 
fluid. In the analysis of the second step, however, the air can be treated as a perfect fluid 
containing vorticity. 

Masubuchi has conducted analytic studies of several practical problems related to 
residual stress and distortion utilizing the similarities between the analysis of residual 
stresses and the vortex theory/314,322) The analysis of residual stresses and distortions 
of weldments can be separated into: 

(1) Determination of the distribution of plastic strains in regions near the weld. 
(2) Determination of the effects of the plastic strains produced in the vicinity of the 

weld on stresses and deformations of the weldment. 

The analysis in the first step is very complex, because the material must be treated as 
elastico-plastic and transient changes during welding must be considered. In the analysis 
of the second step, however, the material can be treated as perfectly elastic containing 
plastic strains in regions near the weld. 

Analysis of residual stress vs. fracture mechanics theory. The stress problem referred 
to in the left column of Table 3.6 is the reversed for the case of cracking in a wide plate. 

When a straight crack of length L occurs in an infinitely wide plate, the relationship 
between the stresses that existed before cracking, σγ0, and the crack opening [v] can be 
expressed by eqn. (1) of Table 3.6. Equations (2) and (3) show the arbitrary distribution 
of [t>] and ayQ9 respectively. 

If we take the simplest case that: 
Ax only exists and A2 = A3 = . . . = 0 

then, 

[i>] = Ax siniO 

E A > (3.27) 

This means that a crack occurs in a uniform stress field, as shown in Fig. 3.11 (b) the 
crack opening can be expressed as : 

Then the strain energy released by cracking, 17, is from eqn. (5): 

U = -EA2 = n - ^ 

(3.28) 

(3.29) 
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I L I L 

(a) Crack Opening in an Arbitrary Stress Field 

[v] 

(b) Crack Opening in a Uniform Stress Field 

FIG. 3.11. Stress changes due to cracking. 

1 M f ♦ t M I H 

M M M M M I 
(a) (b) ( c ) 

FIG. 3.12. Stress concentration around a sharp notch of a specimen under tensile load. 

The last example is very useful for studying stress concentrations around a sharp notch, 
as shown in Fig. 3.12. Suppose that a specimen containing a sharp straight notch of 
length L is subjected to a tensile loading of σ0, as shown in Fig. 3.13(a). Based upon the 
principle of superposition, the stress distribution near the crack, curve 1, is : 

curve 1 = σ0 + curve 3. 

Consequently, eqns. (3.33) and (3.34) can be used to study the stresses around the notch. 
For example, when a uniform stress σ0 is applied to a plate containing a straight notch 
of length L, the opening of the notch [v~\ is expressed as: 

M-Hr-MT (3.30) 
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K--= σ ο \ Inc. 

The strain energy released due to the occurrence of the crack, U, is: 

l/ = 

Then the strain energy release rate, G, is 

c-du-

π4{ 
_πσ2

0 

Ε 

: * ) 

L 
2 ~ 

2 

κ2 

Extensive research has been conducted during the last two decades on fracture. The 
fracture mechanics theory has been developed by Irwin and other investigators (refer to 
Chapter 10). Many similarities exist between the fracture mechanics theory and the 
analysis of residual stresses. Some examples are shown below. 

In the fracture mechanics theory, stress intensity factor, X, is widely used. For example, 
when uniform tensile stress <x0 is applied to a wide plate containing a crack of length 
L = 2c: 

~ ~ (3.31) 

(3.32) 

(3.33) 

By comparing eqns. (3.32) and (3.33) to eqns. (3.29) one finds that eqns. (1) through (5) 
shown in Table 3.6 can be readily used for the analysis of crack growth in an arbitrary 
stress field. Further discussions are given in Chapter 10. 

3.3 Analysis of Residual Stress and Distortion in Weldments and 
Their Effects on Service Performance 

Through the discussion in the preceding pages we have introduced an approach to 
the development of methodologies for analyzing residual stress and distortion of 
weldments and for determining their effects on service performance. 

There are many factors that contribute to the total distortion in a weldment. These 
factors, their interaction, and their effect on the total distortion are shown in Fig. 3.13. 
This figure indicates that distortion in a welded structure is a function of the structural 
parameters, the material parameters and the fabrication parameters. 

The structural parameters include the geometry of the structure (whether it is a panel 
stiffened with frames, a cylinder, a spherical structure, etc.), plate thickness and joint 
type (whether it is a butt joint, fillet joint, etc.). 

The material parameters include types and condition of baseplate and filler-metal 
materials. 

Among the fabrication parameters are the welding processes, including shielding 
metal-arc, submerged arc, GMA, GTA, and others; the procedure parameters: welding 
current, voltage, arc travel speed, preheat and interpars temperature, etc., and the assemb-
ly parameters : welding sequence and degree of constraint, among others. 

To determine residual stresses and distortion analytically, it is necessary to establish 
analytic relationships among these three sets of parameters and distortion. This can be 
done by: 

1. Determining dimensional changes produced in the structure by each weld. 
2. Determining distortion induced in the structure by these dimensional changes. 
3. Combining all dimensional changes and induced distortions. 
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Structural Parameter s 

Geometry of Structure 

Plate Thickness 

| Joint Type 

Material Parameters 

Base-Plate Material 

Filler-Metal Material 

1 

Fabrication 

Welding 

Parameters 

Processes 

Procedure Parameters 

Assembly Parameters 

( I ) Determine Dimensional Changes in Each Weld 

a. Analysis of Heat Flow 

Extremely Difficult 

b. Analysis of Thermal Stresses and 
Incompatible Strains 

c. Analysis of Residual Stress and Distortion 

Transverse 
Shrinkage 

Longitudinal 
Shrinkage 

Angular 
Change 

Complex Weldment 

(2) Determine Distortion Induced in 
the Weldment 

(3) Combine All Dimensional Changes 
and Induced Distortion 

Simple Weldment 

Total Distortion 

FIG. 3.13. Factors that contribute to weld distortion and their relation to each other and to the 
total distortion. 

For a simple weld, the second and third steps are not necessary. 

The first step—determination of dimensional changes in each weld—can be further 
divided into the following: 

(a) Analysis of heat flow. 
(b) Analysis of thermal stresses during welding to determine incompatible strains 

that do not satisfy the condition of compatibility of the theory of elasticity. 
(c) Determination of dimensional changes, including transverse shrinkage, longitudi-

nal shrinkage, and angular change, induced by the incompatible strains. 
In fusion welding, a weldment is locally heated by the welding heat source. During 

the thermal cycle, the weldment is subjected to thermal stresses. When the weld is com-
pleted, incompatible strains remain in regions near the weld. Incompatible strains, 
which include dimensional changes associated with solidification of the weld metal, 
metallurgical transformations, and plastic deformation, are the sources of residual 
stresses and distortion. When welding processes and parameters are changed, the heat-
flow patterns are also changed. The change in heat-flow pattern causes a change in the 
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distribution of incompatible strains, and this causes changes in shrinkage and distortion. 
A number of articles have been published on the subject of heat flow, and, although not 

an easy problem, it can be handled analytically. Chapter 2 discusses heat flow in weld-
ments. 

It is difficult to determine the distribution of incompatible strain. When a material 
undergoes plastic deformation, the stress-strain relationship is not linear and the 
plastic properties of the material change with the temperature. Some results are described 
in Chapter 5. Even with the use of the computer, however, no complex geometric analysis 
has yet been made of practical weldments. 

When the incompatible strains are determined, be it analytically or experimentally, 
the third stage in determining dimensional changes can be handled analytically. Mori-
guchi has developed a fundamental theory concerning stress caused by incompatible 
strains, and Masubuchi has applied Moriguchi's theory to the study of residual stress 
and distortion due to welding. Some of their results are included in later parts of this 
monograph. 

Assuming that the dimensional changes in the welds are found either analytically or 
experimentally, the second step is to determine the distortion induced in the structure 
by these dimensional changes. The solution to this problem is rather straightforward. 
Although plastic deformation is produced in small areas near the weld, most of the 
remaining material in the structure is elastic. Consequently, the induced distortion can 
be analyzed by elastic theory. Solutions for a large number of boundary conditions are 
already available. The elastic theory equations used to determine the induced distortion 
are independent of fabrication parameters and involve only well-established material 
parameters. Consequently, after the first experiments, the induced distortions can be 
readily calculated for all types of materials. 
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CHAPTER 4 

Measurement of Residual Stresses in 
Weldments 

4.1 Classification of Techniques for Measuring Residual Stresses 

Many techniques have been used for measuring residual stresses in metals. The 
information on the measurement of residual stresses has been reviewed by investigators 
including Treuting et α/.,(401) Heindlhoffer,(402) Horger,(403) Gunnert,(404) Masu-
buchi,(301) and Parlane.(505) The proceedings of a workshop on "Nondestructive Evalua-
tion of Residual Stress" held in 1975 provides a review of recent developments in methods 
of determining residual stresses.(406) The discussions in this chapter emphasize those 
techniques that are applicable to weldments. 

Table 4.1 lists presently available techniques for measuring residual stress and classi-
fies them in the following groups: 

A. Stress-relaxation techniques. 
B. X-ray diffraction techniques. 
C. Techniques by use of stress-sensitive properties. 
D. Cracking techniques. 

In the stress-relaxation technique, residual stress is determined by measuring the 
elastic-strain release that takes place when a specimen is cut into pieces or has a piece 
removed. In most cases, electric or mechanical strain gages are used for measuring this 
strain release (Group A-l). A variety of these techniques exist; there are many ways 
to section a specimen to determine residual stress. Some techniques are used in the 
study of stress in plates, while others are used in cylinders, tubes, or three-dimensional 
solids. Strain release during stress relaxation can also be determined by using 
grid systems, brittle coatings, or photoelastic coatings instead of the electrical or 
mechanical strain gages (Group A-2). An inherent disadvantage of stress-relaxation 
techniques is that they are destructive ; the specimen must be partially or entirely section-
ed. Nevertheless, the stress-relaxation techniques provide reliable quantitative data 
and are the most widely used for measuring residual stresses in weldments. 

In metals that have crystalline structures, elastic strains can be determined by measur-
ing the lattice parameter with X-ray diffraction. Since the lattice parameter of a metal 
in the unstressed state is known or can be determined separately, elastic strains in the 
metal can be measured nondestructively without machining or drilling. Two techniques 
are available at present : the X-ray film technique and the X-ray diffractometer technique. 
With the X-ray diffraction techniques, surface strains can be determined within a small 
area, say to a depth of 0.001 in. (0.025 mm) and 0.0001 in. (0.0025 mm) in diameter. 
X-ray diffraction is the only means presently available for the measurement of residual 

112 
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TABLE 4.1 Classification of techniques for measuring residual stresses 

[ A - l ] Stress-relaxation 
using electrical and 
mechanical strain gages 

Techniques applicable 
primary to plates 

Techniques applicable 
primarily to solid 
cylinders and tubes 

Technique applicable 
primarily to three-
dimensional solids 

[A-2] Stress-relaxation techniques using apparatus 
other than electrical and mechanical strain gages 

[B] X-ray diffraction techniques 

[C] Techniques based on 
stress-sensitive properties 

Ultrasonic techniques 

Hardness techniques 

[D] Cracking techniques 

1. Sectioning technique using electrical resis-
tance strain gages 

2. Gunnert technique 
3. Mathar-Soete drilling technique 
4. Stäblein successive milling technique 

5. Heyn-Bauer successive machining 
technique 

6. Mesanger-Sachs boring-out technique 

7. Gunnert drilling technique 
8. Rosenthal-Norton sectioning technique 

9. Grid system—dividing technique 
10. Brittle coating—drilling technique 
11. Photo-electric coating—drilling technique 

12. X-ray film technique 
13. X-ray diffractometer technique 

14. Polarized ultrasonic wave technique 

15. Ultrasonic attenuation technique 

16. Hardness techniques 

17. Hydrogen-induced cracking technique 
18. Stress-corrosion cracking technique 

stress in ball bearings, in gear teeth, and in material surfaces after machining or grinding. 
But X-ray diffraction techniques have disadvantages. They are timeconsuming. 

At each measuring point, measurements requiring a film exposure time of 15 to 30 
minutes must be made in two directions. The technique is not very accurate, especially 
in situations where high temperatures have distorted the atomic structure of the material. 

Attempts have been made to determine the residual stresses in metals by measuring 
their stress-sensitive properties. Stress measuring techniques which have been proposed 
include: 

1. Ultrasonic techniques. 
(a) The polarized ultrasonic wave technique, which makes use of a stress-induced 

change in the angle of polarization of polarized ultrasonic waves (similar to the 
photoelastic technique).(407) 

(b) The ultrasonic attenuation technique, which makes use of a stress-induced 
change in the rate of absorption of ultrasonic waves.(408) 

2. Hardness techniques which make use of stress-induced changes in hardness.(409) 

However, none of these techniques have been developed beyond the laboratory stage 
and they have not been used successfully for the measurement of residual stresses in 
weldments. These techniques are therefore not discussed in this chapter. 

Another technique developed for the study of residual stresses involves the close 
observation of cracks induced in the specimen by hydrogen or stress corrosion. Cracking 
techniques are useful when studying residual stresses in complex structural models in 
which the residual-stress distribution is complicated, but these techniques provide only 
qualitative and not quantitative data. 
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4.2 Measurement of Residual Stresses by Stress-relaxation Techniques 

The stress-relaxation techniques are based upon the principle that strains created 
during unloading are elastic even when the material has undergone plastic deformation. 
It is therefore possible to determine residual stresses without knowing the history of the 
material. 

Summarized in the following pages are eleven techniques of measuring residual stresses 
based on stress-relaxation techniques. Techniques 1 through 4 are applicable primarily 
to plates, 5 and 6 to solid cylinders and tubes, and 7 and 8 to three-dimensional solids. 
All of the first eight techniques employ electrical or mechanical strain gages. The last 
three techniques discussed (9 through 11) employ a grid system, a brittle coating, or a 
photo-elastic coating. 

The name of each technique indicates the principle involved, the strain-measuring 
technique used, or the name of the person who has developed or described it. For each of 
these techniques the description will include experimental procedures, range of applica-
tion, and advantages and disadvantages. 

4.2.1 Sectioning techniques using electrical-resistance strain gages {plates) 

After the mounting of electrical strain gages on the surface of the test plate, structure 
or specimen, a small piece of metal containing the gages is removed from the structure, 
as shown in Fig. 4.1. In the resistance-type bonded strain-gage techniques, gages are 
bonded on the test specimen. As the specimen is strained, the resistance of the gages 
changes, and the magnitude of strain is determined by measuring the resistance change. 
Most bonded electrical-resistance strain gages are made from either metallic wire or 
foil materials. There are also the recently developed semiconductor gages. A variety 
of sizes, shapes, and configurations are available including single-element gages and 

Strain gages^ \ \ /Remove by trepanning 

Strain gages 

FIG. 4.1. Complete stress-relaxation technique applied to a plate. 
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rosettes with two, three, or four elements. Information on electrical strain gages is 
available in numerous sources including the Handbook of Experimental Analysis{*10) 

and in reviews by Crites(411'412) and Masubuchi.(301) 

Changes in temperature tend to cause an apparent strain; therefore, some type of 
temperature compensation is needed. Frequently, a "dummy gage", which is not subject-
ed to the strain, is exposed to the same temperature as the actual gage to provide a basis 
for comparison. A temperature-compensated gage can also be used. 

Gages must be bonded securely to the specimen. Various types of cements have been 
developed. In most residual stress measurements, gages must be protected from metal 
chips produced during machining as well as from the oil or water necessary to cool the 
specimen. A number of systems have been devised for protecting gages under various 
conditions. 

A measurement is taken of the strain changes εχ, ey9 and yxy that take place during the 
removal of the piece. If the piece is small enough, it is assumed that residual stress no 
longer exists in the piece and that the following holds good: 

ε =— ε' ε — — ε' y =—y' (4.1) 
x x y y t xy ' xy v ' 

where ε'χ, s'y, and y'xy are elastic-strain components of the residual stress. The minus 
signs in eqn. (4.1) indicate that when tensile residual stress exists shrinkage (not elonga-
tion) takes place during stress-relaxation. Then residual stresses are 

E . 
σχ=-Τ-—ά^χ^νε

νΙ 

E /-

°xy=-Gyxr (4.2) 

Because there may be residual stresses caused by bending, it is advisable to measure 
the strain on both surfaces of the plate. The mean value of the strains measured on both 
surfaces represents the plane-stress component, while the difference between the strains 
measured on both surfaces represents the stress component caused by bending. 

Application: For all-round use; the measuring surface can be placed in any position. 
Advantages: Is a reliable method. Principle involved is simple; is highly accurate. 
Disadvantages: Is a destructive method. Only gives the average stress for the area of 

the specimen from which the piece was removed, and does not measure locally 
concentrated stresses. The machining involved is sometimes expensive and time 
consuming. 

4.2.2 The Gannert technique for a ρΙαίβ(*13) 

Gunnert has proposed a technique for measuring residual stress in weldments using a 
mechanical extensometer. 

Figure 4.2(a) shows the mechanical extensometer developed by Gunnert for the 
measurement of residual stress. The legs, 1 and 2, support each other at two points, 3. 
The adjusting screw, 4, is threaded into leg 1 and the nut, 5, is fixed to leg 2. The flat 
end of the adjusting screw lies against the gage pin, 7, of the special indicator, 6, invented 
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(a) Extensometer (b) Ext«nsom«ttr Ballt in 
th· Gagt Hoi·· 

. - 4 -~ , 

(c) Shop· of Gog· Hoi·· (4 ) Maturing Surfac· 

FIG. 4.2. Gunnert's method of measuring residual stress in a plate(413) 

by Abramson. The indicator is fixed to leg 2 by holder 8. The parts 9, 10, and 11 form 
a protective cover. The adjusting screw, 4, is fixed to the lower part of legs 1 and 2. 
These balls are Brinell balls and are 2 mm (0.079 in.) in diameter. 

In measuring strain, the Gunnert extensometer is placed with its balls in conical 
depressions 9 mm (0.354 in.) apart on the test specimen, as illustrated in Fig. 4.2(b). 
The shape of the depressions is shown in Fig. 4.2(c). For measuring residual stresses, 
eight depressions are made along the periphery of a circle 4.5 mm (0.177 in.) in radius. 
After the distances between four sets of depressions are measured, the measuring area 
is freed from the surrounding material by means of a core drill which produces a groove 
around the measuring area, as shown by the broken lines in Fig. 4.2(d). The distance 
between the four sets of depressions are measured to determine elastic strains released 
during the stress relaxation.1 

* Theoretically, measurements of distances between three sets of depressions are enough for determining 
residual stresses. The fourth set is used in insuring the accuracy of the measurement. 
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Application: Suitable for laboratory and field work. Can be used on horizontal, 
inclined, or vertical measuring surfaces. 

Advantages: Quick—the main stresses at a measuring point can be determined 
both as regards direction and magnitude in about 1 hour. Easily repaired damage 
of the measured object. Permits some measurement of stress peaks owing to the 
small measuring distances. Sturdy apparatus permits measurements in unfavorable 
weather. 

Disadvantages: The method entails considerable manual training to ensure correct 
manipulation. 

4.2.3 The Mathar-Soete drilling technique^14~*l6) 

When a small circular hole is drilled in a plate containing residual stresses, residual 
stress in areas outside the hole are partially relaxed. Residual stresses that existed in the 
drilled area are determined by measuring the amount of stress relaxation that takes 

i 

' 0 

\ 

/ 

(o) Radial and Tongential 
Residual Stress, σΓ0 and 
σθ0 , Along th« Periphery 
of a Small Circle Surrounding 
Point 0 

(b) Distribution of ?r ond 
«0 for σ χ 0

 s β-yo - ®"o. 
Txyo 

Gage No. I 

Gage No. 3 

Goge No. 2 

(c) 120-Degree Star Arrangement 
of Strain Gages 

FIG. 4.3. The Mathar method of measuring residual stress. 
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place in the area surrounding the drilled hole. The hole method of measuring stress 
was first proposed and used by Mathar(414) and was later developed by Soete(415) 

and Suppiger/ei a/.(416) 

For an illustration of how the technique is used, suppose that the components of residual 
stress at point 0 are σχο, σγο, and σ 0. Then the components of residual stress along the 
periphery of a small circle surrounding point 0 are given by eqn. (4.3) (see Fig. 4.3(a)). 

°ro = ϊ Κ ο + %) + i K o - % ) c o s 2Θ + 2τ
χγο

 s i n 2Θ> 
σθο = iKo + %) - iKo - %) C 0 S 2Θ - 2x

Xyo S i n 2 Ö > 

\BO = *Xyo cos 2Θ - \{σχο - σγο) sin 20, (4.3) 

where 
aro = the radial component, 
σθο = the tangential component, 
rr9o = the shearing component of residual stress along the periphery at an angle 0. 

In eqn. (4.3) it is assumed that residual stresses are uniform in the area inside the small 
circle. 

The next step is to calculate the strain change that will take place in areas outside the 
small circle, radius a, when the material inside the circle is removed, e.g. by drilling. 
The important fact about the strain change is that the circle will become stress free; 
in other words, aro and zreo will vanish. Therefore, the strain change during the stress-
relaxation process is the same as the strain caused in a plate with a hole (but no residual 
stress) by applying stresses — aro and — σψθο to the edge of the hole. 

To simplify discussion, assume that σχο = ayo = σο and axyo = 0; or residual stresses 
are biaxially tensile. Then, aro = σο and xrBo = 0. The strain release which takes place at 
point P(r, Θ) when a hole (radius a) is drilled around point 0 is given in eqn. (15) and 
shown in Fig. 4.3(b): 

1+v ΛΛ2 

7r0 = O, (4.4) 
where er, εβ, and yre are components of the strain release. 

When residual tensile stresses exist in areas around point 0, the strain change in the 
radial direction sr will be shrinking from the stretched state. Equation (4.4) indicates 
that if values of a and r are known and εΓ or εθ is measured, it is possible to determine 
the amount of the residual stress, σο. 

In the case of a general stress field in which three components, σχο, ayo, and xxyo 

exist, the strain release that takes place around the drilled hole is more complex than 
that given in eqn. (4.4). A common way to determine stresses is to place strain gages in 
a star form, at 120 degrees from each other, as shown in Fig. 4.3(c). The magnitudes and 
directions of the principal stresses are determined as follows : 

σ1 = -Ε{μι{λ).αΛ-μ2{λ)β}, 
σ2=-Ε{μι(λ)α-μ2(λ)β}, 

ϊαη2φ=- , (4.5) 
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where 
σχ and σ2 = the magnitudes of principal stresses, 

φ = the angle between the No. 1 gage and the direction of the σχ -principal 
stress, 

f 

λ = - = the ratio of the distance of the measuring points from the center of the 
a hole, r, and the radius of hole, a. 

; 2 

1 + v 

μ2{λ) = 
A4 

2V ' 4Λ2 - 3 ( 1 + v)' 

* = jf«-*»)> (4-6) 
where ërl, êr2, and sr3 = radial strains measured on No. 1, No. 2, and No. 3 strain gages, 
respectively. 

Application : This method can be used for laboratory and field work and on horizontal, 
vertical, and overhead surfaces. 

Advantages: A simple principle. Causes little damage to the test piece, convenient to 
use on welds and adjoining material. 

Disadvantages: Drilling causes plastic strains at the periphery of the hole, which may 
displace the measured results. The method must be used with critical care. 

4.2.4 The stäblein successive milling technique{*ll) 

If material is milled away from one side of a bar-shaped body containing tensile 
stresses, the bar will bend away from the milled side (see Fig. 4.4) and the dimensions of 
the side opposite the milling will be changed. If measuring devices such as strain gages 
are attached to this opposite side, it becomes possible to measure how much the surface 
changes in length each time a layer of material is removed, and, from the values read 
off, the residual stresses in the different layers can be calculated. 

Application: Measurement of the uniaxial residual stresses along plates, shafts, 
surface-treated, heat-treated, or surface bar-shaped objects. 

(a) Before the Removal of (b) After the Removal of 
the Metal Layer the Metal Layer 

FIG. 4.4. Residual stress measurement by successive removal of metal layers. 
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Advantages: Reliable method for measuring the mean stresses over a relatively large 
surface. 

Disadvantages: Does not permit measurement of stress. Involves total destruction of 
the object measured. Only uniaxial stresses are measured. Risk of residual stresses 
set up mechanically owing to the milling. 

4.2.5 The Heyn-Bauer machining technique^18,419) 

Thin outside layers of a cylindrical specimen are removed in series, the length of the 
specimen being measured after each removal. From the data recorded, residual stress 
is calculated. 

Application: Cylindrical bodies with rotationally symmetrical stresses. 
Advantages: Simple method. 
Disadvantages: Longitudinal stresses only are measured; limited application. 

4.2.6 The Mesnager-Sachs boring-out technique^20 Λ21) 

Measuring devices such as strain gages are attached to the outside of a cylindrical 
body in longitudinal and tangential directions. A central hole is drilled in the body and 
gradually increased through repeated drillings. The changes indicated by the measuring 
devices are recorded. 

Application: Circular cylindrical bodies with rotationally symmetrical distribution 
stresses. 

Advantages: Permits the measurement of the uni- and biaxial residual stress distri-
bution in the whole of the test piece. 

Disadvantages: Assumes that the stresses are constant along the cylinder and that 
the stress distribution is rotationally symmetrical. Involves total destruction. 
Risk of mechanically caused residual stresses due to boring. Not very suitable for 
measuring residual stresses in welds. 

4.2.7 The Gunnert drilling technique^22'423) 

Four 3-mm (0.12 in.) parallel holes located at the periphery of a circle with a 9-mm 
(0.354 in.) diameter are drilled through the plate at the measuring point, as shown in 
Fig. 4.5. The diametrical distance between these holes at different levels below the surface 

(b) Sid· View 

FIG. 4.5. The Gunnert drilling method. 

^ 
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of the plate is measured by means of a specially designed mechanical gage. The per-
pendicular distance between the plate surface and measuring points at different levels 
below the surface is also measured. A groove is then drilled around the measuring points 
in steps of about 2 mm (0.08 in.) in depth. The perpendicular distance is read off for 
each step. After the groove has been drilled to the desired depth, the four holes are located 
in a plug with a diameter of 16 mm (0.63 in.). This plug is free from the surroundings and 
is thus also free from residual stresses. A further measurement of the diametrical dis-
tance at all levels previously measured, together with the perpendicular measurements, 
provide information for calculating the original residual stresses. 

Application: Can be used for laboratory and field work. The surface of the plate must 
be substantially horizontal. 

Advantages: Rugged and simple apparatus. Semi-non-destructive; damage to the 
object tested can be easily repaired. 

Disadvantages: Relatively large margin of error for the stresses measured in a 
perpendicular direction. The underside of the plate must be accessible for the 
attachment of the fixture. Method requires manual training. 

4.2.8 The Rosenthal-Norton sectioning technique 

This is a technique for determining residual stresses in heavy weldments. Two narrow 
blocks having the full thickness of the plate are cut with their long axes directed along 
the axis of weld and transverse to the weld, as shown in Fig. 4.6. The blocks should be 
made narrow with respect to the thickness; then it may be assumed that the operation 

(a) Sectioning the Weldment to prepare Longitudinal and Transverse Blocks 

i + r - C u t 
l+l 

Ψ 
ΛΖΙ 

(b) Further Sectioning of Block 

FIG. 4.6. Rosenthal-Norton sectioning method. 
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has relieved practically all of the residual stresses acting in the direction perpendicular 
to the long axis, while relieving only a part of the stress in the direction parallel to the 
long axis. At the same time, the blocks should be made long enough with respect to 
thickness (twice the thickness or more, if possible). Subsequently, the stress that has 
been relieved in the central portion of the block is very nearly a linear function of the 
thickness. In other words, if the value of this stress is known on the top and bottom 
faces of the plate, then values of the stress relieved throughout the thickness can be 
computed. The next step is to determine residual stresses still left in the blocks. This 
can be done by mounting strain gages on the walls of the blocks and then measuring 
strain relaxation that results from slicing them into small pieces. 

Two blocks, one longitudinal and one transverse, must be cut in order to determine 
three-dimensional stress distribution. Since two blocks cannot be cut from the same 
spot, the layout must be arranged so as to make use of the symmetry of the specimen, 
or using interpolation. 

Application : For laboratory measurements. 
Advantages: Accurate data can be obtained when measurements are done carefully. 
Disadvantages: A troublesome, time-consuming and completely destructive method. 

4.2.9 Grid systems—dividing techniquei301) 

The surface of the specimen is provided with a system of suitably located measuring 
points, such as the intersections within a network of squares (a grid). The distance 
between the points, which may consist of depressions or punched-in balls, is measured, 
including the diagonals. The entire object is then cut into square elements, each contain-
ing four measuring points. The distances previously measured are measured again, 
and stresses are calculated from the difference between the two measurements. 

Application: Laboratory method, since a division of the object tested is not usually 
permissible. 

Advantages: Simple principle and measurement. Allows the determination of closely 
adjoining areas over large surfaces. 

Disadvantages: Involves total destruction of the object. 

4.2.10 Brittle coating—drilling technique^2 5) 

The measuring point and its surrounding areas are coated with a brittle lacquer. 

(a) (b) (c) (d ) 
Simple Biaxial Simple Biaxal 
Tension Tension Compression Compression 

FIG. 4.7. Typical crack pattern obtained under various surface-stress conditions, showing 
combination of the Mather hole method and brittle coating. 
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A hole (diameter d, e.g. £ in. (3.2 mm)) is drilled at the measuring point to a depth of 
between \d and d. Cracks are produced in the lacquer due to relaxation of residual 
stresses caused by the drilling. As shown in Fig. 4.7, radial cracks occur if residual 
stresses are tensile, and circular cracks occur if they are compressive. From the direction 
and distribution of the cracks, it is possible to determine the direction of main stresses 
since the latter are perpendicular to the direction of the cracks. 

Application : Preferably a laboratory method, but it can also be used for field measure-
ments if the atmosphere is dry. The measuring surface can be chosen as desired. 

Advantages: Little damage to the test piece. Rapid determination of the directions 
of the principal stresses and an indication of their magnitude. 

Disadvantages: Only qualitative. 

4.2.11 Photo-elastic coating—drilling technique^26Λ2Ί) 

Under the action of stresses, transparent materials become doubly refracting 
(biréfringent) and if a beam of a polarized light is passed through a model (under stress) 
made of such a material, a colored picture is obtained from which the stress distribution 
can be determined. This technique is called the photoelastic technique/410)t 

The actual structure to be stress analyzed is coated with a photoelastic plastic. When 
strains occur in the specimen, they are transmitted to the plastic coating, which then 
becomes biréfringent. This can be observed and measured using a reflection polariscope 
(see Fig. 4.8). Figure 4.9 is a typical fringe pattern/301} Instructions for analyzing fringe 
patterns in this application (nearly the same as those obtained in ordinary photoelasticity) 
are provided by the manufacturer. 

The photoelastic coating be applied by brushing a liquid plastic on the surface of the 

Ring for simultaneous 
rotation of tht 
analyzer-
polarizer 
assembly L 

Eyepiece 

Analyzer 

Babinet 
Compensator 

Light Source 

Polarizer 

^ ^ Coatings 

Specimen 

FIG. 4.8. Schematic of optical system of reflection polariscope. 

f The usual photoelastic technique which employs models made with special plastic materials are seldom 
used for studying residual stresses in metals and metal structures primarily because distributions of residual 
stresses produced in metals are different from those produced in the plastic materials. 
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FIG. 4.9. Photostress coating technique for the measurement of stress. 

specimen and polymerizing it by applying heat. Alternatively, a prefabricated flat or 
countered sheet of plastic can be bonded to the part at room temperature. The maximum 
strain measured ranges between 3 and 50%, depending on the type of plastic used ; the 
strain sensitivity usually decreases with the increase in the maximum measurable 
strain. 

Application : Primarily a laboratory method, but it can also be used for field measure-
ments under certain circumstances. 

Advantages: Permits the measurement of local stress peaks. Little damage to the 
material. 

Disadvantages: Sensitive to plastic strains which sometimes occur at the edge of the 
drilled hole. 
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4.3 Measurement of residual stresses by X-ray diffraction 

Elastic strains in metals that have crystalline structures can be determined by measur-
ing the lattice parameter by X-ray diffraction/428 ~432) Since the lattice parameter of a 
metal in the unstressed state is known or can be determined separately, elastic strains 
in the metal can be determined non-destructively without machining or drilling. X-ray 
diffraction techniques are applicable only to crystalline materials having randomly 
oriented small grains. Most metals fall into this category. 

Information on this subject is available in many books and reports. Reference (406) 
contains several papers covering recent developments in X-ray diffraction technique. 
One of significant achievements is the development of a portable X-ray analyzer at the 
Northwestern University.(433) 

4.3.1 Basic principles(301) 

When external or internal forces are applied to a structure made up of metallic crystals, 
the crystalline lattice is distorted, thus changing the interatomic distances. When the 
deformation exceeds the elastic limit, plastic deformation takes place as a result of 
slipping between the lattice planes. The change in the interatomic spacing is always 
directly proportional to the stress. 

This technique is made possible by the fact that the wavelengths of X-rays are of the 
same general order of magnitude as the atomic spacings in metallic crystals (1 angstrom 
unit or 4 x 10"9 in.). The short wavelength of X-rays makes it possible for the rays to 
penetrate the crystalline lattice to some extent and be reflected back from the atomic 
planes which they have penetrated. 

Suppose that a monochromatic plane wave is introduced to the atomic planes in the 
direction AB, as shown in Fig. 4.10. The reflected beams from successive parallel planes 
of atoms are reinforced in one direction BC: the diffraction direction. Bragg's law defines 
the condition for diffraction as follows:* 

ηλ = 2d sin 0, (4.7) 

FIG. 4.10. Diffraction resulting from reflections from adjacent atomic planes of a mono-
chromatic plane wave. 

f ABC and DFH, in Fig. 4.10, represent paths traveled by points in the wave front which excite atoms at 
B and F in adjacent planes. Reinforcement in the direction BC (or FH) requires that the path difference (EF + 
FG) be equal to an integral number of wavelenths, i.e. 

EF = FG = j = ηλ, where n is an integer. 
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where λ = the wavelength of incident beam, 
Θ = the angle between incident or reflected beams and surface of reflecting 

planes, 
d = the interplaner spacing, 
n = the order of reflection (n = 1,2,3,.. .). 

Equation (4.7) shows that, if the wavelength of the X-ray is known, the interplaner 
spacing, d, can be determined by measuring the angle Θ. 

Table 4.2 gives the diffraction angle, 0, the diffraction plane (hkl), and the radiation 
employed for stress analysis of a number of metals.* In aluminum, for example, X-rays 
produced by a copper target can be used (the diffraction angle is 81 degrees). Sometimes, 
however, these optimum conditions cannot be employed because of adverse X-ray 
scattering by the sample. When this condition occurs, other diffraction planes must be 
chosen, at some sacrifice in the precision of the analysis. 

Two general methods are employed in the recording of diffraction patterns : 
1. The photographic or X-ray film method, as shown in Fig. 4.11. 
2. The X-ray diffractometer or counter-tube method, with electrical readout attach-

ments, as shown in Fig. 4.12. 

Equipment shown in Fig. 4.11 is portable and can be mounted in place on a large 
structure for field use. The diffractometer type shown in Fig. 4.12 is a laboratory instru-
ment, and the size of specimen that could be tested is limited by the geometry of the 
instrument. 

4.3.2 X-ray film method 

The apparatus consists essentially of a film in a light-tight cassette mounted perpendi-
cularly to the incoming X-ray beam, with a hole through which is inserted the pinhole 

TABLE 4.2 Properties of metals for X-ray analysis (Vaughan and Crites)(428) 

Metal of test 
specimen 

Ferritic iron 

Austenitic steels 

Aluminum 

Copper 

Magnesium 

Crystallographic 
plane (hkl) 

310 
211 

311 
420 

511 

400 

105 

Target to 
produce 
radiation 

(in X-ray tube) 

Cobalt 
Chromium 

Manganese 
Copper 

Copper 

Cobalt 

Iron 

Wavelength, A, 
angstrom units 

K*> 

1.788 90 
2.289 62 

2.101 74 
1.540 70 

1.540 50 

1.788 90 

1.935 97 

Ka2 

1.792 74 
2.293 52 

2.105 70 
1.544 34 

1.544 34 

1.792 79 

1.939 91 

Diffraction 
angle(e) 

(degrees) 

80.6 
78.0 

78.0 
76.0 

81.0 

81.7 

83.0 

(e) Nominal values for the metals; the diffraction angles differ somewhat for various alloys and are modified 
by the magnitude of the strain. 

1 The Miller index, hkl, is the crystallographers' method of defining the various sets of planes in reference 
to the three coordinate axes of crystals. 

It would be possible to build a specially designed diffractometer-type piece of equipment that could be 
used for the Meld measurement of residual stresses in large structural components of space rockets, although 
no such equipment is commercially available at the present time. 
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Specimen χ># 

\βΡ. 

Normals to e < ^ " 
reflecting planes 

X-ray 
source 

l a ) Schematic diagram 

(b) Apparatus 

FIG. 4.11. Portable X-ray Diffraction equipment which employs film method (Vaughan 
and Crites)(428) 

system that collimates the beam, as shown in Fig. 4.11(a). The film records the rays 
diffracted by the specimen, and shows, on development, almost circular rings. The 
diameter of a diffraction ring divided by the distance from the film to the specimen gives 
2 tan (180-20) from which Θ is obtained for insertion in eqn. (4.7). 

For best results it is advisable to oscillate the film using the metal tube containing 
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Goniometeric 
circle 

Collimator 

(a) Schematic diagram 

(b) Apparatus 

FIG. 4.12. X-ray differactometer setup (Vaughan and Crites).(428) 

the pinholes as the axis of oscillation. This removes much of the spottiness of the dif-
fraction lines, as shown in Fig. 4.13. If the grain size of the specimen is large, it may also 
be necessary to oscillate the specimen a few degrees, keeping the distance from the film 
to the irradiated spot on the specimen strictly constant. This distance can be measured 
by inside micrometers or can be adjusted a predetermined distance by means of a special 
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(a) Stationary (b) Oscillated 

FIG. 4.13. Improvement of diffraction lines by oscillation (Norton and Rosenthal).(430_432) 

gage inserted between the cassette and the specimen. Another method frequently em-
ployed is to compute the distance from specimen to film by measuring the diameter of a 
calibrating ring of known Θ on the film. In this method a strain-free powder is placed 
on the surface of the test object. The powder is chosen to yield a ring near Θ = 90 degrees 
that does not interfere with measurements of the ring produced by the specimen. Silver 
powder is used for aluminum alloys. 

For maximum accuracy, the surface of the test object should be free from cold work 
introduced by machining. If the surface is not in suitable condition, electropolishing 
is probably the best way to condition it, but good results are also obtained by etching 
the surface, provided the etching does not leave etch pits so deep that they relieve the 
surface stresses. 

Visual reading of the films can be made by removing a very fine cross hair or scratch 
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FIG. 4.14. An example of intensity recording by a counter (Vaughan and Crites).(428) 
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over the film under good illumination. The reading also may be made using micro-
photometers. 

4.3.3 X-ray diffractometer method 

The X-ray diffraction method and the film method differ, in most cases, only in the 
detector and the angle made by the specimen with the X-ray beam. The angle between 
the X-ray beam and the specimen surface is 90 degrees in the film method but is an 
angle of Θ degrees for the diffraction method. 

A counter and a receiving slit are moved along a geometric circle to record the intensity 
of the reflected beam, as shown in Fig. 4.14. The diffraction angle is determined as the 
angle of the maximum intensity. 

4.4 Determination of Residual Stresses by Measuring 
Stress-sensitive Properties 

When stresses exist in metals, some of the physical or mechanical properties, such 
as the propagation speed of shear waves and hardness, are changed. It is theoretically 
possible to develop techniques for determining residual stress by measuring such stress-
sensitive properties. Stress-measuring techniques that have been developed or proposed 
include ultrasonic techniques and hardness-measuring techniques. However, none of 
these techniques have been developed beyond the laboratory stage. 

4.4.1 Ultrasonic techniques 

It has been recognized for some time that velocity and attenuation of sound waves 
in a metal specimen often change when stresses are applied to the specimen. Attempts 
have been made to use this phenomenon for determining stresses in metals. Since shorter 
waves are able to penetrate more (or are absorbed less) in metals, the ultrasonic waves 
are more suitable than ordinary sound waves. 

Firestone and Frederick*4340 first reported that the velocity of Rayleigh waves was 
affected by surface stresses and Frederick*435) has more recently reported on the utiliza-
tion of this phenomenon to measure residual surface stresses. Hikata et α/.(436) measured 
the stress-induced changes in the velocity and attenuation of compressional waves 
propagating through aluminum. A number of other investigators have reported experi-
mental results that illustrate the stress dependence of ultrasonic velocity or attenua-
tion (407>408'437'438) 

The velocity of an elastic wave, K, propagating through a homogeneous elastic me-
dium is given by 

r-Jr m 

where C is the elastic modulus and ζ is the density. By taking the differential of the 
above equation, one finds that 

AVJ[AC_An 
V 2\_ C ζ J l ' 
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Equation (4.9) shows that a fractional change in the elastic modulus or the density 
would affect the velocity. The density of a metal changes as a compressive or tensile 
stress is applied. One would expect that the speed would increase when compressive 
stresses are applied and the density increases. It has been found that stresses cause 
changes in AC/C and Δζ/ζ (shear stresses will cause no change in Δζ/ζ). Among various 
techniques that have been proposed so far for determining residual stresses, the following 
two appear to be promising: 

1. The Polarized Ultrasonic Wave Technique, which makes use of a stress-induced 
change in the angle of polarization of polarized ultrasonic waves. This technique is 
based on the stress-acoustic effect similar to the familiar stress-optic effect on which the 
photoelastic technique is based. In the optical case, a stress inside an optically transparent 
object will change the index of refraction, thus changing the velocity of the beam of light. 
When a polarized light beam is passed through that object, the different components of 
light traveling along the axes of principal stress will have different velocities and will 
cause a rotation of the angle of polarization of the light beam. 

When polarized ultrasonic waves pass through a stressed metal, the angle of polariza-
tion changes proportionally to the stress level. Benson and Raelson(407) mentioned this 
phenomenon as the acoustoelastic phenomenon. Figure 4.15 shows an example of the 
acoustoelastic setup. Ultrasonic waves are generated by a radio-frequency pulse genera-
tor coupled to a Y-cut quartz crystal. The crystal is mounted against the test sample 
with wax, and another such crystal is mounted at the output end of the sample. Signals 
passing through the sample are then amplified and displayed on an oscilloscope. 

2. The Ultrasonic Attenuation Technique makes use of stress-induced change in the 
absorption of ultrasonic waves. It is well known that the absorption of mechanical 
vibrational energy (megacycle frequencies, for example) depends on the mechanical 
properties of the metal. A residual stress is therefore indicated when there is a change in 
the absorption of vibrational energy. By opposing the effect of this stress on the ultrasonic 
attenuation by suitable means, such as the application of an opposite external stress, a 
measure of the respective residual stress (tension, compression) component might be 
obtained. In the case of ferromagnetic material, an external magnetic field might be 
employed. 

The technique proposed by Bratina and Mills(408) involves the following procedures. 
By plotting the relative attenuation (db/^sec) versus applied elastic stress (or magnetic 
field strength), a point is reached where the respective components of the residual and 
the external stresses are equal and opposite. This point corresponds to a maximum in 
attenuation. 

4.4.2 Hardness-measuring techniques 

Kokubo(439) performed experiments on a number of metals to show the effect of strain 
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FIG. 4.15. Acoustoelastic setup (Benson and Raelson).(407) 
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TABLE 4.3 Effect of strain on hardness measurement (Kokubo)(439) 

Material 

Armco iron 

0.2% carbon steel 

0.7% carbon steel 

Brass 

Aluminum 

Copper 

Condition 

f Rolled 
\ 
I Annealed 

f Rolled 

(. Annealed 

Γ Rolled 

I Annealed 

Γ Rolled 
\ 
I Annealed 

Γ Rolled 
\ 
I Annealed 

f Rolled 

(. Annealed 

0.3% 
applied 
strain 

~ ~ ( ! 

{! 

{ 1 
{! 

( ! 

it 
( ! 

(ί 
{+ 

it 
£ 
{! 

Change in 
Vickers 

hardness 

-12 .5 
2.5 
1.0 
4.0 

-15 .0 
2.5 

- 8 . 0 
1.0 

-22 .0 
2.0 

-14 .0 
5.0 

-16 .0 
3.0 

- 2 . 0 
2.0 

- 2 . 0 
1.0 
0.7 
1.2 

- 9 . 0 
0.0 
0.0 
4.0 

Change in 
hardness 

(%) 

- 8 . 0 
2.5 
1.0 
5.0 

-11 .0 
2.0 

- 7 . 0 
1.0 

- 9 . 0 
1.0 

- 6 . 5 
3.0 

-12 .0 
2.0 

- 1 . 5 
3.0 

- 5 . 0 
2.0 
4.0 
6.0 

-10 .0 
0.0 
0.0 
8.0 

on hardness measurements. He applied a bending load sufficient to cause 0.3% strain 
on the outer fibers of the specimen and took Vickers hardness readings, using a 5-kg 
(11-lb) load, on the material in the strained state. A summary of his data is presented in 
Table 4.3. It can be seen that in all cases, except for the brass, aluminum, copper, and 
Armco iron, all in the annealed condition, the applied tensile stresses made the material 
appear 5 to 12% softer while the compressive stresses caused only 0 to 3% increase in 
apparent hardness. 

Based on the information obtained by Kokubo, Sines, and Carlson(409) suggested a 
non-destructive method for determining residual stresses in machine parts and struc-
tures. The method called for external loads of varying degrees to be applied to a part 
while hardness measurements are taken.(440) If the residual stress is compressive, 
an applied compressive stress will have little or no effect on the hardness measurements 
and a tensile stress also will show no effect as long as the sum of the applied stress and 
residual stresses is compressive; but, if the tensile stress is great enough so that the sum 
becomes tensile, the material will appear softer as the applied compressive stress is 
increased. However, if the metal appears to increase in hardness as the applied compres-
sive stress is increased, it is known that the sum of the applied and residual stress is still 
tensile; but when a compressive stress is reached that gives no further increase in the 
hardness measurements, the sum becomes compressive. The residual stress is equal and 
opposite to the applied stress that causes the transition in hardness measurements. 

The state of surface residual stress influences the yield compressive strength obtained 



Measurement of Residual Stresses in Weldments 133 
when a small hard ball is gently pressed on the smooth surface of the specimen to be 
studied. Pomey et α/.(441) suggested a method of measuring residual stresses based on 
the above phenomenon. A small hard ball, 0.06 to 0.16 in. (1.5 to 0.4 mm) in diameter, is 
pressed with increasing load on the specimen surface, and a relationship between the 
load and the electric resistance of the contact point is obtained. A sudden fall in resistance 
occurs when portions of the specimen under the ball become plastic. The corresponding 
load gives surface stresses of the specimen. 

4.5 Determination of Residual stresses by Hydrogen-induced 
and Stress-corrosion Cracking Techniques 

Another group of techniques developed to determine stress involves the close observa-
tion of cracks caused in the specimen due to the stress. The cracks are induced by hydro-
gen or stress corrosion. 

4.5.1 Hydrogen-induced cracking technique applied to 
high-strength steel specimens 

Masubuchi and Martin(442) investigated the use of hydrogen-induced cracking to 
study residual stresses in welded joints, especially in complex weldments. Welded speci-
mens were made with heat-treated SAE 4340 steel (approximate ultimate tensile strength 
was 260,000 psi, 183 kg/mm2 or 1792 MN/m2). Specimens were then immersed in an 
electrolyte and charged with hydrogen by applying dc current, using the specimen as 
the cathode and a set of lead strips as the anode. The electrolyte was 4% sulfuric acid 
to which was added 5 drops per liter of poison ; the poison was 2 grams of phosphorus 
dissolved in 40 milliliters of CS2. The current density ranged between 0.35 and 0.8 
ampere per square inch of exposed specimen surface. 

A number of different crack patterns that could be related to a residual-stress distribu-
tion were obtained when tests were conducted using different welding procedures and 
several kinds of specimen. Figure 4.16 is a typical crack pattern for a simple butt weld. 
Transverse cracks were produced when residual stresses ran in the longitudinal direction 
(parallel to the weld). Figure 4.17 shows the crack pattern produced in a complex welded 
specimen. In the case of specimens welded in SAE 4340 steel oil quenched and tempered 
at 500°F (260°C) it took 1 to 2 hours to produce a stable crack pattern. 

Hydrogen-induced-cracking tests were conducted on weldments in a heat-treated, 
low-alloy, high-strength steel (ultimate tensile strength was about 120,000 psi) (84.4 kg/ 
mm2 or 827 MN/m2) the U.S. Navy Hy-80 steel, a quenched-and-tempered 
strength steel with yield strength over 80,000 psi (56.2 kg/mm2 or 552 MN/m2), and 
carbon steel. When steels of lower strength were used, longer charging times were requir-
ed to produce cracks, and crack patterns were less pronounced. The hydrogen-induced-
cracking techniques do not seem to work on a carbon-steel weldment. 

A mathematical analysis based upon the fracture mechanics theory was also made to 
determine the relationships between the residual-stress distribution and the crack 
pattern.(442) 

4.5.2 Stress-corrosion cracking technique applied to steel specimens 

Investigators including McKinsey,(443) Radeker,(444) and Masubuchi and Martin(442) 
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FIG. 4.16. Crack pattern in a simple butt joint made from SAE 4340 steel—oil quenched and 
tempered at 500°F (Specimen R2)—after hydrogen-induced cracking test for 50 minutes. 

After the test, the specimen was heated in a furnace at 400°F (204°C) for 2 hours. 

have used stress-corrosion cracking to study residual stresses in welded joints in carbon 
steel and in low-alloy high-strength steels. Figure 4.18 is a radiograph of a butt-welded 
specimen in a commercial heat-treated, low-alloy, high-strength steel after being 
immersed for 31 hours in a boiling aqueous solution of 60% Ca (N03 )2 and 4% NH4N03. 
The crack pattern is quite similar to those obtained in SAE 4340 steel specimens tested 
by the hydrogen-induced cracking technique. 



FIG. 4.17. Crack pattern produced by hydrogen-induced cracking technique in a complex-
structure specimen made with heat-treated SAE 4340 steel plates (Masubuchi and Martin(442)). 

FIG. 4.18. Radiograph of butt-welded specimen made with a commercial low-alloy high-
strength steel plate after stress-corrosion cracking test for 31 hours (Masubuchi and Martin). 
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4.5.3 Use of cracking technique in studying residual stresses in aluminum alloys 

No work has been reported on the use of cracking techniques in studying residual 
stress in aluminum alloys. Stress-corrosion cracking, however, has been indentified 
with certain aluminum alloys of the Al-Cu, Al-Mg, Al-Zn-Mg-Cu, and Al-Si-Mg 
types.(445'446) For example, failures developed in 2 days when a specimen of 7079-T6 
alloy was stressed to 48,000 psi (33.7 kg/mm2 or 331 MN/m2) which is 75% of the 
yield strength, and exposed to the 3.5% NaCl alternative immersion test. 

4.6 Selection and Use of Appropriate Measurement Techniques 
and Evaluation of Results 

This section discusses how to select the appropriate measuring technique, how to 
use mathematical analysis in the experimental study of residual stress, and how to 
evaluate experimental data with regard to how residual stress affects structural behavior. 

4.6.1 Selection of appropriate measurement techniques 

In determining residual stresses in metals and metal structures it is important to 
select measurement techniques that are most appropriate for a particular job. Factors 
to be considered are : 

permissible extent of damage to the structure (destructive or non-destructive testing); 
required quality of measurement (accuracy of data, determination of stress compo-

nents, etc.); 
effects of variations in metal properties; 
applicability to field tests; 
cost and time. 
Table 4.4 shows the characteristics of typical methods for measuring residual stresses. 

(a) Permissible extent of damage to the structure 
This is an important consideration. Some techniques are destructive (stress-relaxation). 

Of these, certain ones can be classified semi-non-destructive (the Gunnert technique, 
for example, requires making circular plugs 0.8 in. (20 mm) in diameter). 

If absolutely no damage to the structure is permissible, the only presently available 
technique is the X-ray diffraction technique. The ultrasonic technique is still in the 
development stage. The hardness technique and cracking techniques are not suitable 
to be applied to actual structures. 

(b) Requires quality of measurement 
The technique used must provide data that will meet the requirements of quality, 

accuracy, and completeness according to the situational demands. 
Accuracy of strain measurement. Some techniques are more accurate than others and 

some are only qualitative. The accuracy of measured values in actual cases depends 
upon various factors including the strain sensitivity of gages used, methods of cutting in 
the case of stress-relaxation techniques, surface condition of the specimen, condition of 
measuring devices and equipment, and the skill and experience of operators. 

Table 4.4 shows approximate values of maximum strain sensitivity of devices (or 
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the lowest strains that can be detected by the devices) in microinches per inch. For 
aluminum alloys with Young's modulus of approximately 10 x 106 psi (7000 kg/mm2), 
10 microinch-per-inch strain corresponds to 100 psi (0.07 kg/mm2) stress. Bonded 
strain gages provide the best strain sensitivity. However, it must be mentioned that the 
fluctuation of data in the actual measurement would be considerably greater than the 
maximum strain sensitivity of the gages unless extreme care is taken during the measure-
ment. 

Determination of stress components. Some techniques provide information on stress 
components so that the directions and the magnitudes of the principal stresses can be 
determined, while others do not provide enough information on stress components. 
Techniques that belong to the first group include bonded strain gages, extensometers, 
grid systems, photoelastic coatings, and the X-ray diffraction technique. 

Gage length. Table 4.4 shows usual gage lengths used in various techniques. The 
gage length must be short enough so that variations in stress can be detected; however, 
too short a gage length also is not useful. For example, when the X-ray diffraction tech-
nique is used to determine residual stresses that are widely distributed in a large struc-
ture, such as those shown in Fig. 3.5(a), extreme care must be taken to eliminate the 
effects of localized residual stresses such as those caused by grinding, as shown in 
Fig. 3.5(c). 

Application to uneven stress field. Most techniques are applicable to specimens that 
contain unevenly distributed residual stress, although some are not applicable to such 
cases. At the present stage of development the ultrasonic technique is not applicable to 
unevenly distributed residual stresses. 

Surface strain or strains in the interior determined. Suppose that the curve ABCD 
in Fig. 4.19 represents the thickness-direction distribution of residual stresses parallel 
to the plate surface, σχ9 having highly localized tensile stresses in a thin layer near the 
surface. Stresses determined by different techniques may vary considerably. 

When the X-ray diffraction technique is used, only surface strains to a depth of ap-
proximately 0.0001 in. (0.0025 mm) are determined; the surface stress OA is measured. 
In the stress-relaxation techniques using bonded strain gages, extensometers, grid 
systems, photoelastic coatings, and brittle coatings, strain measurements are made on 
the surface. However, the measured values do not exactly represent the stress on the 
very surface, OA. When a plug is cut as shown in Fig. 4.19, for example, the relaxation of 
the surface stress is restricted by the metal in the central portion and residual stresses 
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FIG. 4.19. Thickness-direction distribution of residual stress. 
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as shown by a curve A'B'CD' may still remain in the plug. Therefore, the stress deter-
mined by strain release measured on the surface does not represent OA but AA' which is 
somewhat between the localized skin stress OA and the means stress OM. OA' depends 
on various factors including the stress distribution, ABCD, or sharpness of the curve 
near the surface, the plate thickness, and the size of the plug. 

In the ultrasonic technique, it is believed that stresses in the interior of the material, e.g. 
around BC, are determined. 

(c) Effects of variations in material properties 
Large fabricated structures contain variations in metal properties: welded structures 

have the weld metal, the heat-affected zone, and the base metal, and heat treatments 
also change material properties. These variations in metal properties can cause serious 
problems when the X-ray diffraction technique and the ultrasonic technique are used. 

It has been recognized that diffraction lines are broadened, resulting in lower accuracy 
in strain measurements when the X-ray diffraction technique is used on heat-treated 
materials. 

(d) Field application 
Some techniques are applicable to both laboratory and field tests, while others are 

applicable to laboratory tests only. Diffractometers commercially available at the 
present time are for the laboratory use; however, special equipment for a field test may 
be made. 

Whether or not readings can be taken under field conditions is an important factor 
in selecting techniques for field tests. The use of bonded strain gages is more appro-
priate than other techniques in this respect. 

Some structures may be exposed to environments other than air, i.e. water or oil, 
and this factor must be taken into consideration. Some techniques may be appropriate 
to one environment and not another. 

(e) Cost and time 
The amount of cost and time required for the determination of residual stress depends 

on many factors including the shape and size of the specimen, the number of measuring 
points, and the accuracy of measurement required. Table 4.4 shows in relative numbers 
the complexity of equipment, the time, and the amount of operator experience required. 

Electric-resistance strain gages are relatively simple to operate and not expensive, 
but the cost and the time required for such stress-relaxation procedures as drilling or 
sectioning can be tremendous. 

The X-ray diffraction technique is a slow process. At each measuring point, an X-ray 
diffraction measurement must be taken in two directions, each measurement requiring 
15 to 30 minutes of exposure time. 

(f) Use of various techniques in studying residual stresses in metal structures 
As can be seen in Table 4.4, there is no single residual-stress measuring technique 

that is quick, easy, non-destructive, sensitive to high strain, applicable to field testing 
and low in cost. However, each technique does present certain advantages over the 
others and each has its own appropriate area or areas of application. 

Bonded strain gages are widely used in residual-stress measurement, since they provide 
high-quality data at low cost. They are attached directly to the structure so that strain 
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changes which take place during fabrication can be traced. Whenever portions of the 
metal are removed during this fabrication process, the drilling or cutting of holes, for 
example, the stress-relaxation that results will be indicated by the bonded strain gages. 

The use of extensometers, grid systems, photoelastic coatings, and brittle coatings is 
limited to several unique areas of application. The Gunnert method, which employs a 
mechanical extensometer with short gage length, has been used to measure residual 
stress in welded plates. The Gunnert method also has been used to measure residual 
stresses in actual structures such as ships.(447) 

X-ray diffraction techniques have been widely used and provide the only means of 
measuring residual stress in ball bearings, gear teeth, and metal surfaces after machining 
or grinding/448 ~452) X-ray diffraction has also been used to measure residual stress in 
the structural components of airplanes.(453) 

According to recent information, the ultrasonic technique is capable of determining 
the magnitude of stresses in simple stress field, such as a bar under tensile loading. How-
ever, it has not been proved that this technique is useful for determining unevenly distri-
buted residual stresses in metal structures. 

No actual application of the hardness techniques has been reported. 
Cracking techniques are useful for studying residual stresses in complex structural 

models, but they are not suitable for application to actual structures. 

4.7 Strain Measurement of Transient Strains During Welding 

Studies have been made to measure strain changes during welding by use of electric-
resistance strain gages mounted on the surfaces of plates being welded. 

The resistance change recorded by an electric-resistance strain gage, AR, consists of: 

AR = ARfa) + AR2(sp) + AR3(<x.AT) + AR^(T) (4.10) 

where 

ARl(se)= The resistance change corresponding to the elastic strain, se, from 
which stresses can be computed. 

AR2(ep) = The resistance change corresponding to the plastic strain, ερ. 
AR3(oc.T)= The resistance change corresponding to the thermal strain caused by 

the temperature change, α.ΔΤ. 
R4(T) = The resistance change caused by the change in temperature. 

By measuring changes of temperature, T, AR5, and AR4 can be determined, making 
it possible to determine (se + ερ), usually designated mechanical strain. 

Figure 4.20 is a schematic diagram of one means of measuring the transient strains 
that develop during welding. Some experimental results using this method are given in 
Chapter 5. 

However, it is not possible to experimentally separate ee from ε using the technique 
shown in Fig. 4.20. The amount of elastic strain that exists after the welding is 
complete can be determined experimentally by using the strain-relaxation technique 
(see Fig. 4.23). A computer-aided analysis is also an effective way of determining ee and 
ερ, and will be discussed in detail in Chapter 5. 
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FIG. 4.20. Schematic diagram of measurement of transient strains during welding. 

4.7.1 Measurement of transient reaction stresses 

When strain change measurements are taken at locations some distance from the 
weld where the strain is purely elastic, the stress changes can be determined. 

Travis, et α/.(454) used constrained joints to study cracking under hindered contraction 
(see Fig. 4.21). The change of reaction stresses produced in the constraining bar was 
measured by strain gages mounted on the bar. Two specimens were used (see Fig. 4.21), 
the latter designed to cause a bending moment as well as a separating force to be imposed 
upon the test weld. According to the investigators, the 9-in. moment specimen was more 
suitable than the pure transverse loading-type specimen for studying weld cracking. 

Figure 4.22 shows examples of experimental results obtained on the moment-type 
specimens made from U.S. Navy HY-80 steel. The separating force of the U-bar was 
calculated from the strain measured on the bar. The figure illustrates the effects of 
preheating on the magnitude of separating force and on cracking under the restrained 
condition. The occurrence of weld cracking is indicated by a decrease in the separating 
force, since cracking reduces residual stress. With a sufficiently high preheating tempera-
ture, there was no cracking. With no preheating, cracking took place in 15 minutes 
after the start of welding. With a 200°F (93°C) preheating temperature, cracking was 
delayed more than \\ hours. 

4.7.2 Measurement of elastic and plastic strains in areas near the weld 

Using a Gunnert strain indicator, Masubuchi(314'322) investigated the distribution 
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FIG. 4.21. Constrained joint to study cracking under hindered contraction.(454) (Travis et ai). 

of elastic and plastic strains in areas near a weld (see Fig. 4.21). The specimen was a slit-
type weldment in carbon steel (see Fig. 4.23); a double-vee slit 10 in. (254 mm) long 
was made by machining in a plate | x 31 x 43 in. (19 x 787 x 1092 mm) and the slit 
was welded with covered electrodes. Figure 4.23 also shows locations of strain-measuring 
depressions that were prepared prior to welding on the specimen surface and the distance 
between the depressions were measured. After the specimen was welded, the distances 
between the depressions were measured again to determine strains produced by welding. 
Since the strain produced by welding may contain both elastic and plastic strains, 
particularly in areas near the weld, the elastic part of the strain also was measured by 
relaxation using a Gunnert core drill. Details of experimental results are presented in 
Chapter 6 (Section 6.3.1). 
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800 

FIG. 4.23. General view of slit-type specimen and location of residual-stress measuring points 
(values are shown in millimeters) (Masubuchi)/314 322) 

4.7.3 Measurement of residual stresses of a weldment 

Most of the techniques discussed in Sections 4.2 and 4.3 can be used for measuring the 
residual stress in a weldment. The most widely used among these techniques is the strain-
relaxation technique with electric-resistance strain gages. In fact most of the experimen-
tal data generated by the author and his associates were obtained using this technique. 
It usually provides accurate results. 

Figure 4.24 shows a typical arrangement of the strain gages for the measurement of a 
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FIG. 4.24. Distribution of I as calculated from strain produced by welding. See Equation (4.11) 
(Masubuchi)(314323) 

simple butt weld. Strain gages are mounted on both surfaces of the plate to study the 
effects of bending stresses. Gages are spaced closer together near the weld where the 
residual stresses vary drastically. Strips about 1 in. wide are cut from the specimen. 

4.8 Use of Mathematical Analysis in the Experimental Study of 
Residual Stress and Distortion 

The use of a mathematical analysis based on the theory of elasticity and plasticity is 
sometimes useful in the study of residual stress in metal structures. In simple cases, the 
distribution of residual stress can be calculated analytically, but in most practical cases 
the geometry of the structure is too complicated. Nevertheless, mathematical analysis 
is useful in practical situations as an aid to understanding the problem. Different sets 
of data such as residual stress and distortion can be related quantitatively and the number 
of experimental conditions necessary to obtain the desired information can be reduced. 

With the development of computer technology and such techniques as finite-element 
analysis, it is quite possible that the computer-aided determination of residual stress in 
practical weldments will become common in the future. The following pages discuss this 
new area and give several examples. 

4.8.1 Measurement of residual stress in heavy and complex weldments 

In all of the stress measurement techniques in use today, including strain gage and 
X-ray diffraction techniques, the stresses are measured by measuring the strains on the 
surface of the specimen. There is no method, other than the as-yet undeveloped ultra-
sonic technique, that is capable of measuring the stress inside a body. When residual 
stress is measured in a heavy weldment, the surface on which the measurements are to be 
taken must be exposed through drilling or sectioning. Figure 4.5 shows the Gunnert 
drilling method and Fig. 4.6 shows the Rosenthal-Norton sectioning method. 

These methods are time consuming and costly; they provide stress measurements 
only at the drilled hole or along the sectioned block. Techniques for the calculation of 
stress along many sections of a heavy weldment have not yet been developed, though 
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FIG. 4.25. Use of the computer-aided analytical system for studying residual stresses in a 
heavy weldment and their consequences. 

such information would be extremely useful. It is now technically possible to develop 
computer programs predicting transient thermal strains during welding heavy plates, 
as discussed in Chapter 5. If these analytical predictions agree with measurements taken 
at selected locations on the specimen surface, to compute the stress distributions inside 
the specimen (see Fig. 4.25), these computations could then be verified using spot-
check drilling or sectioning. 

This would be an integrated approach taking advantage of both analytical and 
experimental methods. With it, the distribution of residual stress inside a heavy weldment 
could be determined, data especially useful in predicting the service behavior of a 
welded structure. 

Residual stress can result in brittle fracture, fatigue, stress corrosion, cracking, and 
buckling; it is therefore necessary to find a welding procedure and sequence that will 
reduce residual stress and distortion to a minimum. Its measurement is only the first 
step toward its control. Its distribution and effect on service behavior must be calculated 
before welding procedures counteracting these problems can be developed. 

Because so much information is necessary for the effective control of residual stress, 
the problem must be approached in an integrated manner, and a computer-aided analysis 
using experimental data as a check can be the backbone of this approach. 

A similar approach can be taken in studying residual stress and distortion in complex 
welded structures. A computer-aided analytical system can be the backbone of the 
study, and experimental data obtained at selected locations can be used to verify the 
accuracy of the analysis. 

Analytical systems developed thus far are capable of handling only simple problems 
such as butt welds. However, analyses capable of handling weldments in the various 
practical shapes will be developed in the near future. 
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CHAPTER 5 

Transient Thermal Stresses and 
Metal Movement During Welding 

BECAUSE a weldment is heated locally by the welding heat source, the temperature 
distribution in the weldment is not uniform and changes as the welding progresses. 
During the welding cycle, complex strains occur in the weld metal and the base metal 
regions near the weld. This chapter discusses transient thermal stresses and metal 
movement during welding. 

5.1 Thermal Stresses During Welding—How They are Produced 

Figure 5.1 shows schematically the changes of temperature and resulting stresses 
that occur during welding. A bead-on-plate weld is being made along the x-axis. The 
welding arc, which is moving at a speed i;, is presently located at the origin, 0, as shown 
in Fig. 5.1 (a). 

Figure 5.1(b) shows the temperature distribution along several cross sections. Along 
Section A-A, which is ahead of the welding arc, the temperature change due to welding, 
Δ7^ is almost zero. Along Section B-B, which crosses the welding arc, the temperature 
change is extremely rapid and the distribution is very uneven. Along Section C-C, 
which is some distance behind the welding arc, the distribution of temperature change 
is as shown in Fig. 5.1 (b)-3. Along Section D-D, which is very far from the welding arc, 
the temperature change due to welding again diminishes. 

Figure 5.1 (c) shows the distribution of stresses along these sections in the x-direction, 
σχ. Stress in the y-direction, ay, and shearing stress, xxy, also exists in a two-dimensional 
stress field.f 

Along Section A-A, thermal stresses due to welding are almost zero. The stress 
distribution along Section B-B is shown in Fig. 5.1 (c)-2. Because molten metal will not 
support a load, stress underneath the welding arc is close to zero. Stresses in regions a 
short distance from the arc are compressive, because the expansion of these areas is 
restrained by the surrounding metal where the temperatures are lower. Since the tempera-
tures of these areas are high and the yield strength of the material low, stresses in these 
areas are as high as the yield strength of the material at corresponding temperatures. 
The magnitude of compressive stress passes through a maximum increasing distance 
from the weld or with decreasing temperature. However, stresses in areas away from 
the weld are tensile and balance with compressive stresses in areas near the weld. In 

* In a general three-dimensional stress field, six stress components, σχ, oy, σζ, xxy, rzy, and τζχ, exist (see 
Section 3.1). 
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a. Weld 

4. Section D - D 

b. Temperature Change c. Stress σχ 

FIG. 5.1. Schematic representation of changes of temperature and stresses during welding 

other words, 

:dy = 0 (5.1) 

across Section B-B? Thus, the stress distribution along Section B-B is as shown in 
Fig.5.1(c)-2. 

Stresses are distributed along Section C-C as shown in Fig. 5.1(c)-3. Since the weld 
metal and base metal regions near the weld have cooled, they contract and cause tensile 
stresses in regions close to the weld. As the distance from the weld increases, the stresses 
first change to compressive and then become tensile. 

Figure 5.1 (c)-4 shows the stress distribution along Section D-D. High tensile stresses 
are produced in regions near the weld, while compressive stresses are produced in 
regions away from the weld. This is the usual distribution of residual stresses that remain 
after welding is completed. 

The cross-hatched area, M-M', in Fig. 5.1 (a) shows the region where plastic deforma-
tion occurs during the welding thermal cycle. The egg-shaped region near the origin o 
indicates the region where the metal is melted. 

The region outside the cross-hatched area remains elastic during the entire welding 
thermal cycle. 

* Equation (5.1) neglects the effect of ay and τ on the equilibrium condition. 
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5.2 Historical Development of Studies of Thermal Stresses and 
Metal Movement During Welding 

Studies on transient thermal stresses during welding started in the 1930s. In a paper 
published in 1936, Boulton and Lance-Martin(236) discussed the transient thermal 
stresses that occur along the edge of a plate during welding. Because the computation 
required for analyzing transient phenomena is complex, only limited studies have been 
done on transient thermal stresses and metal movement. Before the use of modern 
computers, analyses of transient stresses were limited to such simple cases as : 

1. Spot welding in which temperature and stresses changes are axially symmetric. 
2. Instantaneous heating along the edge of a strip in which temperature and stress 

changes are functions of only one axis. 

However, these cases are far too simple to represent actual welds. Results of these 
studies are included several books and reports/303'501"509). 

The first significant attempt to use a computer in the analysis of thermal stresses 
during welding was done by Tall(510'511) in a Ph.D. thesis in 1961. He developed a 
simple program on thermal stresses during bead welding along the center line of a strip. 
The temperature distribution was treated as two-dimensional; however, in analyzing 
stresses it was assumed that (1) longitudinal stress, σχ, is a function of the lateral distance 
y only and (2) that ay and τχγ are zero (see Fig. 5.1). In this textbook, such an analysis is 
designated one-dimensional. 

In 1968 Masubuchi et al.{5i2) of Battelle Memorial Institute developed, based upon 
Tail's analysis, a FORTRAN program on the one-dimensional analysis of thermal 
stresses during welding. 

Since 1970 the computer analysis of transient thermal stresses during welding has 
become more common. At M.I.T. and several other laboratories around the world, 
investigators are currently developing computer programs related to or specifically 
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FIG. 5.2. Development of analytical and empirical studies at M.I.T. on thermal stresses and 
metal movement during welding. 
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for this kind of analysis. For example, finite-element programs on welding thermal 
stresses have been developed at Brown University/513) Osaka University/514,515) and 
the University of Tokyo(516'517) as well as M.I.T. 

Commission X (Residual Stress, Stress Relieving, and Brittle Fracture) of the Inter-
national Institute of Welding established in 1972 a working group on "Numerical 
Analyses of Stresses, Strains, and Other Effects Produced by Welding". The working 
group has prepared reports covering studies being made in various laboratories in the 
world/5 i 8 '5 *9) At the Colloquium on "Application of Numerical Techniques in Welding" 
held during the 1978 Annual Assembly of the International Institute of Welding several 
papers on the analyses of thermal stresses during welding were presented(235). 

Since details of most computer programs are not published, further discussions of 
this chapter are based upon results generated at M.I.T. Figure 5.2 shows development 
of analytical and empirical studies at M.I.T. on thermal stresses and metal movement 
during welding. 

5.3 One-dimensional Analyses 

The first to be developed were the one-dimensional programs. The original Battelle 
program(512) developed in 1968 has since been improved at M.I.T. 

5.3.1. Battelle program 

In a study for the G. C. Marshall Space Flight Center, NASA, Masubuchi et al{5l2) 

developed some computer programs for the calculation of thermal stresses in bead-on-
plate welding. This Battelle study uses a technique that was originally developed by 
T a l l ( 5 1 0 , 5 U ) 

First, the temperature distribution around the moving arc was calculated using 
eqn. (2.16). In calculating stresses, it was assumed stress changes in the x-direction are 
much less than those in the ^-direction, in Fig. 5.1. From the equilibrium condition, 
eqn. (3.16), one could then assume that (1) the longitudinal stress, σχ, is a function of y 
only and (2) σγ and zxy are zero. The field is divided into a set of transverse strips of 
width, A0, as shown in Fig. 5.3. The time intervals represented by the strip width must 

FIG. 5.3. Dividing the stress field into transverse strips for calculating thermal and residual 
stresses. 
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be short so that the temperature and thermal stress for each increment can be treated 
as a constant. Since the greatest changes in temperature occur near the arc, narrow 
strips are used in areas near the arc. Details of the Battelle analysis are reported in 
RSIC-820.(512) The welding Research Council Bulletin 149 describes some of the results 
of the Battelle study.(303) 

The calculation starts on a strip some distance ahead of the welding arc where the 
temperature change is negligible and the stresses purely elastic. Time zero is fixed on 
the strip. For example, in the calculations shown later (Fig. 5.4 through 5.7), the heat 
source is located at t = 9 seconds. Since the welding speed in this particular case is 
0.233 ips, or 14 ipm, the calculation starts at a strip 2.1 in. (0.233 x 9) ahead of the arc. 

First, stresses in the strip crossing the origin, 0, are calculated based on elasticity 
theory. Then stresses in the second strip are calculated by adding stresses caused by 
the temperature increment. In this case, analysis is made whether or not any plastic 
deformation has taken place. It is assumed that the stresses at a given point do not 
exceed the yield stress of the material at the temperature of that point. Similar analyses 
are conducted step by step on the strips following. In this way the stress distribution 
in the entire field can be determined. 

Figures 5.4 through 5.7 show the results of one example. In this example, calculations 
were made under the following conditions : 

Aluminum alloy 2014-T6, | in. (6.4 mm) thick. 
Plate width: 8 in. (200 mm). 
Welding current: 254 amp. 
Arc voltage: 10 v. 
Arc travel speed: 0.233 ips (14 ipm). 
Arc efficiency: estimated to be 80%. 

Except for some lettering such as "Center Line", "1 inch (25 mm) out from Center 
Line", and "Edge" in Fig. 5.4 and "100°F", "200°F", etc., in Fig. 5.5, most of the lines and 
lettering in Fig. 5.4 through 5.7 were plotted by a Cal-Comp plotter. 

Figure 5.4 shows the temperature changes along the weld center line (y = 0), y = 1 in. 
(25 mm), and y = 4 in. (100 mm). The abscissa is given in terms of time, and the arc is 
located at 9 seconds. Each curve shows the thermal cycle at a point some distance 
away from the weld. 

Figure 5.5 shows the isotherm pattern around the arc. The longitudinal coordinate x is 
again the time scale. 

Figure 5.6 shows stress changes along y = 0, 1 and 4 in. (0, 25, and 100 mm). Along 
the weld center line (y = 0), stresses are in compression in areas ahead of the arc. As the 
arc approaches the point and the temperature increases, the absolute value of the com-
pressive stress first increases and then decreases. At the point directly below the arc, 
the stress is zero. As areas behind the arc cool, the stresses become tensile. 

Figure 5.7 shows the isostress pattern around the arc. It is interesting that the high 
compressive stresses extending ahead of the arc and continuing along both sides form a 
horseshoe-shaped region. 

5.3.2. M.I.T. one-dimensional programs 

Initial effort. The Battelle program was first improved at M.I.T. in a study completed 
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TABLE 5.1 Comparison between the Battelle and M.I.T. program 

Type of Weld 
Analyzed 

Configuration 

Stress Analysis 

Material Behavior 

Analysis of Strain 

Temperature distribution 

Battelle Program 

Bead-on-plate 

Flat plate with 
finite width 

Longitudinal stress 
only 

σχ - f(x,y) 
σ = τ = 0 
y xy 

Perfectly plastic* 

e 

Not included 

Calculated by same 
program 

M.I.T. Program 

Bead-on-plate, Edge, 
and Butt weld 

Flat plate with 
finite width 

Longitudinal stress 
only 

σχ - f(x,y> 
<r m τ * o 
y xy 

Strain hardening (linear) 
included* 

e | 

Includes total strain and 
plastic strain 

Calculated by separate 
program. Distributions 
from other sources may 
be used for stress 
calculation 

♦Yield strength varies with temperature. 

in 1970.(52O) Table 5.1 compares the Battelle program and the M.I.T. program. Although 
both are one-dimensional analyses, the M.I.T. program is an improved version of the 
Battelle program. For example, while the material is assumed to be perfectly plastic 
in the Battelle program, in the M.I.T. program strain hardening of the material is consi-
dered. In both programs the yield strength, ays, changes with the temperature, but the 
M.I.T. program also includes the analysis of strain. This is important when comparing 
theoretical conclusions with experimental data, since strains rather than stresses are 
the measure in experimental analysis. 

The M.I.T. program is written in FORTRAN IV for use on an IBM 360/65 computer. 
Details of the M.I.T. analysis, including the computer programs, are given in the NASA 
Contract Report CR-61351.(520) 

Further developments. More recently the program has undergone further develop-
ment and can now handle certain practical problems such as: 

1. Weld location. The program can handle problems relating to welds made any-
where in the strip, i.e. center, edge, or a line at an arbitrary distance from the center 
line. 

2. Distortion analysis. The program is capable of computing the transient distortion 
that occurs when the weld is not along the center line of the strip. 

3. Multipass effect. The weld line often changes location during multipass welding. 
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The program can analyze the thermal stresses set up during multipass welding, including 
the effects of temperature changes and strains produced during preceding passes. 
Results can be printed out after several passes or after each pass. 

Reference (211) contains in its appendix a brief description the one-dimensional 
program developed by Nishida. 

5.4 Two-dimensional Analyses 

In 1970 Iwaki(521) developed a two-dimensional finite-element program for the 
analysis of thermal stresses during bead-on-plate welding. This first effort, continued 
by Urushihara,(522) was then significantly improved by Muraki who expanded the two-
dimensional program so that thermal stresses during butt welding as well as those 
during bead-on-plate welding could be analyzed/523) During the first pass of butt weld-
ing, the boundary conditions near the welding arc change as the arc advances. 

Toshioka(254'525) included the effects of metallurgical transformation on the transient 
thermal stresses during welding in the analysis. First the heat flow was analyzed. Then 
the material properties were determined using a continuous cooling transformation 
(CCT) diagram. Dimensional changes due to metallurgical transformation were consi-
dered in addition to the thermal strains. 

The following pages describe the analyses developed by Muraki.(523) 

5.4.1. Mathematicalformulation{523) 

Constitutive equations. The temperature dependency of both the material properties 
and the yield criterion is one of the most important elements in the analysis of thermal 
stresses. General constitutive equations are therefore provided for the analysis of thermal 
stresses. Generally speaking, the rate of strain is 

ètJ = êfî + êff (5.2) 
where superscripts e and p refer to the elastic and plastic strains, respectively. 

The rate of plastic strain is assumed to be 

where Λ,/, and σ.. are the proportional constant, the yield function, and the stress compo-
nent, respectively. 

The yield function is assumed to be 

ffrij9e%\K(e\f\T) = 0 (5.4) 
where κ is the parameter related to the strain hardening of the material and T is the 
temperature. 

After differentiating eqn. (5.4) and using the result with eqn. (5.3), the following rela-
tionship is obtained : 

ä<? = G 
daudau » + daudT 

(5.5) 

(5.3) 
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where 

ô= ' Χ ! . £ _ Μ * · (5-6) 

Kde\f dKdtfJdcy 

If von Mises' yield criterion is adopted, the temperature dependency can then be 
expressed 

f=â-c(efj\T) (5.7) 

where c is the parameter related to the strain hardening of the material and a is defined as 

<*~ = ViV<,<·,· (5-8) 2 V ij ij 

where σ'.. is the stress deviation. 
Using eqn. (5.7), (5.6) becomes 

df df ' 

d^datJ 

Here, introducing the rate of equivalent strain, 

and then, using eqns. 

Hence, 

where 

£<"> = 

(5.3) and (5.7), we 

eqn. (5.9) becomes 

1 = 

G= -

H 

=yy<w 
have 

df d?p} 

1 
df de\f 1 

de\f 3ε<ρ) 

δε,ρ)' 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

(5.13) 

Finally, using eqns. (5.7), (5.8), and (5.12) the rate of plastic strain becomes 

y ~Η\2σ 2σ kl+ 2σ δΤ ) 
or 

.,„. 1 (Ισ' 4 3σ'. ôf Λ 
£« Η\2σσ+ 2σ ÔT1 ) ' 

Equations (5.14) and (5.15) indicates that if the temperature dependency of the yield 
function is expressed as in eqn. (5.7), the effect of the temperature is indicated by an addi-
tional term in the well-known relationship between strain and stress rates. From the 
above derivation, it is also obvious that the more general relationship can be obtained 
if necessary. 

(5.14) 

(5.15) 
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For the elastic part, we have: 

*$ '1-^Γ^ + § - ^ Ή , - ^ΐΗ + Λ„ (5.16) 
where σ and δ^ are the average hydrostatic stress and Kronecker symbol, respectively. 
v, £, and G are Poisson's ratio, Young's Modulus and shear modulus, respectively. εθ 

denotes the thermal strain caused by the temperature distribution. 
Substituting eqns. (5.14) and (5.16) into eqn.(5.2), the total strain rate becomes 

l - 2 v . e &.. 3σ'.. . .0C l - 2 v . c 1 . 3σ' df . 

The inverse relation of eqn. (5.19) becomes: 

E JGG . .(7, ,ε,, Λ 

where 
ε = \ε.. 

3 / 1 

σβ.= —έβ<5. .+ - £ £ . . + ^ j i _ 
υ 1 - 2ν ,J £ " τ G 

3Ga'ö/ f 1 

[3G + l 

(5.19) 

σ:. consists of the terms related to the rate of thermal strain and the temperature 
dependency of the material properties and of the yield criterion. 

If an element in question is plastic, the element takes one of the following states during 
the next time increment: 

/ = 0 jf' < 0 (unloading), 
/ = 0 f' = 0 (neutral), (5.20) 
/ = 0 jf">0 (loading) 

where 
,, vΛ .yt f =^+ΐττ· 

If the yield function does not move and does not change the size, the loading in the 
elemenet does not occur. In other words, the unloading or neutral state is possible. 

The temperature dependency of the material properties and of the yield criterion 
makes the above analysis complex. 

Finite-element formulation. For the finite-element approach to plate-stretching 
problems, the principle of virtual work is most helpful, because it is easy to find dis-
placement fields assumed in an element which satisfy the continuity of the fields along 
interelement boundaries. 

(5.17) 

(5.18) 
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The principle of virtual work is, in general, 

I I I à.jôè.jdV- f f f P.ôù.dV- f f ^(5ii.dS = 0 (5.21) 

where P., P., and iii are components of the body force, the surface force, and the dis-
placement, respectively. The displacement fields in a basic triangular element are 
assumed to be 

κ = α0 + a1x + a2y, 

v = a3 + a4x + a5 y. (5.22) 

Once the displacement fields are assumed, the derivation of a stiffness matrix and a load 
vector for an element is determined by using eqns. (5.18), (5.19), and (5.22). The final 
form of eqn. (5.21) is 

Σ mTm it) - Σ mT{FP} - Σ mT{t,} + Σ <Η<?Ηή} = o (5.23) 
i = l i = l i = l i = l 

where q = nodal displacement vector, 
[K] = stiffness matrix, 
{Fp} = load vector due to the body forces, 
{FF} = load vector due to the surface forces, 
{F0} = load vector due to the thermal strain and the effect of temperature 

dependency on the material properties and the yield criterion, 
N = total number of elements, 

Nl = total number of surfaces related to surface forces. 

Equation (5.23) finally becomes: 

[£]{£} = {£} (5-24) 
where subscript ~ refers to a whole body, 

Equation (5.24) is valid for each load increment caused by body force, surface force, 
and other forces related to the thermal stresses and by the effect of the temperature 
dependency of the material properties and of the yield criterion. 

5.4.2. Heat flow, boundary conditions and material properties 

A thermal stress problem can be solved if the heat flow is known. Heat flow in a 
weldment may be expressed using an analytical solution, such as eqn. (2.16). Of course, 
the finite-element method can also be used for analyzing this heat flow. An important 
problem in the analysis of thermal stresses during welding is how to set up stress condi-
tions in regions near the welding arc. In the analysis of thermal stresses during bead-on-
plate welding, it was assumed that: 

1. The molten zone is in a state of zero stress; stresses are zero in.regions where 
temperatures exceed the melting temperature of the material. 

2. The solidified material re-acquires its original material properties; the weld metal 
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temperatures below the melting temperature behaves the same as the original 
material at the corresponding temperatures. In the analysis of thermal stresses 
during butt welding, it was further assumed that: 

3. Except in regions where tack welds are made, the unwelded portion of the joint 
is in a stress-free condition. Consequently, as the welding arc advances, the stress 
state in regions near the welding arc changes from the free stress condition to the 
molten stage, and then back to the solidified stage. 

Though the existing data on material properties at elevated temperatures, especially 
at temperatures near the melting point, is inadequate, no attempt has as yet been made 
at M.I.T. to experimentally refine this data. Table 5.2 lists some properties of Type 
6061 aluminum alloy used by Bryan(532) for his experimental study. 

5.4.3 Plane stress and plane strain analyses 

There are basically two types of two-dimensional analyses of thermal stresses during 
welding. They are plane stress and plane strain analyses. 

A typical case of a two-dimensional plane stress condition is the stress field that is 
set off during the welding of a plate, as shown in Fig. 5.8. One of the above programs 
can analyze the transient stresses in any location on the plate, including the regions 
near the edges of the plate. However, it is assumed that the stresses are uniform in the 
thickness direction. In other words, σχ, σν, and τ are functions of x, y; and 

V 
σ = τ = τ 

z yz z 

= 0. This is the most basic of the programs. 

Typica l 2 D Plane Stress Field — 

Welding Plates 

FIG. 5.8. Typical 2D plane stress field—welding plates. 

Typical 2D Plane Stra in Field - - Angular 
Distortion of a Built - Up Beam 

FIG. 5.9. Typical 2D plane strain field—angular distortion of a built-up beam. 



162 Analysis of Welded Structures 

Figure 5.9 shows a typical two-dimensional plane strain condition: the stress field 
in a cross-section of the central portion of long weldment. The weld line is in the z-direc-
tion. The stresses in cross-section z at time t are assumed to be the same as the stresses in 
cross-section z + Δζ at time t + Δί, provided that: 

Az = vAt (5.25) 

where v = welding speed. 

5.5 Analyses of Stresses in Three-dimensional Cases 

Efforts have been made to extend the analysis into three dimensions, making it 
possible to treat such cases as cylindrical shells and heavy weldments. In fact, efforts are 
being continued rigorously. 

5.5.1. Cylindrical shell 

Muraki(526) analyzed thermal stresses caused by an arc travelling along the girth of a 
thin cylindrical shell, as shown in Fig. 5.10. Further efforts are currently made. 

5.5.2. Thick plate 

Efforts have been made and are being continued to develop computer programs for 
analyzing thermal stresses during the welding of thick plates. An important problem 
here is cost. It is not only very expensive to develop a three-dimensional program in a 
true sense for analyzing thermal stresses during welding but also it is expensive to run it. 

FIG. 5.10. Mesh pattern and main dimensions. 
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The one-dimensional welding thermal stress programs cost only a few dollars per cal-
culation (computer cost only, not including labour cost). The present two-dimensional 
programs cost well over 100 dollars per calculation. Costs for running a three-dimen-
sional program, under the present condition, would be thousands of dollars. Consequent-
ly major current efforts are being directed at determining how two-dimensional programs 
can be used for studying thermal stresses during welding heavy plates. When one 
examines the stress distribution in two cross-sections of a long weldment, z and z + Δζ, 
the stress distributions prove to be similar, or 

da da da da 

dz dx dz dy' 

In other words, stress changes in the x-direction are much smaller than those in the 
y-direction and the z-direction. Under such conditions, the most important stress 
component az, expressed as a function x and y. This is very similar to the one-dimensional 
analysis discussed earlier (Section 3.2). In the one-dimensional analysis the stress 
component parallel to the well line is analyzed as a function of the lateral distance 
from the weld. In this case, the longitudinal stress only is analyzed as a function lateral 
and thickness direction. 

This type of analysis can be regarded as the first step toward the development of 
comprehensive analyses of stresses of the heavy weldments. In the first program deve-
loped, however, it was assumed that the plate surface does not bend during welding, 
as shown in Fig. 5.11. In the record program longitudinal distortion is included, as 
shown in Fig. 5.12. 

Typical Case for ID Analysis in Manual # 4 -

Heavy Weldment 

FIG. 5.11. Typical case for ID analysis in manual—4-heavy weldment. 

Typical Case for ID Analysis Including - -

Longitudinal Bending Distor t ion of a Build-Up 

Beam 

FIG. 5.12. Typical case for ID analysis including—longitudinal bending distortion of a 
built-up beam. 
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NEUTRAL 
AXIS 

* STRIPPED ELEMENT I STRIPPED ELEMENT Π 

FIG. 5.13. Elements of T-shaped built-up beam. 

5.5.3. Built-up beams 

It is possible to develop a one-dimensional program to analyze the longitudinal 
distortion created during the welding of a built-up beam, as shown in Fig. 5.13. 
Nashida(527) developed a one-dimensional program for analyzing the transient distor-
tion of a T-beam, treating each element of the built-up beam separately. Details of the 
program are given in Nishida's thesis. It should be noted that the vertical reaction force 
between the members to be joined, R, must be determined. Once the transient thermal 
strains are calculated, it is then possible to calculate the transient deflections of the 
welded plates and built-up beams. Curvature, p, at a given time is : 

d2w(x) 
p = - ^ (5.26) 

where w is the deflection in the y-direction at location x. The shape of deflection, w, 
can then be obtained by integrating the known p-curve twice along the x-direction. 

The results were found to be greatly affected by the material properties at high 
temperatures. Nishida therefore suggested that precise values of high-temperature 
properties should be used in the calculation. 

5.6 Experimental Studies on Thermal Stresses and Metal Movement 

In studying the thermal stresses that occur during welding, it is important to compare 
any analytical predictions with experimental results. In a series of experiments conducted 
at M.I.T. on weldments in various materials and thickness, thermocouples were used to 
measure temperature changes and electrical resistance strain gages to measure strain 
changes. 

Table 5.3 lists these experimental studies. Included here are (1) the names of the 
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TABLE 5.3 Past experimental studies on thermal stresses and metal movement during welding 

No. Principal personnel Sponsor Material, joint type, etc. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Arita(520) 

K l e i n( 5 2 8 . 5 2 9 ) 

Johnson(530) 

Hirsch*531} 

B r y a n( 5 2 3 , 5 3 2 ) 

Yamamoto(211'537) 

Serotta(534) 

Hwang(535) 

NASA 

U.S. Navy 

USCG 

NASA 

NASA 

NSF, WRC & a group 
of Japanese cos. 

NSF, WRC & a group 
of Japanese cos. 

A group of Japanese 
cos. & NSRDC 

Bead-on-plate welding of 2219-0 aluminum 
alloy plates (18 x 30 x \ in.) gas metal arc 
processes 

Multipass welding of butt welds (up to 1 in. thick 
and 20 passes) in several types of steel (low-
carbon, HY-80, HY-130, and higher-strength 
steels), GMA 

Strain changes during flame heating along a 
straight line of several steel plates 

Bead on plate welding of columbium and tantalum 
sheets, 0.012 to 0.015 in. thick, gas tungsten-arc 
process 

Bead on plate and butt welds in 6061 —T6 
aluminum alloy plates \ in. thick, GMA 

Welding along the longitudinal edge of rectangular 
plates, | in. thick, GMA and GTA 

Longitudinal distortion during welding along the 
longitudinal edge of rectangular plates and 
welding T-joints, steel, and aluminum 

Welding along the longitudinal edge of rectangular 
plates in low-carbon steel, quenched and tem-
pered steels, stainless steel, and a titanium alloy 

principal personnel involved (graduate students), (2) the names of the sponsors, and (3) 
the materials, joint types, and joining processes used. The experiments were conducted 
under the following conditions: 

1. Materials: low-carbon steel, high-strength steels, stainless steel, aluminum alloys, 
titanium alloys, columbium and tantalum. 

2. Plate thickness: 0.012 to 1 in (0.3 to 25 mm). 
3. Joint types and processes: bead-on-plate and butt welds in single and multipasses 

(up to 20 passes); gas metal-arc and gas tungsten-arc as well as flame heating of 
plates. 

Experimental results are available in various reports, theses, and papers/520,523,526~535) 

After the analytical predictions had been compared with the experimental data, 
the following conclusions were drawn : 

1. The one-dimensional program is sufficiently accurate in predicting longitudinal 
strains during bead-on-plate welding and butt welding. The experimental data and the 
analytical predictions were in close agreement in most of the materials studied, including 
low-carbon steel, stainless steel, aluminum, titanium, columbium, and tantalum. 

2. During the welding of H Y-130 steel, sudden changes in thermal strain were observed 
immediately following the passage of the welding arc.(528'529) It was also found that 
in HY-80 steel the experimental data did not closely agree with the analytical predictions. 
It has therefore been speculated that the effects of metallurgical transformation might 
be significant in the analysis of transient thermal strains. Results of a recent analysis 
that did take into consideration the effects of metallurgical transformation agreed 
closely with experimental data. 
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3. The two-dimensional, finite-element program is, of course, more versatile than 
the one-dimensional program. In an experiment on butt welds in aluminum, close 
agreement was obtained between analytical and experimental results on longitudinal 
strain and transverse strain as well as changes of the root gap.(211'537) 

4. Insufficient agreement was obtained between experimental data on thermal strains 
during flame heating along a straight line and results predicted by the one-dimensional 
analysis. This is probably because even though the flame-heat source affects a large 
area, the analysis assumes a concentrated heat source. Experimentally determined 
thermal strains were almost as large as longitudinal strains. Consequently, a two-
dimensional program is necessary when analyzing thermal stresses during flame heating, 
and no two-dimensional analysis has as yet been done on thermal stresses during flame 
heating. 

In order to avoid an excessively lengthy discussion, this chapter simply presents 
the results of the two studies as follows : 

1. Thermal stresses in weldments in high-strength steels. 
2. Thermal stresses and metal movement during welding along the longitudinal 

edge of a strip in aluminum. 

5.7 Experiments on Thermal Stresses in Weldments in High-strength 
Steels528'529 

Experiments were conducted to measure the temperature and strain changes during 
welding. The experiments, supported by the U.S. Navy, were conducted by K. M. 
Klein(528'529) for his thesis work at M.I.T. The experiments were designed to approxi-
mate ship structural weldments in high-strength steels. 

5.7.1. Specimens and experimental procedures 

Bead-on-plate welds and butt joints were prepared in the following steel plates: 

Low-carbon steel, | in. (6.4 mm) thick. 
HY-80 steel, \ in. and f in. (6.4 and 19 mm) thick. 
HY-130 steel, f in. (19 mm) thick. 
Experimental steel with 180,000 psi (127 kg/mm2 or 1241 MN/m2) yield strength, 

1 in. (25 mm) thick. 

The specimens were 18 in. (460 mm) wide and 30 in. (760 mm) long. Table 5.4 shows 
the conditions under which these welds were made. The first two specimens (in low 
carbon steel and HY-80 steel) were bead-on-plate welds and were prepared in one pass. 
The other three specimens were butt joints welded in multipasses; in the case of one 
joint in an experimental high-strength steel with 180,000 psi (126.6 kg/mm2 or 1.241 
MN/n2) yield strength, 20 passes were used. 

All the specimens were welded using a semi-automatic, gas metal-arc process with 
argon shielding. 

Temperature changes during welding were measured by chromel/alumel thermo-
couples adhesive-bonded on the specimen surface. Strain changes were measured by 
electrical resistance wire strain gages mounted on the specimen surface. Rosette-type 
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TABLE 5.4 Welding conditions used 
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Test plate 

Weld type 

Process 

Arc volts 

Polarity 

Travel speed (ipm)ft 

Heat input 
(kjoules/in) 

Filler wire 

Shielding gas 

No passes 

Pre-heat and 

interpass temp. 

Mild steel(fl) 

Bead-on-plate 

GMA 

30 

DCRP 

24 

21 

î^in. B-88 

Argon, 2% O 

1 

70° F 

HY-80(fl) 

Bead-on-plate 

GMA 

30 

DCRP 

24 

21 

T în. B-88 

Argon, 2% O 

1 

70° F 

HY-80 

Butt joint 

GMA 

28 

DCRP 

15,20 

32,24 

î^in. AIRCO 
632 

Pure argon 

18 

125-150°F 

HY-130 

Butt joint 

GMA 

28 

DCRP 

14 

35 

^in.LINDE-
140 

Pure argon 

8 

125-150°F 

180-ksi 

Butt joint 

GMA 

28 

DCRP 

14 

35 

^in.LINDE-
140 

Pure agron 

20 

125-150°F 

(fl) Experiments were performed at the Portsmouth Naval Shipyard. 
lb) Travel speed was changed to 15 to 20 inches per minute after the third pass to improve weld appearance. 

TABLE 5.5 Test geometry and sensor location, steel 

1 TEST PLATE 

| LENGTH (in) 

WIDTH (in) 

THICKNESS (in) 

BEVEL ANGLE 

ROOT GAP (in) 

BACKING PLATE 

CONSTRAINT 

SENSOR 
LOCATION 
AND 
ORIENTATION 

MILD STEEL 

3 0 

IB 

0.25 

NONE 

NONE 

NONE 

TACKED 

WELD LINE 

Mil r 
• — / | L 
T ABC 

H Y - 5 0 

3 0 

18 

0.25 

NONE 

NONE 

NONE 

TACKED 

WELD LINE 

. - , , J i - | 

i ni r 
• - / I «-
T ABC 

H Y - 8 0 

3 0 

18 

0.75 

6 0 ° 

3 /16 

! / 4 - i n . H Y - 8 0 

CLAMPED 

WELD EDGE 

/ I I I ÏÏT-
1 II I 
• / i \ — L 

TABC 

HY-130 

3 0 

18 

0.75 

4 5 ° 

3 /16 

' /4 - i n . HY-80 

CLAMPED 

WELD EDGE 

. • i v l i " t „t 

MM '? '. 
MM 1 

T A B C 

1 8 0 - k s i | 

Γ5 | 
16 

1.0 

60° 

3 / 1 6 

' / 4 - i n . H Y - 8 0 

CLAMPED 

WELD EDGE 
• • Ι Ν - Π Î 

mi T«L· ! 

• / I N — * - I 

MM 1 
TABC Note on sensor location and orientation: T = Thermocouple A-B-C= Strain gage rosette 

elements 

The mild steel plate had a thermocouple and a strain gage rosette mounted on the back 
side of the plates opposite the one-inch-from-the-weld line location. 

foil gages were used to determine the three strain components. Table 5.5 shows the test 
geometry and sensor locations. On the mild steel specimen, for example, the measure-
ments were made on three locations as follows: 

1. One inch (25 mm) from the weld line on the top surface. 
2. One inch (25 mm) from the weld line on the bottom surface. 
3. Two and a half inches (64 mm) from the weld line on the top surface. 

On the other four specimens, measurements were made on the top surface only. 
The measuring system used is shown in Fig. 4.20. Strain gage and thermocouple 

circuits were fed into a recorder. In the case of welding thermal strains, the resistance 
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change observed on a strain gage, AR, is composed of four elements, as shown in 
eqn. (4.10). 

Computer programs were developed to process the large amount of data that was 
generated. For each set of temperature (T) and strain (AR) measurements, the mechanical 
strain (AJR1 + AR2) had to be calculated. A computer program was developed to conduct 
the apparent strain corrections. Using another computer program, the three readings 
from the strain rosette were combined into principal strain readings using the Mohr's 
Circle model. 

5.7.2. Experimental results 

Figure 5.14 shows the weld cross-section and gage location for Test 1 (mild steel). 
Figure 5.15 shows the measured temperature and strain changes. 

The plots are constructed on semilog scales. The horizontal axis is a log time scale, 
expressed in seconds. Zero time is an arbitrary point occurring some time after the 
arc has started. The point at which the arc is closest to the gage location is marked 
"Arc". The limiting time on the scale (10,000 seconds) is not meant to be taken literally, 
but represents a time in excess of several hours during which the plate reaches ambient 
(residual) conditions. 

The vertical axis is a linear scale of both temperature and mechanical strain. In order 
to fit neatly on the same scale, both quantities are expressed in unusual terms. Tempera-
ture is plotted in degrees Fahrenheit, divided by 1000 and added to 1.0, as shown in 
Fig. 5.14. Thus, 1.250 indicates a temperature of 250°F (121°C). Mechanical strain is 
expressed in microstrain (10~~6) divided by 1000. Thus, a value of — 1.0 read off the strain 
scale would indicate a compressive strain of 1000 microstrain or — 10"3. 

The dotted points in Fig. 5.15 show the temperature and strain changes observed 
at points 1.0 in. (25 mm) from the weld line on the back surface of the plate. The tempera-
ture and strain changes observed on both surfaces coincided, indicating that the tempera-
ture and strain fields are two dimensional in regions as close as 1 in. (25 mm) from the 
weld. 

TEST I: 14' MILD STEEL 

Gage 
^ ^ Location 

/ ^ N = =_ 

BEAD-ON-PLATE WELD 

SCALES UTILIZED IN PLOTS: 

1. Horizontal 
Time = Seconds 

2. Vertical 
Temperature = —rzrz + 1.0 

1,000 

„ L Λ in/inxlO~ microstrain 
Mech. Strain = 1,000 1,000 

FIG. 5.14. Weld cross-section and gage location for Test 1, mild steel. 
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1/4 IN. MILD STEEL, EXPERIMENTAL RESULTS 

.... I TEMPERATURE 

* "2 

2 " 3 -

IARC 

Mil 1 1 1 1 

10 

TIME 

1 = 1.0 in. from weld 
2 = 2.5 in. from weld 
• s 1.0 in. from weld 

the back side of 

Mill 1 1 1 1 1 Mil 1 ' 

I 0 2 I0 3 

IN SECONDS 

line. 
line. 
line on 
the plate 

1 1 1 Mil 

I 0 4 

FIG. 5.15. Measured temperature and strain changes for Test 1, mild steel. 

MILD STEEL, ANALYTICAL PREDICTION 

I = 1.0 in. f rom weld line 
2 S 2 5 in. f rom weld line 

lARC 

i i i i i i n n i i i i i nil I i i i i nn ι ι ι ι ι mi 
I 10 I0 2 I03 10* 

TIME IN SECONDS 

FIG. 5.16. Analytical predictions for Test 1, mild steel. 

Figure 5.16 shows some analytical predictions calculated using the M.I.T. one-
dimensional program. The analytical and experimental results were in close agreement. 
It must be noted that Fig. 5.16 shows εχ assuming that ay = zxy = 0, while Fig. 5.15 
shows values of principal strains determined by the three strain components observed 
on a rosette gage. The fact that the results shown in Fig. 5.15 and 5.16 are in agreement 
indicates that the principal axis of thermal stress is approximately parallel to the weld 
line. 

Results obtained on the other four specimens were similar. These 4 (HY-130 steel), 
Figs. 5.17, 5.18, and 5.19, involved a butt joint welded in 8 passes. Figure 5.18 shows the 



170 Analysis of Welded Structures 

Gage 
Location 

a. Bead -on- Plate Weld in Low-
Carbon Steel 

b. Butt Weld in HY - I 30 Steel 

FIG. 5.17. Weld cross-section and gage location for Test 4, HY-130 steel. 

HY-130 STEEL, EXPERIMENTAL RESULTS 

1,000 

I 
10 

ARC 

I 
i o 2 

TIME IN SECONDS 

I 
io 3 

I 
10« 

FIG. 5.18. Measured strain changes for Test 4, HY-130 steel. 

weld cross-section and the locations of the gages. Figure 5.18 shows the measured 
strain changes observed 1 in. (25 mm) from the weld center line (plate thickness = f in.) 
during the welding of passes =# 4, =# 6, and =# 8. The largest strain changes were observed 
during the welding of pass =# 6, which was closest to the gage location. 

It should be noted that during multipass welding the base line value before each 



Transient Thermal Stresses 171 
HY-130 ANALYTICAL PREDICTION 

z 
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Έ 
UJ 
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TIME IN SECONDS 

FIG. 5.19. Analytical prediction for Test 4, HY-130 steel. 

welding pass changes, indicating the cumulative strain effects. In Fig. 5.18, for example, a 
considerable increase in the base line value was obtained between pass 4 4 and pass 4 6, 
indicating a build-up in residual stress. The reduction in the base-line value between 
pass 4 6 and pass 4 8 may reflect the partial stress-relieving effect of the additional 
pass at the top surface. 

Figure 5.19 shows some analytical predictions for Test 4 at three locations: 1.0, 1.75, 
and 2.5 in. (25,45, and 65 mm) from the weld center line. The characteristics of curve 1 in 
Fig. 5.19 are similar to those of the data shown in Fig. 5.18. However, the observed strain 
values were somewhat smaller than the analytically predicted ones. It was generally 
observed that the thermal strain response of thick section plates to a single pass weld 
is slightly less than the response of thin section plates under the same conditions. 

Comparisons between experimental and analytical results were conducted for the 
five tests performed. The experimental and analytical results agreed as far as the general 
trends in strain changes were concerned. However, a close examination revealed a 
considerable difference between the experimental and analytical results as far as thermal 
strains in regions near the welding arc were concerned. Two major reasons for this 
discrepancy were : 

1. The analysis does not produce accurate results near the welding arc where the 
strain field is not one dimensional. 

2. Phenomena other than ordinary plastic deformation need to be considered; 
the deformation due to solid-state transformation during the welding of quenched-
and-tempered steels, for example. 

Further studies are needed to clarify these points. It was noticed that strains observed 
on weldments during the experiments decreased as the strength level of the base metal 
increased. Figure 5.20 shows how the maximum mechanical strain observed at the 
location 1 in. (25 mm) from the weld center decreases as the yield strength of the base 

ARC 

I. ' I .Oin. from weld line 
2 s l.75in.from weld line 
3 s 2.5in. from weld line 
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FIG. 5.20. Maximum mechanical strains observed at locations 1 inch from weld line (micro-
inches per inch) versus yield strength (ksi) of the base plate. 

metal increases. The strain response is roughly proportional to the inverse of the plate 
strength. 

This phenomenon can be explained by noting that of the parameters directly affecting 
thermal strains, only the yield strength changed significantly in these experiments 
(the same can also be said of most production welds). Young's modulus, thermal expan-
sion and conductivity coefficients, density, as well as welding heat input varied only 
slightly while the base metal strength increased 600%. As a result, only a very narrow 
zone on the high-strength steel specimens yielded plastically and the strains observed 
outside that zone were proportionally small. Several other investigators have reported 
that residual stresses in weldments in high-strength steels are not as high as the yield 
stress of the base metal. This subject will be discussed in detail in Chapter 6. 

5.7.3. Conclusions of the study 

Important conclusions of this study are as follows : 
1. The weld analysis computer programs developed at M.I.T. are useful for studying 

thermal stresses in butt joints in high-strength steels for marine applications. In fact, 
without the analytical program it is rather difficult to understand what goes on during 
welding. The programs can also be used to study welding parameter variations on 
thermal strains during welding and residual stresses. 

2. The thermal strain response of thick section plates to a single weld pass is slightly 
less than the response of thin section plates under the same conditions. Multiple passes, 
however, produce cumulative strain effects, especially during the first few passes. 
Little or no accumulation is noted in later passes. 

3. At a finite distance from the weld line, maximum mechanical strains caused by 
the welding arc are roughly proportional to the inverse of base plate yield strength. 

MILD HY HY 180 
STEEL 8 0 130 KSI 
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4. In certain ultra-high-strength steels, the passage of the welding arc produces an 

unusually large strain response, possibly linked to phase transformation during cooling. 
5. Except in the immediate area of the welding arc itself, the longitudinal strain 

predominates over the transverse and shear strains. Near the arc, the strain field is 
complex and rapidly changing. 

5.8 Experiments on Thermal Stresses and Metal Movement 
During Welding Along the Longitudinal Edge of a Strip 

The analysis of thermal stresses and metal movement involves several steps : 

1. Heat flow. 
2. Transient thermal strains (and stresses). 
3. Transient metal movement on distortion. 
4. Residual stresses and distortion after welding is completed. 

Before techniques for the computer simulation of thermal stresses and metal movement 
can be developed, analytical predictions must agree with experimental data in all four 
areas and, although a number of studies have been done with this in mind, few of them 
so far have produced a complete set of data. We felt that, in order to lay a solid foundation, 
a set of data should be generated on a simple, fundamental weldment: a weld along the 
edge of a rectangular strip. 

It was decided that welds would be made under two conditions: with weld metal and 
without weld metal (or simple heating by a tungsten arc). The difference between the 
two sets of data should indicate how the weld metal influences the stress field. So far 
experiments have been conducted on the following materials: 

Low carbon steel. 
Quenched-and-tempered steel. 
Stainless steel. 
Aluminum alloy. 
Titanium alloy. 

Data obtained on these materials should provide information on how different 
materials behave during welding. In the case of quenched-and-tempered steel, the role of 
phase transformation in thermal stresses during welding is an especially important 
consideration. The following pages present the results obtained on the aluminum 
specimen welded using the gas-metal-arc process. 

5.8.1. Specimen and experimental procedure{211) 

Figure 5.21 shows the specimen geometry and locations of thermocouples and strain 
gages. The specimen was 6 in. (152 mm) wide, 48 in. (1220 mm) long, and \ in. (12.5 mm) 
thick. The material was 5052-H32 aluminum alloy. Six strain gages \ in. (6.4 mm) gage 
length) were placed at distances 1.5,3.0,4.5, and 5.7 in. (38,76,114, and 145 mm) from the 
plate edge to be welded. Single-direction gages were used, because we were primarily 
interested in measuring longitudinal strains. Four thermocouples (chromel/alumel) 
also were mounted at distances of 0.5, 1.5, 3.0, and 5.7 in. (12.5, 38, 76, and 145 mm). To 
determine the maximum temperatures attained during welding at various locations, a 
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FIG. 5.21. Specimen and locations of strain gages, thermocouples, and devices for measuring 
distortion. 

portion of the specimen surface was painted with a series of temperature-sensitive 
paints with different index temperatures. 

The specimen was positioned vertically and supported at both ends of the lower edge. 
Welding was done along the upper edge. A dial gage (placed at midlength) and two 
extensiometers (placed at 12 in. (305 mm) from both ends) were used to measure transient 
deformation of the specimen during welding. The specimen was made much longer 
than its width in order to produce large amounts of distortion. 

After welding was completed and the specimen cooled to room temperature, five 
additional strain gages were mounted along the midlength on both surfaces of the 
specimen to measure residual stresses. This time rosette gages were used to determine 
longitudinal stresses. A strip 2 in. (50 mm) wide, as shown by the broken lines in Fig. 5.21, 
was removed from the specimen with a saw. Amounts of strain relaxation were measured 
and residual stresses were determined. 

5.8.2 Experimental results 

Table 5.6 lists welding conditions for the gas metal-arc-welded specimen. 
Figure 5.22 shows temperature changes observed at the four thermocouples. The arc 

passed the midlength of the specimen 83 seconds after the welding was begun, and 
completed the pass in 166 seconds. 

Figure 5.23 shows the distribution of the maximum temperatures attained during 
welding. 

TABLE 5.6 Welding conditions for gas metal-arc process 

Welding current, / 
Arc voltage, V 
Arc travel speed, v 
Total time of welding 

i 1'V 
Heat input, h = 

V 

Filler wire 
Wire feed speed 
Shielding gas 

260 amperes 
23 volts 
0.289 in./sec (17.3 in./min) 
166 sec 

20,700 joules/in. 

4043 ,^ in. φ 
400 in./min 
Argon 
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FIG. 5.22. Temperature changes at four locations during welding (note that different time 
scales are used after 150 seconds). 
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Figure 5.24 shows the changes of longitudinal strains observed using four strain 
gages mounted along the midlength. On gage =# 1, located 1.5 in. (38 mm) from the weld 
line, compressive strains were produced when the welding arc approached the gage, 
and strains later changed to tensile. Strains observed on gage 4 4 underwent rather 
complex changes during welding and became compressive after the specimen cooled 
to room temperature. 

Figure 5.25 shows the changes of deflection at midlength. During the early stages of 
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FIG. 5.24. Longitudinal strains observed at different locations during welding. 
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FIG. 5.25. Changes of deflection during welding. 
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FIG. 5.26. Residual stresses along midlength section. 

welding, the upper edge being welded expands and the central portion of the specimen 
moves upward. This distortion is written as negative in Fig. 5.25. As the specimen cools 
down and the weld metal shrinks along the entire weld length, the direction of deflection 
changes. At about the time when welding was completed (166 seconds), the specimen 
was virtually without distortion. This phenomenon suggests that a method of reducing 
distortion could be devised. 

Figure 5.26 shows the distribution of longitudinal residual stress, σχ, along the 
midlength section. The stress distribution can be interpreted as a combination of: 

1. The shrinkage of the weld which causes high tensile residual stress in regions 
near the weld and moderately low compressive stresses in regions away from the weld. 

2. The shrinkage of the weld along the edge which causes a bending distortion result-
ing in compressive stresses in regions between the neutral axis and the weld line and 
tensile stresses in regions outside the neutral axis. 
As a result, tensile stresses are produced in regions near the weld, but their values are 
considerably lower than the yield stress of the material at room temperature. 
Compressive stresses are produced in regions near the neutral axis. The tensile stresses 
in regions near the unwelded edge are caused by bending distortion. 

5.8.3 Analysis of heat flow 

In order to analyze thermal stresses and metal movement during welding, it is first 
necessary to analyze heat flow during welding. In fact, it is very important to conduct an 
accurate analysis of heat flow in order to accurately measure the thermal strains and the 
resulting distortion. 

Chapter 2 discusses heat flow in weldments. As stated in Section 2.2.1, a basic problem 

> MEASURED 

> CALCULATED 

■ i l l L 
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FIG. 5.27. Material properties vs. temperature of 5052-H32 aluminum alloy.* 

in the analysis of heat flow during welding is how to take into account those material 
properties that change as the temperature changes. Figure 5.27 shows how physical 
and mechanical properties of 5052-H32 aluminum alloy change with the tempera-
ture/536* 

If we treat the thermal properties of the material as temperature dependent, the basic 
equation of heat flow becomes non-linear. On the other hand, if we treat them as tempera-
ture independent, the basic equation of heat flow remains linear. In order to avoid the 
mathematical complexity involved in solving non-linear equations, almost all of the 
analyses on heat flow during welding, even those that have employed computers, have 
used linear equations. 

Through experience over a number of years, M.I.T. researchers have found that 
reasonably accurate results can be obtained by employing the following method : 

1. Ordinary linear solutions are used, such as those developed by Rosenthal and 
others (see Section 2.3). 

2. But through the use of an iteration technique, different thermal properties are 
assigned, depending upon the temperatures of the locations being studied. For example, 
in the analysis of the experimental data shown in Fig. 5.24 temperatures were first 
calculated using thermal properties at 500°F (260°C). If the temperature calculated was 
different from 500°F (260°C), properties of that temperature were used. This iteration 
was continued until the temperature calculated was within + 0.5°F of the temperature of 
the properties used. 

How to determine the value of arc efficiency, ηα, is an important practical problem 
in the analysis of heat flow. According to the literature, the thermal efficiency of a gas-
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metal-arc ranges from 60 to 70%.f By comparing the experimental data with the analyti-
cal results, the thermal efficiency of the arc used in this experiment was determined to be 
64.3% or ηα = 0.643. 

Figure 5.22 shows that the calculated temperature changes agreed reasonably well 
with the experimental data. Figure 5.23 shows that the calculated maximum temperatures 
attained during welding at various distances from the weld line also agreed with experi-
mental results determined by thermocouples and temperature-sensitive paints. 

A simple experiment using temperature-sensitive paint often proves to be very useful 
in practical applications of computer analysis, because: 

1. By comparing experimental and analytical results, one can determine the arc 
efficiency in a particular experiment. 

2. By comparing experimental and analytical results, one can evaluate the accuracy 
of the heat-flow analysis being employed. If necessary, one can even modify the analysis 
in order to improve the accuracy. 

5.8.4 Analysis of thermal stresses and metal movement 

The primary objective of this study is to develop an analytical technique to simulate 
the deflection that occurs during the welding of a long strip, as shown in Fig. 5.28. 
The stress field in the specimen can be measured using a one-dimensional analysis. 
Except in areas near the moving arc, stress changes in the longitudinal direction are 
always much less than those in the transverse direction, or da/dx <ç δσ/dy. Consequently, 
the analysis was conducted mainly by a 1-D program. 

One-dimensional analysis. Since the subject of the experiment is a single-pass weld, 
the program used is basically the same as that described in the NASA Contractor 
Report CR-61351.(520) 

Figures 5.24, 5.25, and 5.26 show transient thermal strains, transient deflection, and 
residual stresses in the midlength section, respectively. In the computation, material 
properties were changed according to the temperature. The analytical predictions were 

Y 

' ► . < 

^ 

= F = ^1 
1 
ψ^\ p=| 

Γ L 

Γ 48 inch ^ 

Γ" 

υ 
c 

f 

* 

FIG. 5.28. Finite-element mesh pattern and coordinate system. 

f See Section 2.1. 
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in fairly close agreement with the experimental data, except in the case of transient 
thermal strains on gage 4 4 (Fig. 5.24).f 

Two-dimensional analysis. A limited study was done to develop a means of computing 
metal movement using the 2-D finite element program. The analysis is described in a 
paper by Muraki et α/.(523) presented in the Journal of Engineering Materials and Techno-
logy. Figure 5.29 shows the finite element mesh pattern and coordinates used. 

Figure 5.25 includes two curves of transient deflection calculated by the 2-D, FEM 
program. In one calculation, it was assumed that all regions in the specimen would 
retain the yield stress at room temperature, σ = 28,000 psi (19.7 kg/mm2 or 
193 MN/m2). In welding, however, temperatures in regions near the weld are consider-
ably higher than room temperature. To compensate for this effect in the second calcula-
tion σ = 21,000 psi (14.8 kg/mm2 or 145 MN/m2) was assumed, and the results were in 
reasonably close agreement with the experimental data. 

The calculations were continued, using 20 minutes of computer time. Although the 
results shown in Fig. 5.25 indicate that a close agreement could be obtained by using 
different material property data for each temperature, no further computation was made 
in this case. We are continuing efforts for developing an analysis which provides an 
accurate results with a minimum cost. 

5.9 Computer Simulation 

Once it is proved that the analytical models are reasonably accurate it is possible to 
simulate thermal stresses and metal movement by computer. Since the one-dimensional 
program is relatively inexpensive, it can be used in various ways. The following pages 
present two sets of analyses : 

1. The effects of welding parameters on thermal stresses and the resulting residual 
stresses in aluminum welds. 

2. The effects of welding parameters on the longitudinal distortion that takes place 
due to the edge welding of a strip. 

5.9.1 Effects of welding parameters on thermal stresses and 
the resulting residual stresses 

This topic was studied by Arita in welds made in 2219-0 aluminum alloy. The study 
was to supplement the experimental investigation. 

f The reason for the disagreement with the data on gage # 4 is unknown. On the gas tungsten-arc specimens, 
all four gages were in close agreement. 
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TABLE 5.7 Welding parameters used in the analysis 

Case 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

Arc travel 

in./min 

5 
5 
5 
5 

10 
10 
10 
10 
20 
20 
20 
20 
30 
30 
30 
30 

speed, v 

in./sec 

0.0833 
0.0833 
0.0833 
0.0833 

0.1667 
0.1667 
0.1667 
0.1667 

0.333 
0.333 
0.333 
0.333 

0.500 
0.500 
0.500 
0.500 

Linear net 
- heat input, h{a) 

joules/in.2 

10,000 
32,000 
56,000 
80,000 

10,000 
32,000 
56,000 
80,000 

10,000 
32,000 
56,000 
80,000 

10,000 
32,000 
56,000 
80,000 

Linear net 
heat intensity, q{ 

joules/sec/in. 

833 
2667 
4666 
6667 

1667 
5333 
9333 

13,333 

3333 
10,667 
18,667 
26,667 

5000 
16,000 
28,000 
40,000 

Values of h and q are actual values supplied to the plate. 

Welding parameters used in the analysis. Table 5.7 shows values of welding parameters 
used in the sixteen cases studied. The definitions of linear net heat input, A, and linear 
net heat intensity, q, are: 

h = H/T q = Q/T H = Q/v (5.27) 

where ß = rça V.I thermal power of heat source in watts or joules/second, 
ηα = arc efficiency, 
V = arc voltage, volts, 
/ = arc current, amperes, 
v = welding speed, in./sec 
T = plate thickness, in., 

From the definitions, q is the intensity of a line heat source, or the average value of 
the intensity of the heat source in the thickness direction; therefore, q is called the "linear 
net heat intensity". The value h is the net heat input supplied to a unit plate thickness; 
therefore, it is called the "linear net heat input". 

As shown in Table 5.7, welding speed v was set at four levels: 5,10,20, and 30 in./min 
(12.7, 25.4, 50.8, and 76.2 mm/min) or 0.0833, 0.1667, 0.333, and 0.500 in./min (2.12, 
4.23, 8.46, and 12.7 mm/sec). Linear net heat input h was also set at four levels: 10.000, 
32,000 56,000, and 80,000 joules/in. (1550, 4960, 8680, and 12,400) joules/cm/cm). 
When the value of arc efficiency was 0.7, for example, these net heat input values corres-
ponded to 14,300, 45,700 80,000, and 114,000 joules/in./in. (2220, 7085, 8680, and 
17670 joules/cm/cm) respectively. 

It must be mentioned that the linear net heat input, A, and the welding speed, v, are 
not independent, as shown from eqn. (5.31). For example, when v is increased to 2v, 
while q is unchanged, A will be reduced to \h. Figure 5.30 shows the welding parameters 
used for the sixteen conditions studied. The value of the linear net heat intensity q was 
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FIG. 5.30. Welding parameters used for the sixteen conditions studied. 

lowest in case 1 with a low heat input and welding speed, and the highest in case 16 with 
a high heat input and welding speed. 

All calculations were done on a bead-on-plate weld along the longitudinal center 
line of a infinitely long strip, 18 in. wide. 

Results of the analysis. The analysis included the effects of welding parameters on: 
1. High tensile thermal stresses in regions behind the arc. 
2. Compressive thermal stresses in regions ahead of the arc. 
3. Size of plastic zone. 
4. Residual stress distributions^ 

The following pages discuss how welding parameters affect residual stress distributions. 
I2i— 

h = 3 2 , 0 0 0 JOULES/i rsr 

v ( I N / S E C ) 
0 . 0 8 3 3 
0. 1 6 67 
0. 3 3 3 3 
0 . 5 0 0 0 

(CASE 2) 
(CASE 6 ) 
(CASE 10) 
(CASE 14) 

DISTANCE FROM CENTER LINE (INCH) 

FIG. 5.31. Distributions of longitudinal residual stresses for cases 2, 6, 10, and 14 {h = 32,000 
joules/in2). 

f See Hill(537) for a study of residual stresses in weldments in aluminum alloys. 
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Figure 5.31 shows the distributions of longitudinal residual stresses for cases 2, 6,10, 
and 14 (A = 32,000 joules/in2). High tensile stresses are produced in areas near the weld, 
and compressive stresses are produced in areas a certain distance from the weld. The 
maximum residual stress at the weld center line is about 11,000 psi, which is also the 
yield stress level at room temperature, regardless of welding conditions.* 

The width of this tensile residual stress zone is affected by the welding parameters. 
In the case shown in Fig. 5.31, for example, the width of the tensile stress zone increased 
as the welding speed increased, though the linear heat input, A, was constant. 

Figure 5.32 shows the half width of the tensile residual stress zone as affected by the 

2 0 , 0 0 0 4 0 , 0 0 0 6 0 , 0 0 0 80,000 

LINEAR HEAT INPUT , h , ( JOULES/IN2) 

FIG. 5.32. Effects of linear heat input, A, and welding speed, v, on the width of tensile residual 
stress zone. 

20 ,000 40 ,000 
LINEAR HEAT INTENSITY, q , (JOULES/SEC/INCH) 

FIG. 5.33. Effects of linear heat intensity, q, and welding speed, v, on the width of tensile residual 
stress zone. 

* Reminder: The results shown in Fig. 5.31 are analytical. Some experiments have produced 
residual stresses lower than the room-temperature yield strength. 



184 Analysis of Welded Structures 

linear net heat input, A, and the welding speed, v; while Fig. 5.33 shows the half-width 
of the tensile residual stress zone as affected by the linear net heat intensity, q9 and the 
welding speed, v. 

Figures 5.32 and 5.33 show that the linear net heat input, A, is the most significant 
factor affecting the width of the tensile residual stress zone, which increases with an 
increasing heat input. The effect of heat input, however, is not linear. The increase in the 
width of the tensile residual stress zone per unit increase in the heat input decreases 
as the heat input increases. 

From the practical viewpoint, the results clearly show the advantage of using a low 
welding heat input to reduce residual stresses and distortion. 

5.9.2 Effects of welding parameters on longitudinal distortion 

Nishida(527) studied how welding conditions and specimen geometry affect thermal 
strains and metal movement/2U) The specimen studied was the rectangular plate shown 
in Fig. 5.21 welded under the following conditions (see Table 5.6): 

Welding current, / = 260 amperes 
Arc voltage, V = 23 volts 
Welding speed, v = 0.289 in./sec (7.34 mm/sec) 

IV 
Heat input, A = — = 20,700 joules/in. (8150 joules/cm) 

A series of computations were made to find out how distortion changed when welding 
speed, v, and the specimen width, B (see Fig. 5.25), were changed. Computations were 
made under forty-two different conditions: 

v = 0.072,0.144,0.217, 0.289,0.361,0.433,0.506 in/sec. 

B = 3.0, 4.5, 6.0, 7.5, 9.0, 10.5 in. 

The welding speed, v, was changed each time so that the value of the heat input, A, would 
remain the same, allowing the amount of weld metal per unit weld length (the cross-sec-
tion of the weld metal) to remain approximately the same. In other words, when the 
speed was increased, the welding current was also increased proportionally. In addition, 
limited calculations were made by changing the welding speed while welding current / 
and arc voltage V were kept unchanged. 

Some of these combinations of welding conditions would make it impossible to 
produce welds with an acceptable appearance and/or quality, but these practical 
considerations were not a part of this analysis. 

Computations were made of temperature, thermal strain, and transient deflection. 
The total cost of computation for all forty-two conditions was less than $ 50. As an 
example of the analytical results, Fig. 5.34 shows exactly how the welding speed and 
the breadth of the specimen affects the residual deflection (deflection after welding is 
completed and the specimen has coded to room temperature) at the midlength. Points 
P and F indicate the experimental data and the analytical predictions, respectively, 
for the 6-in. wide specimen (see Fig. 5.34). 

In order to determine the validity of the analysis, an additional experiment was made 
with a specimen 4 in. wide. The new specimen (specimen =# 3) was welded using the same 
welding conditions as those used for the specimen 6 in. wide (specimen 4 1)· Point Q 
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0072 0289 
WELDING SPEED V, inch/sec 

0.506 

FIG. 5.34. Effect of welding speed and specimen breadth on residual distortion at midlength 
(aluminum, heat input = 20,700 joules/in.) 

shows the experimental data (0.021 in.) obtained with the new specimen (=# 3), while 
point Q shows the analytical prediction, indicating that the computer analysis is reason-
ably accurate. 

Line P" P P" shows the calculated residual distortions for 6-in.-wide specimens 
welded using different welding speeds while the welding current and the arc voltage are 
kept constant. When welding speed is increased while / and V are kept constant, the 
amount of distortion sharply decreases. One must recognize, however, that the weld cross-
section decreases as the welding speed increases. This means that more passes are 
required to obtain the same weld cross-section. 

On the other hand, when welding speed is increased and the heat input kept un-
changed, the residual distortion increases as shown by the solid lines in Fig. 5.34. The 
results in Fig. 5.34 indicate that there is a welding speed in which the distortion reaches 
its maximum. 

Distortion increases as the specimen breadth decreases, due primarily to a reduction 
in rigidity. 

Concluding remarks. With the advancement of computer technology, it is possible to 
simulate the thermal stresses and metal movements that occur during welding. Although 
to date studies have been primarily within laboratories, it will soon be possible to utilize 
this computer-aided analyses in the solving of practical problems. 
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For example, among the various automatic welding machines already used in ship-
yards is a one-side submerged arc welding unit used to join large steel plates and various 
automatic welding machines used to fabricate large sections. Troubles related to metal 
movement and distortion often occur when these large welding machines are used. 
For example, when excessive distortion occurs in the fabrication of a large section, 
the determination of the optimum welding condition by a purely empirical method is 
expensive. The 1-D program described in this paper could be used to economically 
determine these optimum welding conditions. The results shown in Fig. 5.34, for example, 
could provide some clues as to way of reducing distortion. 

When adapting a program for practical use, the most important considerations 
include: (1) the accuracy of the computation, (2) the complexity involved, and (3) the 
cost. In many applications, engineers prefer a simple, inexpensive method of calculation; 
in others they see the need for a more sophisticated approach, provided it yields accurate 
results. Often the most effective approach is a combination of experimentation and 
computer analysis. Computer simulation allows us to obtain the maximum amount of 
information using the smallest number of specimens. 

Although this paper has concentrated primarily on the 1-D program and its applica-
tion in the analysis of bending distortion, there are a number of cases where computer 
simulation can be effectively used for solving the various practical problems in welding 
fabrication.1 

5.10 Assessment of the Current Status and Future Prospects 

This paper has described the work done at M.I.T. on analytical and experimental 
methods of studying thermal stress and metal movement during welding. One result of 
this work has been a series of computer programs including (see Fig. 5.21): 

1. A one-dimensional program. 
2. Two-dimensional, finite-element programs (bead-on-plates and butt joints). 
3. A program for girth welding along a cylindrical shell. 
4. Programs for analyzing longitudinal stresses in heavy plates. 
5. A program for analyzing the distortion in built-up beams. 
At the same time a large amount of experimental data on thermal stresses and metal 

movement during welding has been generated. The experiments used different materials, 
specimen geometries, joint designs, and joining processes. The materials investigated 
included: 

Low carbon steel 
Several kinds of high-strength steels 
Stainless steel 
Aluminum alloys 
Titanium alloy 
Columbium 
Tantalum 

* For example, some Japanese companies have experienced cracking problems during the one-side submerg-
ed arc welding of large butt joints. Several investigators have used finite-element programs to study metal 
movement during welding/538,539) 
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It is hoped that the current efforts will be continued and expanded. By comparing 

experimental data and analytical predictions, analytical models can be improved to 
more accurately describe the welding process. Probably the most crucial subject at 
present is how to model the metal and the effects of metallurgical transformation. 
An effort has been made at M.I.T. to give due consideration to metallurgical transforma-
tion when studying the thermal stresses that occur during welding. 

In the future, efforts will be made to extend the analysis to cover more complex, 
realistic structures, so that the industrial application of computer analysis can begin. 
We hope to be able to analytically simulate the thermal stresses and the metal movement 
in weldments. When computer simulations of welding become an accomplished fact, 
they will greatly affect welding fabrication. Computer simulations can help designers 
and production engineers, especially those who fabricate critical, expensive structures, 
to optimize the welding designs and procedures. Hopefully, it will only be a short time 
before the computer simulation of simple joints such as the fabrication of a built-up 
beam and the one-pass welding of a butt weld becomes commonplace industrial practice. 
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CHAPTER 6 

The Magnitude and Distribution of 
Residual Stresses in Weldments 

DURING welding a weldment undergoes complex temperature changes that cause 
transient thermal stresses, and non-elastic or incompatible strains are produced in 
regions near the weld. After welding is completed, the residual stresses that remain 
are the result of these strains. This chapter presents fundamental information on residual 
stresses: how to understand their mechanisms and how to analyze the effects of various 
factors on their magnitude and distribution. 

6.1 Development of Techniques for Analyzing Residual Stresses in 
Weldments 

6.1.1 Methodologies for analyzing residual stresses in weldments 

Figure 6.1 shows several ways to analyze residual stresses in a weldment. 
The first method, "analytical simulation", examines what actually happens during 

welding. The steps in this approach are as follows : 

Step 1. Analysis of heat flow. 
Step 2. Analysis of transient thermal stresses. 
Step 3. Determination of incompatible strains. 
Step 4. Analysis of residual stresses. 

When analyzing residual stresses, step 3 is the most important. If transient thermal 
stresses are completely elastic and no incompatible strains are formed, no residual 
stresses will remain. As was mentioned in Section 3.3, the determination of incompatible 
strains (plastic strains, strains due to solidification and solid-phase transformation—see 
Fig. 3.13) is difficult. Once the distribution of incompatible strains is determined, analyti-
cally or otherwise, the residual stresses can be treated as an elasticity problem that 
includes incompatible strains. 

Analytical simulation is obviously the most orthodox approach to the problem, 
but the complexity involved, especially in step 3, often makes it impractical, and it is 
difficult to use when complex weldments are involved. 

Since residual stresses can be determined from the distribution of incompatible 
strains alone, a second method that by-passes steps 1 and 2 (see Fig. 6.1) and avoids 
complex plasticity analysis has been developed. Unlike the first method, this one can 
be used to analyze stresses in complex weldments. On the other hand, there is no sure 
way to accurately estimate the distribution of incompatible strains. 

The third method combines the first two. An analytical simulation is used to refine the 
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FIG. 6.1. Methodologies for analyzing residual stresses in weldments. 

estimation that is made of the distribution of incompatible strains. A basic outline of the 
third method is given in Section 4.8 (see Fig. 4.25). 

6.1.2 Development of analyses of residual stresses in weldments 

Analytical simulation was done as early as the 1930s (see Section 5.2). But until very 
recently, the mathematical complexity involved has limited the analysis of transient 
thermal stresses to very simple welds. 

Most of part studies covered only the residual stresses and distortion that remain 
after welding is completed. Results of these studies are included in several books and 
reports/303 ,501 ,506) During the 1950s several Japanese investigators, including Kihara, 
Watanabe, Masubuchi, and Satoh, studied residual stresses and distortion in practical 
weldments using the second method^described above.(506) The basic concept involved 
in this method was developed by Masubuchi/314'323) By using this method, it was 
possible to analyze residual stresses in certain practical joints without the use of modern 
computers. One important development during this period was the use of the electrical 
resistance strain gage, with which it was possible to experimentally determine the 
distribution of residual stresses in practical joints. Comprehensive studies of residual 
stresses were also done by several Russian investigators/508,509) 

Most of past studies on residual stresses dealt with weldments in low-carbon steels 
made using covered electrodes. Only a limited amount of information has been generated 
on weldments in other materials, such as high-strength steels, alloy steels, aluminum and 
titanium alloys, and other welding processes, such as submerged arc, gas metal-arc, 
electroslag, and electron beam processes. But generating this kind of information on 
weldments in different materials with different processes using experimentation only 
is time consuming and costly. 

In the 1970s and since the development of modern computers, there has been a renewed 
interest in improving the first method (see Chapter 5). A great deal of research currently 
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in progress in welding mechanics is aimed toward the development of computer prog-
rams simulating transient thermal stresses and metal movement. As mentioned in 
Section 5.10, it is probable that within a few years the computer simulation of certain 
simple joints (such as the fabrication of built-up beams or the one-pass welding of butt 
welds) will be an accomplished fact. 

However, the simulation method may not be the best way to analyze residual stresses 
when the weldments are complex. Computer simulation is wasteful in this situation, 
because huge amounts of computer time are required to accomplish step 3. In order to 
extend the analysis to complex (practical) joints, we must find some way of reducing 
the cost of step 3. 

The third method (see Fig. 6.1) should be helpful in accomplishing this. The computer 
simulation technique can be used to improve accuracy when incompatible strains in 
practical joints are estimated. Figure 4.26 illustrates how this technique can be used 
when heavy weldments are involved. Recently developed experimental techniques 
including the Moiré technique and laser holography can also be used to verify the 
accuracy of the analysis. 

Although the most recent studies have in large part involved the computer simulation 
of transient thermal stresses in welds that are relatively simple, in the near future it is 
certain that the studies will involve the computer simulation of residual stresses in 
weldments that are complex. 

6.2 Residual Welding Stresses and Reaction Stresses 

Residual stresses produced during the fabrication of welded structures are of two 
types: 

1. Residual welding stresses that are produced in the welding of unrestrained members. 
2. Reaction stresses that are caused by external restraint. 
Figure 6.2 shows a typical distribution of residual stresses in a butt weld. The important 

stresses are those parallel to the weld direction, designated σχ, and those transverse to it, 
designated ay. 

Figure 6.2(b) shows the distribution of the longitudinal residual stress, σχ. Tensile 
stresses of high magnitude are produced in the region near the weld; these taper off 
rapidly and become compressive after a distance several times the width of the weld 
metal. The stress distribution is characterized by two parameters: (1) the maximum 
stress at weld region <rm, and (2) the width of the tension zone of residual stress f>. In 
weldments made in low-carbon steel, the maximum residual stress, am9 is usually as 
high as the yield stress of the weld metal. 

According to Masubuchi and Martin,(442) the distribution of longitudinal residual 
stress σχ can be approximated by the following equation/ 

',(y)-'-{l-@a}e-iw< (6-1) 
The distribution of the transverse residual stress, ay, along the length of the weld is 

shown by curve 1 in Fig. 6.2(c). Tensile stresses of relatively low magnitude are produced 

See Fig. 12.4 for more details. 
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FIG. 6.2. Typical distributions of residual stresses in butt weld. 

in the middle part of the joint and compressive stresses at the ends of the joint. 
If the lateral contraction of the joint is restrained by an external constraint such as a 

series of springs, the distribution of ay is as shown by curve 2 in Fig. 6.2(c). Tensile 
stresses approximately uniform along the weld are added as the reaction stress. An 
external constraint, however, has little influence on the distribution of σχ residual stresses. 

Figures 6.3 and 6.4 show how reaction stresses build up during the multi-pass welding 
of a butt joint/60 υ Figure 6.3 shows the test set-up. The test plates were 20 mm (f in.) 
thick and were welded with E6016 electrodes 4 mm (^ in.) and 5 mm (^ in.) in diameter. 
Experiments were conducted using different amounts of root gap. Figure 6.4(a) shows 
how reaction load and reaction stresses built up in the base plate. The reaction stresses 
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FIG. 6.3. Test set-up used for the study of reaction stresses by Yoshida et α/.(601) Dimensions 
are given in millimeters. 

increased as more welds were made (see Fig. 6.4(b)). As more weld passes were made, and 
as the cross-sectional area increased, the reaction stress in the weld cross-section did 
not increase as much as the reaction stresses in the base plate. 

6.3 Analysis of Residual Stresses in Restrained Butt Welds 

Kihara et ai did an analytical and empirical study of residual stresses in restrained 
buttwelds.(602-604) 

6.3.1 Elastic and plastic strains in areas near the weld 

As stated above, residual stresses are result of incompatible strains produced in regions 
near a weld. Using the Gunnert strain indicator, shown in Fig. 4.2, Masubuchi(314,323) 

investigated the distribution of elastic and plastic strains in areas near a weld. The 
specimen was a slit-type weldment in carbon steel (see Fig. 6.5(a)). A double-vee slit 
258 mm (10 in.) long was machined in a plate 19 x 800 x 1200 mm (| x 31 x 47. in.) 
and was welded using covered electrodes. Figure 6.5(a) indicates the locations of the 
strain-measuring points. At each of the measuring points, strain-measuring depressions 
(see Fig. 6.5(b)) were prepared and the distances between the depressions measured. 
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FIG. 6.4. Increase of reaction stresses during multipass welding by Yoshida et al.i60l) 

After the specimen was welded, the distances between the depressions were again 
measured and the strains produced by welding may be both elastic and plastic, parti-
cularly in areas near the weld, the elastic part of the strain was also measured by the 
relaxation method, using the Gunnert core drill, and residual stresses were determined. 

The strains were measured in the following three directions: 
1. Along the weld line: εβ, in Fig. 6.5(b). 
2. Transverse to the weld: eb 

3. Forty-five-degree incline to the weld line: sc or ed. 
Figure 6.6 shows the distribution of the strains. 

In order to determine the size of the plastic zone, the values of the octahedral shearing 
stresses were calculated from the measured values of εα, eb, and sc or ed. The results are 
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FIG. 6.5. Slit-type specimen used by Masubuchi.(314,322) 

shown in Fig. 6.7 which present the values of/ as given by the following equations : 

= [σ' -σ'σ' + σ ' + 3τ' ~|1/2 (6.2) 

where 

σ = 

σ. = 

1 - ν 2 

Ε 

Κ + V£y)' 

Ε 

<εν + νε*)> (6.3) 

τ_ = xy 2(1 H-v)'*'* 

Ε = Young's modulus, 
ν = Poisson's ratio. 
Equation (6.3) shows that the values of σχ, &r and x'xy indicate the apparent values of 
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the components, assuming that the measured values of strain components εχ, ey, and yxy 

are elastic. The value x'ocX is an invariant that is usually designated on octahedral 
shearing stress in a plane stress field(605'606). According to von Mises, the yield condition 
in a plane-stress state can be shown as follows/ 

" oct o ys 

* A quantity which is not affected by the directions of axes. 
% When a material is under three principal stresses, σι, σ2, and σ3, the condition of yielding is: 

{σ1 - σ2)
2 + (σ2 - σ 3 ) 2 + ( σ 3 ~σί)

2 = 2σ£ 

In a plane-stress condition, the stress normal to the plate σ3 = 0. Then, 

(σχ - σ2)
2 + σ2

2 + σ2 = 2a2
ys, 

(6.4) 

The above equation is for two principal stresses <sx and σ2 (see Table 3.1). In the case of stress components 
σ*» V Txy>tne e n < e c t s °f t n e shearing stress, xxy, must be included. Thus eqn. (6.2) is obtained. 
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or 
Ι = σ„ 

where ays = yield stress of the material. 
Therefore /, an invariant indicating the residual-stress state, can be used to determine 

whether the material at a given position has undergone plastic strains or has deformed 
only elastically. 

Masubuchi has theorized that when the value of / is larger than the value of σγ5 the 
region has undergone plastic strain. 

Figure 6.7 shows that the value oil is generally large in regions near the weld. Curves 
of equal / value (equi-/ curves) are also shown in Fig. 6.7(c). The half-breadth of the 

___._. j r j y, rnm 
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FIG. 6.8. Distributions of residual stresses. 
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plastic region that corresponds to the yield strength (21 kg/mm2 or 30 ksi) was about 
55 mm ( 2 - ^ in.) and the penetration of the plastic region beyond the end of the weld 
about 50 mm (2 in.). 

After welding the strain energy release during cutting was measured along the 
x- and y- axes of the specimen. It was found that in regions far from the weld the value of 
the plastic strain release was approximately the same as that of the strain change due 
to the welding indicating that the strain changes were primarily elastic. In regions near 
the near weld, however, the values of the elastic strain release were much less than 
those of the strain changes caused by welding. The broken lines in Fig. 6.7 show the 
values of/ calculated from the elastic strain release. These values calculated on the welded 
metal were approximately 35 kg/mm2 (50 ksi or 343 MN/m2), it can be concluded that 
the weld metal was in yield condition. 

Figure 6.8 shows the distributions of residual stresses as follows: 

Figure 6.8(a): Distribution of the longitudinal stress σχ along the weld center 
line {y = 0). 

Figure 6.8(b): Distribution of σχ along the y-axis (x = 0). 
Figure 6.8(c): Distribution of ay along the x-axis. 
Figure 6.8(d): Distribution of ay along the y-axis. 

In regard to the distribution along the weld line the transverse stress ay it was found 
to be in tension in the weld zone, the highest value being at the center with decreasing 
values away from the center and toward the ends. 

Longitudinal stress σχ is highly tensile at the center of the weld and decreases near 
the ends. In the base plate, σχ is compressive and approaches to zero much faster than σγ. 
In regard to the distribution of σχ along the y-axis, on the other hand, in the weld zone 
and its vicinity it is first highly tensile, changes rapidly to compressive, and then gradually 
approaches zero. From these characteristics, we can see that the longitudinal stress is 
caused mainly by the longitudinal contraction of the weld metal. 

The distribution of transverse shrinkage across the weld, M, was also measured (see 

u and [v], mm 

200 100 0 100 200 

FIG. 6.9. Transverse shrinkage and estimated dislocation. 
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Fig. 6.9). The transverse shrinkage was great at the center of the weld and decreased 
near the both ends of the slit.f 

6.3.2 Analytical determination of residual stresses 

On the basis of data collected in previous investigations and the stress distributions 
as shown in Fig. 6.8, Masubuchi theorized that residual stresses in a constrained butt 
joint are caused by: 

1. the elastic dislocation caused by transverse shrinkage, and 
2. the incompatible strains produced in the region near the weld caused by longitudi-

nal shrinkage of the weld metal and plastic deformation produced in the base 
plate. 

It appears that residual stress transverse to the weld (transverse stress, ay) is determined 
mainly by the first factor, while residual stress parallel to the weld (longitudinal stress, 
σχ) is determined mainly by the second factor. 

It was found in previous experiments*602 ~604) that in a constrained butt joint trans-
verse shrinkage is mainly elastic except in a circular patch weld specimen with a high 
degree of constraint. After the completion of the welding, a slit was made by machining 
along the weld line, and the elastic recovery of shrinkage (or opening of the slit) was 
measured and compared with the transverse shrinkage produced during welding. In 
the slit-type specimen, the elastic recovery of shrinkage when the slit was made on the 
weld metal was about 80% of the value of transverse shrinkage. The value of elastic 
recovery increased up to about 85% of the value of transverse shrinkage when the 
slit was extended for 40 to 60 mm (if to 2 | in.) beyond the end of the weld. The shapes 
of the curves of elastic recovery of shrinkage were quite similar to the shape of the trans-
verse shrinkage curve. On the basis of these experimental results, it was decided to 
draw the curve of elastic-dislocation as 85% of the curve of transverse shrinkage (see 
Fig. 6.9). 

Since the determination of distribution of incompatibility is very complicated, an 
approximate theory similar to the boundary-layer theory*324) in aerodynamics has 
been developed for the residual stress caused by incompatible strains produced in the 
region near the weld. The welded joint is divided into two regions: the plastic region 
and the surrounding elastic region. The plastic region is assumed to occupy a slender 
rectangle of length L and width 2<5(2<5 <ζ L), as shown in Fig. 6.10. The stress distribution 
in the elastic region can be calculated when the shearing stress τ0 acting along the 
boundary of the plastic and elastic region can be determined. Regarding the stress 
distribution in the plastic region, the following simplified conditions are used based 
on the assumptions that the width of the plastic region is very small compared to its 
length and that the change of stress in the x-direction is much smaller than that in the 
y-direction : 

1. Transverse stress ay is uniform in the y-direction. 
2. The equilibrium condition between longitudinal stress and shearing stress is 

^•dx-(5 + Todx = 0 (6.5) 
dx υ 

f See Chapter 7 for more details of transverse shrinkage. 
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FIG. 6.10. Equilibrium of stress in plastic region. 

or 
(6.6) 

where σχ = mean value of σχ over the width of the plastic region. When the distribution 
of σχ is known, the distribution of τ0 is determined; thus, the stress distribution in the 
elastic region also can be determined. 

The above analysis suggests that the distribution of residual stress in a butt weld 
can be calculated when the distribution of the following two are known experimentally: 

1. Transverse shrinkage. 
2. Longitudinal residual stress in the weld metal. 
The distribution of dislocation [v] is determined from transverse shrinkage (see 

Fig. 6.9).f The distribution of shearing stress τ0 is determined from the longitudinal 
residual stress in the weld metal, assuming that experimental results obtained in the 
weld metal represent the stress values in the plastic region. Theoretical residual-stress 
distributions are shown in Fig. 6.8, where they are compared with experimental results. 
The theoretical stress distribution is obtained as the summation of two curves which 
correspond to the influence of transverse shrinkage and longitudinal shrinkage, res-
pectively. A good correlation was obtained between the theoretical stress distribution 
and the experimental results. Figure 6.8 also shows that the term which corresponds to 
dislocation plays an important role in determining transverse residual stresses, while 
the term which corresponds to longitudinal shrinkage plays an important role in deter-
mining longitudinal residual stresses. 

6.4 The Distribution of Residual Stress: Some Typical Cases 
This section describes the typical distribution of residual stress in the following 
* In estimating the distribution of dislocation the experimental results were modified in the following way: 

(1) to be symmetric in the direction of welding and (2) to decrease to zero at the end of the equivalent weld 
length. 
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weldments: 

1. Plug welds. 
2. Circular patch welds. 
3. Welded shapes and columns 
4. Welded pipes. 

6.4.1 Plug weld 

Watanabe and Satoh(607) studied the residual stresses in a plug weld(506,608) by 
depositing weld metals in a 20-mm (0.8-in.) diameter groove that had been made at the 
center of a low-carbon steel circular plate 6 mm (0.24 in.) thick and 200 mm (8 in.) in 
diameter (see Fig. 6.11). Total welding time was 10 seconds. An electrode 4 mm (^ in.) 
in diameter was used, and temperature changes that took place during welding were 
measured using a thermocouple. The residual stresses were measured using the 
Mesnager-Sachs boring-out technique: after welding, a small hole was drilled at the 
center of the specimen; the radius of this hole was then gradually increased by successive 

20 

PENETRATION 
2r0 = MEAN DIAMETER 
OF PENETRATED AREA 
(ABOUT 20 mm) 

FIG. 6.11. Plug-welded specimen used by Watanabe and Satoh.(607) 
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drillings and the change of the diameter of the specimen measured by an optical 
comparator. 

Figure 6.12 shows the calculated values of the thermal stresses during welding: the 
distribution of radial stress, σΓ, and circumferential stress, σθ, when the temperatures at 
the weld center, 0r = o , are 600°, 400°, and 0°C (1,112°, 770°, and 32° F). The stress distribu-
tion at 0r = o = 0°C indicate the residual stress. 

Figure 6.13 shows the distribution of residual stresses. In the weld and adjacent 
areas, tensile stresses as high as the yield stress of the material were produced in both 
radial and tangential directions. In areas away from the weld, radial stresses, ar, were 
tensile and tangential stresses, σθ, were compressive. Both stresses decreased as the 
distance from the weld, r, increased. The curves shown in Fig. 6.13 are the theoretical 
explanation of Fig. 6.12 (for 0r = o = 0°C). 

6.4.2 Circular patch weld 

Patch welds are often used in repair jobs. Figure 6.14(a) shows a circular plate welded 
into a large plate with a circular hole. Since shrinkage of the inner plate is restrained by 
the surrounding outer plate, high residual stresses are produced and cracks often 
develop. Residual stresses in patch welds have been studied by several investigators 
including Bierett and Grüning,(609) Harter et α/.,(610) Kihara et a/.,(604) and Yoshida 
etalS6il) 

Figure 6.14(b) shows the typical distribution of residual stresses in circular patch 
welds. Shown in the figure is the distribution of radial stress, σΓ, and tangential stress, σθ, 
along the diameter. High tensile residual stresses exist in the weld area. The maximum 
tangential stress, σθιη, is higher than the maximum radial stress, arm, or σθηι > arm. In 
the inner plate, both or and σθ are tensile and approximately equal. 

The residual stress distribution shown in Fig. 6.14(b) is illustrated schematically in 
Fig. 6.15. Residual stresses in a patch weld are produced primarily by two mechanisms: 
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FIG. 6.15. Residual stresses produced in a circular patch weld due to circumferential and 
radial shrinkage. 

1. Shrinkage of the weld metal in the direction parallel to the weld or in the cir-
cumferential direction. 

2. Shrinkage of the weld metal in the direction perpendicular to the weld or in the 
radial direction. 

Figure 6.15(a) shows a typical distributions of σθ due to shrinkage in the circumferential 
direction. Stresses as shown in Fig. 6.15(b) are produced when the shrinkage of the inner 
plate is restrained by the outer plate. Stress distributions as shown in Fig. 6.14(b) are 
produced by combining the stress distributions shown in Figs. 6.15(a) and (b). 

Figure 6.16 shows how the patch diameter affects the residual stresses/61 υ The 
experiments involved in collecting this data were made on steel plates 9 mm (f in.), 
15 mm (f in.), and 20 mm (| in.) thick. 
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FIG. 6.16. Effect of patch diameter on residual stresses on the weld metal.(611) 

6.4.3 Welded shapes and columns 

Shapes and columns are often fabricated by welding. As already discussed in 
Section 5.5, it is now possible to simulate transient thermal stresses during welding 
and analytically determine residual stresses using the computer. Figure 6.17 shows the 
typical distribution of residual stress in built-up shapes/612 "615) 

Figure 6.17(a) shows residual stresses and distortion produced in a welded T-shape. 

STRESS DISTRIBUTION 
IN SECTION X-X 

Q. RESIDUAL STRESSES AND DISTORTION OF A WELDED T-SHAPE 

b. RESIDUAL STRESSES 
IN AN H-SHAPE 

C. RESIDUAL STRESSES IN 
A BOX SHAPE 

FIG. 6.17. Typical residual stresses in welded shapes. 
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High tensile residual stresses parallel to the axis are produced in areas near the weld 
in sections away from the end of the column. The figure on the right shows the distri-
bution in Section X-X of residual stresses parallel to the axis. Stresses in the flange 
are tensile near the weld and compressive away from the weld. The tensile stresses near 
the upper edge of the web are due to the longitudinal bending distortion caused by 
longitudinal shrinkage. Angular distortion is also produced. 

Figures 6.17(b) and (c) show the typical distribution of residual stress in an H-shape 
and a box shape, respectively. Shown in the figures are the residual stresses parallel 
to the axis. Residual stresses are tensile in areas near the welds and compressive in 
areas away from the welds. 

Researchers at Lehigh University have conducted an extensive study of residual 
stresses in welded shapes/613 "6 1 5 ) The results of their work on heavy welded shapes*614) 

are shown in Figs. 6.18 and 6.19. The shape designation 15H290 refers to an H-shaped 
beam with flange plates 14 x \2\ in. (356 x 318 mm) and a web plate 10 x 1 | in. (250 x 
38 mm). The specimens were fabricated in A36 steel. The distribution of the longitudinal 
residual stresses are shown in Fig. 6.18. Figure 1.18(a) shows the results obtained on a 
shape fabricated using lf-in. (12.5-mm) fillet welds, while Fig. 6.18(b) shows the results 
on a shape fabricated using χ^-in. (12.5-mm) fillet welds. The residual stress distribution 
is given in an iso-stress diagram, that is, contour lines indicate constant stress. 

KSI 
60 40 20 0 -20 -40 

I i I ' I ' I ' I i I 
ΦΪ 

hA-

KSI 
60 40 20 0 - 2 0 -40 

1 I ' I i I I T 

Near Surface 

Far Surface 

Near Surface 

Far Surface 

FIG. 6.18. Residual stresses in welded shapes 15H 290—Universal-mill plates, A 36 steel 
(AlpstenandTall(614)). 
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FIG. 6.19. Two-dimensional variation of residual stress in a welded shape 15H290—Universal-
mill plates A 36 steel, ± in. (12.5 mm) fillet welds (Alpsten and Tall(614)). 

6.4.4 Welded pipes 

The distribution of residual stress in a welded pipe is complex. In a girth-welded 
pipe, for example, shrinkage of the weld in the circumferential direction induces both 
shearing force, Q, and bending moments, M, to the pipe as shown in Fig. 6.20. The 
angular distortion caused by butt welding also induces bending moment. Distribution 
of residual stresses is affected by the following: 

1. The diameter and wall thickness of the pipe. 
2. The joint design (square butt, vee, X, etc.), and 
3. The welding procedure and sequence (welded on outside only, welded on both 

sides, outside first, or welded on both sides, inside first). 

Residual stresses in welded pipes have been studied by investigators including 
Watanabe et α/.,(616) and Burdekin/617) Figure 6.21 shows the results obtained by 
Burdekin. Two low-carbon steel pipes 30 in. (762 mm) long, 30 in. (762 mm) in diameter, 

= 1 

FIG. 6.20. Residual stresses in a welded pipe. 
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FIG. 6.21. Residual stresses in a girth-welded low-carbon steel pipe -^ inch wall thickness 
30 inch in diameter and 30 inches long (Burdekin(617) 

and with a j^-in. (11 mm) wall thickness were girth welded. Residual stresses were then 
determined using the Gunnert technique. 

6.5 Residual Stresses in Weldments in Various Materials 

It has been firmly established that in welding low-carbon steel the maximum residual 
stress in the weld is as high as the yielded stress of the material (see Figs. 6.5, 6.6, etc.). 
Data is also available on residual stresses in weldments made in other metals. 

6.5.1 General discussion on effects of material properties 

As described in Section 5.6, experimental and analytical studies have been done at 
M.I.T. on transient thermal stresses and metal movement during welding. Various 
materials have been studied, including low-carbon steel, high-strength steels, stainless 
steel, aluminum alloys, titanium alloys, columbium, and tantalum. The experimental 
data and analytical predictions were in close agreement in all the materials studied 
except in the case of certain low-alloy, high-strength steels. 

The magnitude and distribution of residual stresses in weldments were found to be 
affected by: 

1. The temperature distribution in the weldment. 
2. The thermal expansion characteristics of the material. 
3. The mechanical properties of the material at elevated temperatures. 

Table 6.1 compares some of the physical properties of steel, aluminum, and titanium/5 35) 

Figure 6.22 shows the values of the yield stress of several materials at elevated tempera-
tures.(520) 

The best way to predict the distribution of residual stresses in a weldment made in a 
given material is to go through a computer simulation. Figure 6.23 shows the residual 
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TABLE 6.1 Comparison of some physical properties of steel, aluminum, 
and titanium{26) 

Materials 

Density, alb/in3 

Young's modulus 
E x 106 psi 

Yield strength 
ays x 103 psi 

Strength/weight 
ajp x 103 

Thermal conduc-
tivity, λ 
B.t.u./hr/ft2/ft/°F 

Coeff. linear 
thermal exp. 
a x 10"6/°F 

Electrical 
resistivity, 
10"6Ω-αη 

Melting point, °F 
Melting point 

of oxide, °F 

Steel 

0.234 
30 

35-150 

123-150 

26.2 

6.8 

9.7 

2800 
FeO 

2400 

Aluminium 

0.1 
10 

30-50 

300-500 

130 

13 

2.7 

1220 
A1203 

3700 

Titanium 

0.163 
17 

40-150 

250-920 

9 

4.7 

42 

3040 

2 0 0 

ULTRAHIGH STRENGTH STEEL 

HIGH STRENGTH ALUMINUM 

IOOO 2 0 0 0 3000 4 0 0 0 
TEMPERATURE , ° F 

5 0 0 0 

FIG. 6.22. Yield stresses of some structural materials at elevated temperatures. 

stress distributions for low-carbon steel and ultrahigh-strength steel (300,000 psi yield 
strength).(520) In both cases the maximum tensile stress at the weld center is as high as 
the yield stress. The tensile residual stress areas in ultrahigh-strength steel are narrow. 
This is primarily because only a narrow zone undergoes plastic deformation during 
welding. The maximum mechanical strain observed 1 in. from the weld line during weld-
ing decreases as the yield strength of steel increases (see Fig. 5.20). 
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FIG. 6.23. Theoretical distributions of longitudinal residual stresses in weldments in low 
carbon steel and ultrahigh-strength steel.(520) 

^TANTALUM 

2.0 
DISTANCE (IN) 

FIG. 6.24. Theoretical distributions of longitudinal residual stresses in weldments in 
columbium and tantalum/520) 

Figure 6.24 shows residual stress distributions for columbium and tantalum.(520) 

The tensile residual stress zones are wide. Since both columbium and tantalum have a 
relatively low yield stress over a wide temperature range (see Fig. 6.22), the area of 
plastic deformation during welding is large. This suggests that residual stress and 
distortion can be problematic when welding refractory metals such as columbium and 
tantalum. This has been confirmed by researchers at the G. C. Marshall Space Flight 
Center, NASA; distortion is a problem when welding these metals. 

Figure 5.31 shows the results of similar calculations done on welds in aluminum. 
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The maximum residual stress was as high as the yield stress in all the welding conditions 
under which these calculations were made. 

6.5.2 High-strength steel 

It has been found that in some high-strength steels the residual stress is considerably 
lower than the yield stress. 

Experimental results. Masubuchi and Martin(442) studied residual stresses in butt 
welds | in. (16 mm) by 24 in. (610 mm) by 38 in. (965 mm) made in low-carbon steel 
and in SAE 4340 steel oil quenched and tempered at 500°F (260°C). The low-carbon 
steel butt joint was welded with E 6010 electrodes and the SAE 4340 steel butt joint 
was welded with El5016 electrodes. Electric resistance strain gages were mounted on 
both surfaces along the transverse line passing through the center of the weld line and 
along the longitudinal weld center line. One-inch-wide strips containing the strain 
gages were removed from the weld with a grinding machine, and the strain changes 
were measured. 

Figure 6.25 shows the distribution of longitudinal residual stress along the transverse 
line. Residual stresses were tensile near the weld and compressive away from the weld. 
Figure 6.25(b) shows the distribution of longitudinal residual stress along the center line. 
Stresses were zero at the plate edge and increased gradually. As can be seen in the figure, 
the specimens were large enough to permit the production of a maximum amount of 

IOO 

80v 

60 

Q. 

O 
Φ 40 
(A 
S 4 

σ 

2 
1 
5» 

5 0 

- 2 0 

-40 
ς 2 4 6 θ 10 12 

Distance From Weld Center Line, inch 

FIG. 6.25. (a) Distribution of longitudinal stresses along the transverse line passing the weld 
center. 
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±1 
SAE 4 3 4 0 Steel 

h-ίτΗ--
1 Δ 
L Mild steel 

I # 1 

_1_ 
12 16 19 

Center (Plote edge) 

Distance From Center of Plate Along Weld Center Line,inch 

FIG. 6.25. (b) Distributions of longitudinal stresses along the weld center line. 

FIG. 6.25. Residual stresses in 38-inch-long butt welds in low carbon steel and SAE 4340 
steel oil quenched and tempered at 500°F (Masubuchi and Martin(422)). 

stress in the central area. The large differences in the stress values on the top and on the 
bottom surfaces of the SAE 4340 steel weldment indicate that it was bent in the longitudi-
nal direction. The significant conclusion is that residual stresses in low-carbon steel 
and SAE 4340 steel weldments were similar despite the considerable difference in the 
yield strengths of the base metals and the weld metals used. The investigation produced 
the following data: 

Approximate yield 
stress (psi) 

Low-carbon steel base metal 
E6010 weld metal 

SAE 4340 steel base metal (oil quenched 
and tempered at 500 °F) 

El5016 weld metal 

35,000-40,000 
60,000 

224,000 

150,000 

The finding was confirmed on three low-carbon steel weldments and five SAE 4340 steel 
weldments that included butt welds and welded structural models. 

Other investigations have also reported that the maximum residual stress in this 
kind of weld is considerably lower than the yield stress/618 ~621) Based upon experi-
mental results obtained by Kihara et α/.(618) and Yada et al.,i619) Yurioka(620) has drawn 
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_ 120 

40 60 80 100 120 140 160 
Nominal yield strength of base metal, ( k s i ) 

FIG. 6.26. Welding residual stresses in various high-strength steels. 

a curve (see Fig. 6.26) showing the relationship between the yield strength of the base 
metal and maximum residual stress. 

Using the X-ray diffraction technique some investigators have reported compressive 
stresses near welds in certain high-strength steels.(622)t 

Hwang's analytical and experimental research. Hwang(535) conducted analytical 

.. WELD 

T 
6" 

JL 
-48 H 

0. WELD ALONG THE EDGE 

15" 

29" -

b. BUTT WELD 

Figure 6.27. Test specimens used by Hwang(535) 

f Goldberg1623-624) also reported compressive stresses near the edge of a plate of high-strength steel (ST 52-3) 
that had been flame-cut. 
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TABLE 6.2 Conditions of experiments by Hwang 

Material 

Low-carbon 
steel 

Low-carbon 
steel 

Q & T steel 
(A517) 

Q & T steel 
(A517) 

HY-80 steel 

Ti-6AP-2Cb-
lTa-lMO 

Type of weld and 
(specimen size) 

Bead on edge 
(48 x 6 in.) 

Bead on edge 
(48 x 6 in.) 

Bead on edge 
(48 x 6 in.) 

Bead on edge 
(48 x 6 in.) 

Butt weld 
(29 x 15 in.) 

Bead on edge 
(56 x 7.5 in.) 

Process 

GMA 

GTA 

GMA 

GTA 

GMA 

GMA 

Filler metal 

A 675 

None 

A 675 

None 

A 675 

6-2-1--0.8TÎ 

Voltage 

25 

12 

25 

12 

25 

28 

Ampere 

380 

295 

420 

295 

300 

300 

Speed 
in./sec. 

.322 

.268 

.333 

.255 

.483 

.358 

Additional experiments were made on bead-on-edge welds in 308 stainless steel. 

and experimental research on the thermal stress and metal movement that occurs 
during welding. Figure 6.27 shows the two types of specimen he used. Figure 6.27(a) 
shows the rectangular plate specimen most often used. A weld bead was laid along the 
longitudinal edge. Figure 6.27(b) shows the butt weld specimen used for HY-80 steel. 
Table 6.2 shows the specimen dimensions and the welding conditions. Measurements 
were made of (1) the heat flow, (2) the transient thermal strains, (3) the transient metal 
movement and, after welding was completed, (4) the residual stresses and distribution. 
Figures 6.28 through 6.32 show the distribution of residual stress as follows: 

Figure 6.28 : Low-carbon steel welded with gas metal-arc process. 

LOW-CARBON STEEL (GMA) 

Δ Experiment 

o Calculated Value 

1 2 3 4 5 

Distance from the welded line (inch) 

FIG. 6.28. Distribution of residual stresses in weldment of low-carbon steel (GMA). 
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LOW-CARBON STEEL (GTA) 

— Δ Experiment 

o Calculated Value 

0 I 2 3 4 5 6 

Distance from the welded line (inch) 

FIG. 6.29. Distribution of residual stresses in weldment of low-carbon steel (GTA). 

, 0 0 r l Q 8 T STEEL (GMA) 

- - Δ Experiment 

o Calculated Value 

1 2 3 4 5 

Distance from the welded line (inch) 

FIG. 6.30. Distribution of residual stresses in Q & T steel (GMA). 
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Figure 6.29: Low-carbon steel welded with gas tungsten-arc process. 
Figure 6.30: Quenched and tempered steel (ASTM A 517) welded with gas metal-arc 

process. 
Figure 6.31: Q&T steel welded with gas tungsten-arc process. 
Figure 6.32: HY-80 steel butt joint welded with gas metal-arc process. 

In the weldments in low-carbon steel, the experimental data and the analytical 
predictions agreed (see Figs. 6.28 and 6.29). But in the Q&T steel weldment and the HY-80 
steel weldment the experimental values in regions close to the weld were significantly 
lower than those predicted analytically. The analytical prediction was made using the 
M.I.T. one-dimensional program described in Section 5.32, and the efforts of metallurgi-
cal transformation were not a part of the analysis. 

Summary. The experimental analytical results obtained thus far can be summarized 
as follows: 

1. Residual stresses determined by strain changes on low-alloy, high-strength steels 
are considerably lower than the yield stress of the material (Figs. 6.25, 6.26). Some 
investigators have even reported the existence of compressive stresses in certain 
areas adjacent to the weld. 

2. During the measurement of transient thermal stresses in the welding of HY-130, 
a significant amount of strain relaxation was observed near the weld line imme-
diately after the welding arc had passed. 

IOOH-

80 

60 

40 

20 

- 2 0 

Q S T STEEL (GTA) 

Δ Experiment 

o Calculated Value 

-L 
0 1 2 3 4 5 6 

Distance from the welded line (inch) 

FIG. 6.31. Distribution of residual stresses in weldment of Q & T steel (GTA). 
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5 0 R , 

HY- 80 STEEL (BUTT WELD) 

Δ Experiment 

- o Calculated Value 

- 2 0 I 2 3 4 5 6 

Distance from the welded line ( inch) 

FIG. 6.32. Distribution of residual stresses in weldment of H Y-80 steel (butt weld). 

3. On the other hand, the analytical predictions showed high residual stresses con-
centrated in a narrow zone near the weld when these predictions did not take 
into account the effect of expansion due to phase change during cooling. 

There are three possible longitudinal residual stress distributions for a butt weld 
made in high-strength steel (see Fig. 6.25). 

Curve 0 shows the typical distribution of residual stresses low-carbon steel. The 
maximum stress value at the weld is as high as the yield stress of the material (an esti-
mated 35 to 50 ksi). 

Curves 1, 2, and 3 show the possible stress distributions in a high-strength steel such 
as HY 130 or 180. 

If it is assumed that the maximum residual stress is as high as the yield stress, the 
distribution is as given by curve 1. In such a case the residual stress and distortion would 
cause severe problems in the fabrication of welded structures using high-strength steel. 

In curve 2, the high tensile residual stresses are confined to small areas. In such a 
case the distortion would be significantly less, but cracking due to high tensile residual 
stresses would be a problem. 

The stress distribution given by curve 3 is one that would cause few problems. 
Neither experimental nor analytical data support curve 1. This possibility can be 

ruled out completely. Experimental results obtained using strain gages tend to support 
curve 3, while analytical results (neglecting the effect of phase transformation) tend to 
support curve 2. 
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DISTANCE FROM WELO CENTER 

FIG. 6.33. Possible distributions of longitudinal residual stresses in a butt weld in high-
strength steel. 

On the basis of the experimental and analytical information obtained thus far, it is 
safe to assume that the residual stress distribution in an actual structure is a cross bet-
ween curves 2 and 3. If one uses the X-ray diffraction technique to determine the residual 
stresses in weld metal and adjacent base-metal regions, he finds widely scattered results. 
Small regions have high-tensile stresses. Most regions have relatively low tensile stresses 
(50-80 ksi). Some areas even have compressive stresses. 

6.5.3 Aluminum alloys 

A considerable amount of information has been obtained on residual stresses in weld-
ments made in aluminum alloys. Some of this is available in Chapter 5; Fig. 5.26 shows 

4 0 

30Γ/ 
2oUX 

i-h 
p δ -io 

- 2 0 

2 
o -30 

1EL0, SJJRENG^ 

.RESIDUAL STRESS 

I 

EDGE OF PLATE H 

0 2 4 6 8 12 16 20 
DISTANCE FROM WELD CENTERLINE, INCHES 

FIG. 6.34. Distribution of yield strength and residual stresses in a longitudinally welded 
5456-H321 aluminum alloy plate 36 inches wide and { inch thick (Hill(537)). 
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the residual stresses that result when a weld is made along the longitudinal edge of a 
rectangular plate in 5052-H32 aluminum alloy. 

Hill(537) investigated the residual stresses that occur when butt joints in 5456-H321 
aluminum-alloy plates are welded with inert-gas-shielded arc welder using 5556 alloy 
consumable electrodes. Figure 6.34 shows a typical distribution of longitudinal residual 
stresses in a | x 36 x 48-in. (12.5 x 914 x 1219 mm) panel that has been formed by 
welding two \ x 18 x 48-in. (12.5 x 457 x 1219 mm) plates. These tensile stresses are 
confined to the region in which the heat of welding has lowered the yield strength of 
the material. 

6.5.4 Titanium alloys 

Figure 6.35 shows the results obtained by Hwang(26) on a weldment in Ti-6A1-

-20, 

Ti-6Al-2Cb-ITo-IMo (GMA) 

x ,o Experiment 

Calculated Value 

_L· 2 3 4 5 6 

Distances from the welded line (inch) 

FIG. 6.35. Distribution of residual stresses in weldment of titanium alloy (GMA). 

L. M I N . 

- 7 I N . 

WELDv 
7 IN . 

S9 

2z 
-S 5 S4 S3 S2 Si 1-9 

Sio 

FIG. 6.36. Strain gage location on 6A1 4V weld panel.(625) 
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-2Cb- ITa-IMo welded by the gas metal-arc process (see Figure 6.27 and Table 6.2). 
The experimental results agreed with the analytical predictions. 

Robelotto et al.i625) investigated the residual stresses that form when butt welds 
are made in titanium alloy plates 0.2 in. thick. Table 6.3 gives the chemical composition 
and the tensile properties of the titanium alloys investigated, Ti-5Al-2.5n, TÎ-6A1-4V, 
and Ti-8Al-lMo-IV. The butt welds shown in Fig. 6.36 were welded using the gas 
tungsten-arc process. Table 6.4 gives welding parameters used. 

TABLE 6.4 Welding parameters for 5AI-2Sn, 
6AI-4V, and %Al-\Mo-IV Titanium alloys 

0.200 in. thicki625) 

Weld passes 
1 2 

Current, amp 
Voltage, V 
Electrode holder travel speed, ipm 
Filler metal feed, ipm(e) 

TÎ-6AI-4V filler metal diameter, in.(fl) 

Holddown material 
Holddown spacing, in. 
Backing material 
Backing groove width, in. 
Tungsten diameter, in.(ft) 

Gas cup size (Airco number) 
Electrode holder helium-gas flow, cfh 
Trailer shield argon flow, cfh 
Backing helium gas flow, cfh 

205 
12.5 

6 
7 

0.045 
Cu 

13/32 
Cu 
3/8 
3/32 
8 

60 
20 
20 

205 
12.5 

6 
7 

0.045 
Cu 

13/32 
Cu 
3/8 
3/32 
8 

60 
20 
20 

(e) Filler metal feed for the TÎ-8AI-1 Mo-IV and Ti-5AI-2. 
5Sn test panels was 5 jpm and base metal filler metal 
diameter i 0.060 in. for each alloy. 

(b) Tungsten configuration : blunt. 
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FIG. 6.37. Residual stresses in as-welded 6A1-4V titanium(625) 
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FIG. 6.38. Residual stresses in as-welded titanium alloys—perpendicular to weld.(625) 

Figure 6.37 shows the residual stresses in a weldment made in Ti-6A1-4V. 
Figure 6.37(a) shows the longitudinal and transverse stress distributions along the weld 
center line, and Fig. 6.37(b) shows the stress distributions along the line perpendicular 
to the weld. 

Figure 6.38 shows the stress distributions along the perpendicular line in welds made 
in the three alloys studied. 

6.6 Effect of Specimen Size on Residual Stresses 

When measuring residual stresses in a weldment, it is important that the welded 
specimen be large enough to contain residual stresses as high as those that exist in 
actual structures. 

6.6.1 Effect of specimen length 

DeGarmo et α/.(626) investigated the effect of weld length on residual stress in un-
restrained butt welds made in low-carbon steel. Two series of weldments were prepared 
using the submerged arc process and the shielded metal-arc process (manual arc welding) 
as shown in Fig. 6.39. In each series the only variable was the length of the weldment: 

Weld length (in.) 

Submerged arc process 

Shielded metal-arc process 

3, 4, 5, 8, 12, 18, 24, 36 

5, 7, 10, 18, 48 

The width of each specimen was sufficient to assure that full restraint could be applied. 
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A. SUBMERGED ARC PROCESS 

60 

FLAME GOUGE 
AFTER FIRST SIDE 
WELDED 

0,0 h 

3i 
T 

ELECTRODE: Linde #36 1/4" ; 
UnionmeH Flux #20-200 

VOLTAGE: 32 
CURRENT: 1050 amps 
SPEED OF ARC TRAVEL: 12-13 in/min 
DETAILS: Pass 1: Flame gouge 

back side; 
Pass 2. 

Θ. SHIELDED METAL-ARC PROCESS (DOUBLE -V) 

\-t 

+ Γ 
1 Î6 

W 
Jci ή\ 

0,0 s 

ELECTRODE 

CURRENT: 

DETAILS: 

Passes 1 & 4; 5/32" 
E6010 

Passes 2,3,5,6; 1/4" 
E6012 

Root passes: 150-165 amps 
Other passes: 300-320 amps 
Passes 1,2,3; Back chip: 
Passes 4,5,6. 

FIG. 6.39. Specimens used by DeGarmo et ai For studying the effect of weld length on residual 

stresses. 
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FIG. 6.40.(b) Distributions of residual stresses in butt welds of different lengths (DeGarmo 
etal.i626>). 

Figures 6.40(a) and (b) show the distributions of residual stress in weldments made 
by the submerged arc process and the shielded metal-arc process, respectively. Shown are 
distributions of longitudinal and transverse stresses along the weld. 

The longitudinal residual stress value must be zero at both ends of the weld while 
high tensile stresses exist in the central region. The peak stress in the central region 
increases with increasing weld length. This effect is shown clearly in Fig. 6.41 in which 
the peak stress for each panel is plotted vs. the weld length. The figure indicates that 
welds longer than 18 in. (457 mm) are needed to produce high tensile stresses in the 
longitudinal direction. As shown in Figs. 6.40(a) and (b), in welds longer than 18 in. 
Longitudinal residual stresses in the central region became uniform. 

The transverse residual stresses shown in Fig. 6.40 were tensile in the central areas 
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FIG. 6.41. Effect of length of weld on longitudinal residual stress (DeGarmo et α/.(626)). 
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and compressive in the areas near the plate ends. The weld length had little effect on the 
maximum stress in either the central area or the areas near the plate ends. 

6.6.2 Effect of specimen width 

A simple way to analyze the effect of specimen width on stress distribution is to go 
through a computer simulation. The effect of specimen width is negligible as long as it 
is several times the width of the residual stress zone. 

6.7 Residual Stresses in Heavy Weldments 

When a weldment is made in a plate that is over 1 in. thickness, residual stresses in 
the thickness direction, σζ, can become significant. 

Figure 6.42 shows the distribution along the thickness direction of residual stresses 
in the weld metal of a butt joint, 1 in. (25 mm) thick, 20 in. (500 mm) by 20 in. (500 mm) 
in low-carbon steel. Shown in the figure are longitudinal stress, σχ9 transverse stress, cy, 
and the stress normal to the plate surface, az. Welds made with covered electrodes, 0.1 to 
0.2 in. diameter; welding operations were conducted from both sides alternately so that 
angular distortion could be minimized. The experiment was conducted by Gunnert 
using the Gunnert drilling technique, described in Section 4.2.7 (see Fig. 4.5).(422,423) 

As shown in Fig. 6.42(a) and (b), longitudinal and transverse stresses were tensile 
in areas near both surfaces of the plate. Compressive stresses in the interior of the weld 
were apparently produced during the top and bottom welding passes. 

Figure 6.42(c) shows the distribution of stresses normal to the plate surface, σ2. 
σζ must be zero at both surfaces. Though residual stresses were compressive in the case 
shown here, many investigators believe that σζ in the interior of a thick weld can be 
tensile. 

Other investigators have also reported experimental results on residual stresses in 
heavy weldments, <538·539'627) but the information is still very limited. 

The major difficulty seems to be a lack of adequate measuring techniques. As dis-
cussed in Section 4.8.1, in all of the stress measuring techniques in use today, including 

kg/mm* 

20 30 40 -30 -20 -10 0 

kg/mm2^ 

10 20 30 40 

kg/mm2 

10 20 30 

• 

a. Longitudinal Stresses, σχ b. Transverse Stresses, ay c. Perpendicular Stresses, σζ 

FIG. 6.42. Distributions along the thickness direction of residual stresses in the weld metal of a 
butt joint (Gunnert(422)). 
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the strain gage and X-ray diffraction techniques, the stresses are determined by measuring 
only the strains on the surface. There is no method, other than the as-yet undeveloped 
ultrasonic technique, that is capable of measuring the stress inside a body. When residual 
stress is measured in a heavy weldment, the surface on which the measurements are to 
be taken must be exposed through drilling or sectioning. Figure 4.5 shows the Gunnert 
drilling method and Fig. 4.6 shows the Rosenthal-Norton sectioning method. 

These methods are time-consuming and costly and provide stress measurements 
only at the drilled hole or along the sectioned block. But we need to know about the 
distribution of residual stresses throughout the entire weldment. We need to know how 
residual stresses may be changed or reduced by proper selection of welding procedures. 

The development of analytical techniques may be one answer to our dilemma. The 
basic idea is explained in Fig. 4.28. The central question is: "How feasible is it to develop 
analytical models which can accurately analyze residual stresses in heavy weldments?' 
As described in Section 5.5.2, finite-element computer programs designated to analyze 
thermal stresses during the welding of heavy plates are currently being developed at 
M.I.T. (see Fig. 5.11). The following pages briefly describe the results obtained by 
Ueda et α/.(538) 

Study by Ueda et α/.(538) The weld joint as shown in Fig. 6.43(a) is idealized. This 
joint represents a joint between the cylindrical body and the hemispherical end plate, 
as shown in Fig. 6.43(b). The joint is biaxially symmetric with respect to the x- and y-axes 
(in the thickness direction). If welding passes are laid on both sides of the groove simul-

h-60 
UNIT WIDTH 

a. JOINT MODEL 

frravy/Ywyyyyvyrfy/ll 

FOR ANALYSIS 

b. WELD JOINT IN PRESSURE VESSEL 

F IG. 6.43. Joint studied by Ueda et α/.(538) 
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TABLE 6.5 Test conditions of the experiment reported 
in the paper by Veda et al.(538) 

(a) Chemical compositions of base and weld metals (%) 

Base 

Weld 

C 

0.09 

0.07 

Si Mn P S 

0.29 0.46 0.04 0.013 

0.42 0.78 0.012 0.012 

Cr Mo 

2.38 1.03 

2.28 1.06 

(b) Welding conditions 

Current 

600A 

Voltage Velocity Heat-input 

35 V 28cm/min 45,000 J/cm 

Preheating 
temperature 

200 °C 

ANALYSIS (IN ELEMENT) 

o. DISTRIBUTION ON THE SURFACE (Along the x-axis) 

(Kg/mm2) 

ANALYSIS 
(IN ELEMENT) 

AT X«Omm 

-50 -30 -10 O 

b. DISTRIBUTION ALONG THE Y-AXIS 

FIG. 6.44. Transient stresses in the longitudinal directions. 
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taneously, the angular distortion can be prevented. The plate 300 mm (12 in.) thick 
was welded with 83 passes on each side of the groove. 

The base metal used was ASTM A336 GF 22 and the wire used for welding was 
US 521 x G80. The chemical compositions are given in Table 6.5(a). Table 6.5(b) 
gives the welding conditions. 

Figure 6.44(a) shows the transient longitudinal stresses (in the x-direction) on the 
specimen surface when it is heated to a peak temperature 200°C *(392°F) during the 
intermediate processes of multilayer welding. Figure 6.44(b) shows the transient longi-
tudinal stresses distributed in the thickness direction (y). The highest stress always 
appears just below the surface of the last layers. 

Figure 6.45(a) shows longitudinal residual stresses on the surface, the highest stress 
being produced approximately 20 mm (0.8 in.) away from the toe of the final bead. 
Figure 6.45(b) shows longitudinal residual stresses induced along the y-axis. 

As seen in Fig. 6.45, the highest longitudinal stress appears several layers below the 
bead surface where stress is positive but small. Judging from the residual stress distri-
bution, delayed cracking would initiate below the finishing bead and propagate to the 
surface. The residual stresses obtained in the analysis were compared with those observed 

ANALYSIS (IN ELEMENT) 
ANALYSIS (EXTRAPOLATED) 

o EXPERIMENT 

a. DISTRIBUTION ON THE SURFACE (Along the x-axis) 

M-I SPECIMEN 

-ANALYSISdN ELEMENT) 
ANALYSIS (EXTRAPOLATED) 
EXPERIMENT 

-50 -30 -10 0 

AT X = Omm 

- 4 0 -20 0 

AT X = 40mm 

- 3 0 -10 0 

AT X = 60mm 

b. DISTRIBUTION ALONG THE Y-AXIS 

FIG. 6.45. Residual stresses in the longitudinal direction. 
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in the experiment in both Figs. 6.45(a) and (b), and the results were in close agreement. 
This would seem to indicate that the analysis is reliable enough to furnish information 
that cannot be obtained through experimentation. 

6.8 Effects of Welding Sequence 

When welding a long butt joint or a patch joint, various types of welding sequences 
are used in order to reduce residual stress and distortion. Figures 6.46(a), (b), (c), and (d) 
show backstep, block, built-up, and cascade sequences. The selection of a proper welding 
sequence is an important practical problem, especially when welding high restraint 
joints such as patch joints. 

Investigators including Jonassen et al.{62S) Weck,(629) Kihara et al.
(602'603) and 

Watanabe and Satoh(442) have studied how welding sequence affects residual stress 
build-up. 

Kihara et α/.<602»603) investigated how welding sequence affects residual stress and 
shrinkage in slit-type welds (see Fig. 6.5) and circular-patch welds. Welding sequences 
were classified as follows: 

1. Multilayer. The first layer is completed along the entire weld length (there may be 
various ways of achieving this including straight forward, backstep, skip, etc.); 
then the second layer is welded and so on. 

2. Block welding. A given length (or "block") of the joint is welded completely, 
then the next block is welded, and so on. 

This experiment also investigated such fundamental problems as the effect of specimen 
constraint on residual stress when the degree of constraint is changed by changing 
the slit length. 

b. BLOCK SEQUENCE 

C. BUILT-UP SEQUENCE 

d. CASCADE SEQUENCE 

FIG. 6.46. Some welding sequences. 
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σχ SPEC. NO. 2-1 

PLATE 
END 

SPEC. NO. 2 -3 

( a ) Spec. No. 2 - 1 , welded by one block ( b) Spec. No. 2 - 3 , welded by one block 

STRESS 30 

K«/mm* / 

SPEC. NO. 3 -2 SPEC. NO. 1-4 

400 6 0 0 mm 

( c ) Spec. No. 3 - 2 , partially welded by one block ( d ) Spec. No. 1 - 4 , welded by two blocks (block sequence) 

SPEC. NO. 4-1 SPEC. NO. 4 -5 

PLATE 
END 

( e ) Spec. No. 4 - 1 , welded by three blocks 
(complete multilayer sequence) 

( f ) Spec. No. 4 - 5 , welded by three blocks 
(multilayer sequence otter adopting block sequence ) 

FIG. 6.48. Distributions of residual stress along weld line (split-type specimens) (Kihara, 
Masubuchi et ai). 
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FIG. 6.49. Schematic explanation of complicated stress distribution on welded bead. 

Detailed measurements of the residual stress were taken on the weld line of the 
specimens using an electrical resistance wire strain meter. The change of strain produced 
by cutting a 35-mm-wide (1.4 in.) strip from the specimen was measured. In some of the 
specimens Gunnert's extensometer was used. Both the strain changes due to cutting-out 
and the residual stress distribution obtained from them are shown in Figs. 6.47 and 6.48 
respectively. The results using Gunnert's extensometer are shown in Fig. 6.49. From 
this data the following observations can be made: 

The distribution of residual stress in those specimens welded with one block over the 
total slit length are shown in Figs. 6.48(a) and (b). They have a tendency analogous to 
the test results in Fig. 6.8. But in a specimen in which one bead was put on the mid-part 
of the slit, the residual stress distribution became as shown in Fig. 6.48(c). This varies 
from Figs. 6.48(a) and (b) in that Fig. 6.48 large compressive stress is produced in the 
longitudinal direction in the base metal. This is probably because residual stress in such a 
specimen is affected more by transverse shrinkage than by longitudinal shrinkage. 

Figures 6.48(d), (e), and (f) show the results of tests made on specimens welded with 
two and three blocks. Both the longitudinal and transverse stress are tensile in the weld 
and compressive in the base metal; this is analogous to those results obtained when 
specimens were welded with one block, but the measured values on the weld line are so 
scattered that it is difficult to draw a smooth curve. The scattering can be seen in the 
specimen welded using the block method as well as the complete multi-layer method. 
Thus complicated distribution of residual stress is probably formed during welding by 
the superposition of the residual stress (see Figs. 6.48(a) or (b)) produced by the weld of 
each bead. Figure 6.49 shows the formation of this complicated stress distribution 
schematically. According to test results slit-type and circular-patch-welded specimens 
have an uneven residual stress distribution that is probably produced at each electrode 
exchange point. This seems to be one of the major reasons why we can draw no decisive 
conclusions about the relation between welding sequence and residual stress. 

On the basis of experimental results obtained so far, one can summarize as follows: 
1. As far as residual stresses along the weld are concerned, the effect of welding 

sequence was minor; high tensile longitudinal stresses were found in all welds 
tested. 

2. Differences in welding sequence caused considerable differences in transverse 
shrinkage, in the amount of total strain energy produced in restrained joints, and 
in the amount of reaction stress in the inner plates of circular-patch welds. Block 
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welding sequences generally produced less shrinkage, less strain energy, and less 
reaction stress than multilayer sequences. Shrinkage is also discussed in Chapter 7. 
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CHAPTER 7 

Distortion in Weldments 

RESIDUAL stresses, discussed in Chapter 6, and distortion, discussed in this chapter, are 
closely related phenomena. During heating and cooling in the welding cycle, thermal 
strains occur in the weld metal and base-metal regions near the weld. The strains pro-
duced during heating are accompanied by plastic upsetting. The stresses resulting from 
these strains combine and react to produce internal forces that cause bending, buckling, 
and rotation. It is these displacements that are called distortion. 

This chapter presents the present state of weld-distortion analysis. As in Chapter 6, 
discussions emphasize fundamentals: How do the various weld-distortion mechanisms 
work? What factors affect weld distortion and how do we analyze their effects? 

The formulas, tables, and figures presented in this chapter have been collected from 
many sources. Different investigators often use different notations for the same or 
similar terms, resulting in a certain amount of confusion. Some of the data given in this 
chapter will therefore be in metric units and some in English units. 

7.1 Fundamental Types of Distortion 

Three fundamental dimensional changes that occur during the welding process cause 
distortion in fabricated structures: 

1. Transverse shrinkage perpendicular to the weld line. 
2. Longitudinal shrinkage parallel to the weld line. 
3. Angular distortion (rotation around the weld line). 

These dimensional changes are shown in Fig. 7.1 and are classified by their appearance as 
follows: 

(a) Transverse shrinkage. Shrinkage perpendicular to the weld line. 
(b) Angular change (transverse distortion). A non-uniform thermal distribution in 

the thickness direction causes distortion (angular change) close to the weld line. 
(c) Rotational distortion. Angular distortion in the plane of the plate due to thermal 

expansion. 
(d) Longitudinal shrinkage. Shrinkage in the direction of the weld line. 
(e) Longitudinal bending distortion. Distortion in a plane through the weld line and 

perpendicular to the plate. 
(f) Buckling distortion. Thermal compressive stresses cause instability when the 

plates are thin. 

235 
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(a) TRANSVERSE SHRINKAGE (b) ANGULAR CHANGE 
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(c) ROTATIONAL DISTORTION (d) LONGITUDINAL SHRINKAGE 

( · ) LONGITUDINAL BENDING (f) BUCKLING DISTORTION 
DISTORTION 

FIG. 7.1. Various types of weld distortion. 

7.2 General Introduction to Weld Distortion 

7.2.1 Three approaches to solving the distortion problem 

There are three approaches to solving the problem of weld distortion (see Fig. 7.2): 
1. The development of welding processes and fabrication procedures that minimize 

distortion. 
2. The establishment of rational standards for acceptable distortion limits. 
3. The development of proper techniques for removing distortion after it has occurred. 

A proper combination of these approaches would be most effective in controlling weld 
distortion. 

Minimizing distortion. The first approach is to minimize the distortion. It is much 
easier in the long run to build the structure without distortion than to reduce distortion 
later. If shrinkage and distortion of individual welds are reduced, the distortion resulting 
after fabrication of the entire complex welded structure is also reduced. A welding 
process that will reduce and that can be used in structure fabrication is needed. If there 
were a welding process available that would produce no shrinkage or distortion 
whatsoever, our problems would be solved. 
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SOLVE DISTORTION Γ" 
PROBLEMS 

(1) Minimize 
distortion 

Develop welding 
processes that 
produce less 
distortion 

Develop better means 
I—| of analyzing and 

controlling 
distortion 

(2) Establish 
rational standards 
for acceptable 
distortion 

(3) Develop better 
means for removing 
distortion 

FIG. 7.2. Various approaches to solving distortion problems. 

Presently, however, there is no process that completely eliminates distortion. Many 
factors within the welding procedure contribute to the distortion of a large, complex 
structure. These include the welding sequence, the degree of restraint, the welding 
conditions, the joint details, and the preheat and interpass temperatures. We must 
determine how these factors contribute to distortion before we can begin to analyze 
them systematically. These factors and the present state-of-the-art of their analysis is 
the subject of this chapter. 

Rational standards for acceptable distortion. Because some distortion is inevitable, 
establishing standards that will define the acceptable distortion limits is an important 
technical problem. These standards should take into account: 

1. The reliability of the structure. 
2. The economic value of the structure. 
3. The fabrication cost. 

Such standards should be both rational and practical when they establish what distor-
tion is acceptable and what distortion is not. They must insure the reliability of the 
structure, but must not require costly reworking unnecessary to the structure's reliability. 

Removing distortion after it has occurred. Although post-weld straightening should 
be kept to a minimum, especially with heat-treated materials, distortion that exceeds 
the acceptable limits does occur. This distortion often occurs during fabrication, but can 
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also occur during service, by overload or collision, for example. When this happens, 
the distortion must be removed economically and with a minimum amount of damage 
to the structure. 

Many techniques have been used in distortion-removal. The flame-heating of the 
plate at selected spots or along certain lines followed by cooling it with water is the most 
commonly used technique. Sometimes plates are hammered while they are being heated. 
This technique requires great intuitive skill on the part of the workman, however; 
very little scientific information, either analytical or experimental, is available on the 
material degradation and the mechanisms of distortion-removal that are operative when 
this treatment is used. 

As stated above, this chapter is primarily concerned with analytical methods of predict-
ing and controlling distortion, and presents background information and pertinent 
data upon which analytical systems can be built. 

7.2.2 Books and reviews available 

Several reviews and books have been written on distortion in weldments and welded 
structures. 

Spraragen and his associates of the Welding Research Council prepared a series of 
comprehensive reviews on distortion and shrinkage that appeared in 1937, 1944, and 
1950.(502"504) Two reports from the Redstone Scientific Information Center, U.S. Army 
Missile Command, RSIC-410 [1965] and RSIC-820 [1968], contain information 
pertinent to distortion in welded structures/301,512) Welding Research Council Bulletins 
149 and 174, published in 1970 and 1972, are the latest reviews about weld 
distortion/303·501) 

In 1968 the Welding Institute (England) published a book entitled Control of 
Distortion in Welded Fabrication, a. revision of a book orginally published in 
1957(701,702) 

Four books on distortion and residual stresses have been published in 
Japan.(505'507'703) One of these, published in English in 1959 by the Society of Naval 
Architects of Japan, systematically covers the studies done in Japan.(506)t The book 
published in 1965 by Watanabe and Satoh also is quite comprehensive.(507) 

In the Soviet Union several books have been written on distortion.*508·509,705-707* 
One of these, written by Okerblom, has been translated into English.(508) 

Battelle Memorial Institute issued an extensive handbook on weld distortion.(708) 

It contains tables and figures on weld distortion and a bibliography containing 660 
references published in various countries. The handbook, however, is not published. 

7.2.3 Methodologies for analyzing weldment distortion 

As already discussed in Sections 3.3 and 6.1, there are several ways to analyze residual 
stresses and distortion (see Figs. 3.13 and 6.1). 

The orthodox method is analytical simulation. This approach makes it possible to 
study not only distortion after welding is completed, but also transient metal movement 
as well. This is its great advantage. It is important to follow the metal movement, because 
distortion during welding and distortion after welding is completed are quite different. 

Reference (704) includes many formulas on weld distortion. 
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For example, Fig. 5.25 shows change of deflection during welding along the longitudinal 
edge of a rectangular plate. Distortion during welding is opposite to the distortion after 
welding is completed. 

But analytical simulation is much too complex a method to be useful in very many 
situations. Computer programs are required to calculate the transient distortion, 
even in common, simple cases, such as a weld along the edge of a rectangular plate. 
The determination of the incompatible strains produced during welding in regions 
near the weld is the step that makes the analysis so complex. 

If one is concerned only with the distortion that remains after the welding is completed, 
analytical simulation is unnecessary; the distortion is treated as an elastic stress 
field containing incompatible strains. The mathematics involved in this are relatively 
simple, making this approach useful in analyzing actual practical joints. Several investi-
gators, including Masubuchi,(301,303,501,512) have used this method to analyze weld 
distortion in various practical joints. Masubuchi(314,323) has proposed a study of weld 
distortion using an aerodynamic-theory approach (see Section 3.2.5). 

The following section describes some of these analytical methods using examples 
from actual studies. 

Analytical determination of the degree of restraint. Kihara and Masubuchi(323,603) 

developed a concept to analytically determine the degree of restraint in a slit weld joint 
(see Fig. 7.3). Welds similar to this type are frequently used in repair operations. In a 
slit weld, the transverse shrinkage is restrained by the bare metal surrounding the weld. 

5Γ Slit y- Weld 

t * rimfriMiii i 

V L — — A 

a. Slit-Type Specimen 

^ m „ 
X, 0 K2 

b. Assumed Stress Distribution 

Displacement [v] 

c. Displacement Transverse 

FIG. 7.3. Analysis of degree of restraint, fcs, of a slit-type weld. 
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In a slit joint, the degree of restraint, fcs, when welding is done between x = xt and x2 

(slit length L; weld length / = xt to x2), is defined by the following equation * 

ks = (n/2)(E/L)(l/L)(l/F\ (7.1) 

where F= ]T 1/nf sinö-sinnödö 
n=l V Jfli 

x t = ( 1 / 2 ) 0 0 8 0 ^ 

x2 = (L/2)cos02. 

Table 7.1 shows how eqn. (7.1) is derived. 

TABLE 7.1 Analytical determination of degree of restraint, k5 

When normal stresses ay0 (x) are applied along both edges of a straight slit (length L) in an infinite plate, 
both edges move closer together. The relationship between the stress applied, ayQi and the closing of the slit, or 
dislocation, [i>] is as follows (see Table 3.5): 

<τ,ο = (Ε/4π)Γ/2 -±-p(d[vydx)x.àx'. 
J-L/2X X 

(1) 

The above equation is satisfied when [u] and oyQ are expressed as follows: 
oo oo „·_ nf\ 

Η - . Σ Λ . sinne, ay0 = (EI2L)^nA^. (2) 

When uniform stress σ0 is applied along the slit from x = xx to x2, or 0 = θί to 02 

» sin nö (^^<e<e2 Ί 
ay0 = ( £ / 2 L ) X ^ n = = ^ O,O<0<01,and>. (3) 

n=1 l 02<0<π ) 
Coefficient An is determined as follows : 

(E/2L)nAn = (2/π)σ0 j * sin 0 · sin ηθ · do, (4) 

consequently, dislocation, [u], is expressed: 

Μ = (4Ι^ο/π£)|;(Ρ»8Ϊηη0 (5) 

where 

P„ = j 2sin0-sinn0-d0. 

The average value of [V) from xx to x2, [v] I is: 

(6) 

where 

Then 

F= £P„2/n = Σ 1/nf f2sin0sinn0d0Y 

fc « - Î Q - ^ î . l . l . l (7) 
*· [δ]Ι 2 L L F' l " 

* Because X is used to express the stress intensity factor in the fracture mechanics theory, ks is used in this 
chapter to express the degree of restraint. Read Chapter 14 (Section 14.5.2) for further details. 

* There was an error in the definition of F given in Reference (303). The definition given in Reference (323) is 
correct. 
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NOTE: CURVE© WELDING IS PERFORMED AT 
THE CENTER OF JOINT 

CURVE® WELDING IS PERFORMED AT 
THE END OF JOINT 

FIG. 7.4. Values of F as a function of l/L. 
I: weld length, L: slit (or joint) length. 

Figure 7.4 shows the values of F as a function of l/L. Shown here are the values of F 
when the weld is located in the center of the slit (case 1) and when the weld is located 
at one end of the slit (case 2). 

The physical meaning of k5 is as follows: When uniform stress σ0 is applied along the 
part of the slit between x = xx and x2, the relationship between <70_and the mean value of 
dislocation over the portion of the slit where the load is applied, [υ]19 is given by 

c0 = kjv]r (7.2) 

Masubuchi used the parameter ks to study the effect of the degree of restraint on trans-
verse shrinkage of a slit-type weld. Figure 7.5 shows a relationship between fcs values of 

0.8 

0.6 

δ 0.4 h 

0.2 h 
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h 

I 

\ x ^ / L First Second or 
weld third weld 

I o · 

035-0.55 Δ A 
<035 ü ■ 

■ X'· Multilayer welding sequence 

V4 

**Vjfc 
0 ^ « s ^ 

1 ■ ■ ■ ■ 1 ■ · ■ ■ 1 

50 
Degree of Restraint 

100 
kS' kg/mm2/nun 

FIG. 7.5. Relationships between degree of restraint, fcs, and transverse shrinkage in a slit-type 
specimen. 
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FIG. 7.6. Specimen types included in the analysis by Watanabe and Satoh.(709) 

joints and values of transverse shrinkage determined experimentally. Experiments 
were conducted on joints with various slit lengths, L (3 to 4 in.) and weld lengths, 
/ (Z/L = 0.3 to 1.0). Results obtained with a block welding sequence and a multi-layer 
sequence are also plotted. The figure shows that transverse shrinkage decreases as the 
degree of restraint increases. 

Kihara and Masubuchi(603) analyzed the effect of the degree of restraint on the trans-
verse shrinkage of a ring as shown in Fig. 7.6(a).(708) Later, Watanabe and Satoh(709) 

found that results obtained by different investigators using different types of specimens 
can be compared by using the degree of restraint. Figure 7.7 shows a relationship between 

0.8 

0.6 

0 .4 

0 .2 

_L 

Δ Circular Ring Specimen 

o Slit Type Specimen 

• H-type Specimen 

J_ _L 
20 4 0 6 0 8 0 100 120 
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140 

FIG. 7.7. Effect of external constraint on the transverse shrinkage of butt-welded joints 
(Watanabe and Satoh).(709) 
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FIG. 7.8. Distortion of a ring-type specimen due to angular change at the weld. 

Note: Points plotted in the figure are the distortions measured at various locations. Broken 
lines indicate the calculated distortion (angular change φ = 0.058 radian). 

the degree of restraint ks and the ratio between the shrinkage of free welds, st/, and the 
shrinkage of restrained welds, St. Figure 7.6 also shows formulas used to calculate the 
degree of restraint of different specimens. Further discussions of the degree of restraint 
and its significance in weld cracking are presented in Chapter 14. 

Analysis of distortion due to angular change. Kihara and Masubuchi(602) analyzed 
distortion produced in a ring-type specimen by angular change due to butt welding. 
An example of distortion measured by a dial gage is shown in Fig. 7.8. A single-vee-type 
bevel was prepared in the ring-type specimen with a 24-in. (600 mm) outer diameter, 
12-in (300 mm) inner diameter, and | in. (19 mm) plate thickness. The results shown 
here were obtained after one side of the bevel was completely welded. 

The distortion of a ring-type specimen due to angular change can be analyzed as a 
problem of ring-dislocation, as shown in Fig. 3.9. When the angular change at the weld 
is φ, the distortion, <5, of the ring is: 

δ 1 - v 
- = -—ψΗ(ρ,ο) (7.3) 
a οπ 

where 

„, m Γ ΐ ν + ν , Λ + ν λ ΐ - p 2 / λ2 \l-p2} η 4(π-0) . Ί 

r 

a 
a = outer diameter of ring, 
b = inner diameter of ring, 
v = Poisson's ratio of the material. 
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It is evident that the distortion of a circular ring can be calculated when the angular 
change at the weld (φ) is known. As shown in Fig. 7.8 an excellent correlation was 
obtained between the calculated and the measured distortion. 

7.2.4 Development of weld-distortion analysis 

Studies of weld distortion have been conducted since the 1930s. The results of these 
early studies have been summarized in a series of reviews by Spraragen and 
others.*502 ~504) Most of the early studies were empirical. 

Naka(703) was the pioneer in the analytical study of shrinkage. In his work, most of 
which was carried out around 1940, he studied analytically and experimentally how a 
butt weld shrinks. Figure 7.6(b) shows the H-type constrained joint frequently used by 
Naka. To avoid mathematical complication, the analysis was kept one-dimensional, 
neglecting the change of shrinkage in the welding direction. 

Okerblom(508) also conducted extensive research on weld distortion. 
During the 1950s several Japanese investigators, including Kihara, Watanabe, 

Masubuchi, and Satoh, carried out extensive study programs on residual stresses and 
distortion. Some of the results of these studies as they relate to residual stress are presented 
in Chapter 6. They concentrated on stress and distortion in practical joints. In order to 
analyze their experimental data, they frequently used an analysis based on the incompati-
bility concept. A number of empirical formulas on various types of distortion were 
developed, and one system of formulas developed by Watanabe and Satoh(709) is 
presented here. 

Most of the efforts during this period, however, concentrated on the distortion 
remaining after the welding is completed. Most of the experiments were on weldments 
in low-carbon steel made using covered electrodes. 

In the 1970s and with the accessibility of modern computers, interest in analytical 
simulation has been renewed. The analysis of thermal stress was the focus of the first 
computer-simulation projects (see Chapter 5). Since then, the emphasis has been on 
transient metal movement. 

7.2.5 W atanabe-SatoH s distortion formulas 

Based on their extensive experimental and analytical studies, Watanabe and Satoh(709) 

have developed formulas for various types of distortion (see Table 7.2 and Fig. 7.9). 
Table 7.2 includes formulas for 

1. Transverse shrinkage in bead-on-plate and butt welds. 
2. Angular changes in bead-on-plate, fillet, and butt welds. 

The formulas cover the effects of various factors, including: 
1. Arc characteristics', welding current I (amperes); arc voltage, v (volts); heat 

efficiency of the welding arc, n; welding speed, v (cm/sec). 
2. Joint characteristics: the cross-sectional area of the weld groove, A (cm2), and 

the weight of the deposited metal per unit weld length, W (g/cm). 
3. Electrode characteristics: The melted weight of the wire per unit current and 

time (g/amp/sec); the deposition efficiency of the electrode, μ, and the electrode 
diameter, φ (mm). 
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;B· 

[ξ] -- -γ [(AA*+ DD*) ♦ (BB*+ CCf)] 

[8] =-jj ^[(AA'+OO'i-tBB'+œ')] 

FIG. 7.9. Definition of inherent shrinkage. 

In Watanabe and Satoh's analysis, values called the "inherent shrinkage", (£), and 
the "inherent angular change", (<5), are used. It is assumed that the inherent strains 
that result in shrinkage distortion exist in a region of breadth, b, near the weld (see 
Fig. 7.9). When a small element, bh-dx (h = plate thickness), is cut from the weld, the 
element will contract and bend; the original form ABCD will change to ÄB'CD'. 
The components of the inherent distortion are as follows: 

{ξ} = \/2{(AA' + DD') + (BBf + CC% 
{δ} = \/h \/2{{AA' + DD') - [ΒΒ' + CC)}. 

(7.4) 

7.3 Existing Allowable-Distortion Standards 

The various industrial and military codes and specifications that cover welding 
fabrication provide standards for allowable distortion, most of which seem to be based 
upon experience obtained over years of working with steels, especially low-carbon 
steel. It appears that, with the exception of those used by the Navy, the same standards of 
allowable distortion that are used for structural steel are also used for aluminum. 
This section is an outline of the existing distortion standards. 

7.3.1 Navy specification for ship hulls 

Several U.S. Navy specifications contain allowances for shrinkage and unfairness in 
welded plating. These specifications include: 

NAVSHIPS 0900-0060-4010. "Fabrication, Welding and Inspection of Metal 
Boat and Craft Hulls", 21 January 1971, Naval Ship Systems Command. 

NAVSHIPS 0900-000-1000. "Fabrication, Welding, and Inspection of Ship Hulls", 
1 October 1968, Naval Ship Systems Command. 

NAVSHIPS 0900-014-5010. "Fabrication, Welding, and Inspection of Non 
Combatant Ship Hulls", December 1966, Naval Ship Engineering Center. 



TABLE 7.2 Inherent shrinkage and inherent angular change in various welded joints1 

Joints 

Bead-on 
plate 

Tee-fillet 
joint 

Butt 

Notations 

Type of functions 

Inherent shrinkage 

E H ! ) ! 

Inherent angular change 

@oc(Ô/r 3 / 2 r + 1 exp( -nO/r 3 / 2 ) 

Inherent angular change 
one pass: 

\δ] oc (ρ /Τ 3 / 2 Γ + 1 exp( - nQh-3'2) 

multi pass: 

0 o c N(Q/T3/2)m + I e x p ( - nQh'312) 

0 oc/Vß/T3/2 (when Λ^ 1cm) 

Inherent shrinkage 

0-EIo«(f)2"i°g,/v 

where ΠΓΠ0 is inherent shrinkage 

due to welding of first pass 

Inherent angular change 

a-çîH-^-tën 
- ε χ ρ ( - η ρ / Γ 3 / 2 ) 

/ : (Welding current in A) 
v : (Welding speed in cm/s) 

W : (Weight of deposited metal per ur 
weld length in gr/cm) = 7.8 (A + / 

A : (Sectional area of groove of butt 
joint in cm2) 

A' : (Sectional area of groove due to 
back chipping in cm2) 

w0 : (Weight of deposited metal per ur 
length per welding of each pass in 

Conventional formulas 

E ] = c ( ^ ) 2 

m c ( ' 
\m+ 1 

®~c\hjÄ) 

eA-c>iaè} -,2) 

e x p H f c y } -(3) 

e x p { - C 2 (^)} -,4) 

\S\ =CWh-3/2(whcnh> 1cm)...(5) 

E-c-(phO 
+ C2(£)"2 ...(6) 

0 = c-(p) 2 e x p j - C 2 / T 3 / 2 | 

(0'4}-exp(-C2A-3'2)]...(7) 

Physical meaning 
of constants 

c-{&f 

r ( nv V·5 
L 1°c^°-2 5

y) 

C 2 0 C ^ 3 

m= 1.5 

Ditto 

<<%){&) 

C-(£)(P) 
2 y] μα \J v 

w0 = μαΐ/ν 

l / nvi Y'3 

/i : (Thickness of plate in cm) 
WA : (Weight of metal deposited in 

lit backing pass in gr/cm) 
4') V : (Arc voltage in V) 

η : (Heat efficiency of welding arc) 
μ : (Deposition efficiency of rod) 
a : (Melted weight of rod per unit 

current and unit time in gr/A.sec) 
lit weld φ : (Diameter of rod in mm) 
gr/cm) 



Examples of conventional formulas 

Ilumenite type 4 mm φ [|7] = 0.153 x 10 6 ( —— j in cm 

Unionmelt rod 4 mm φ 0=O.O24Ox 10_6(-—=j incm 

Ilumenite type 4 mmφ 0=0.131 x 10_6( —^—) expf-10.0 x 10"3—— )in radian 

6mm(f» 0 = 0.105 x 10-6(—^=V expf-9.14 x 10" 3 -4=) in radian 

8mm(i> ϊδ\ = 0.0654 x 1 0 " 6 ( — ^ V expf - 7.56 x 10"3—W) in radian 

Unionmelt rod 4 mm φ 0 = 0.0448 x lO"6)—^=) expf-5.92 x 10 " 3 — ^ = | in radian ^ V/yW *A hJVh) 

Ilumenite type 4 mm </> one pass 

0 = 0.0885 x \0'6(-^=] ' expf-6.00 x lO" 3 —^)in radian 

Ilumenite type 4 mm φ multi-pass 

\S\ = 10.5 x 10"3 Wh~3'2 in radian 

2 

incm 

2 

incm 

2 

incm 

Ilumenite type 3.2 mm φ \Q = 0.0960 ^ j l o g / ^ ) + 0.0416 ( ^ Y' 

4mmtf> 0 = 0.1021 ̂ l o g e ^ + 0.0584 ^ Υ ' ' 

5 mmφ [ζ] = 0.1530 (fylogegj + 0.0745 (£Y 

βτητηφ [ζ] = 0.12249 ^ W ( ^ + 0.069θ(^Υ/2ΐη cm 

Ilumenite type 4 mm ψ 0 = 0.221 (^[~2exp j - 2.74/T 3/2 (-j^Y'* j - exp { - 2.74/T3/2} 1 

6mmtf> 0 = 0.221 ̂ ^ e x p j -4 .34A- 3 / 2 ^Y / 4 | - exp{ -4 .34 / ζ" 3 / 2 }Ί 

Ζτηπιφ \S\ = 0A6*(£\[exp j - 4 . 7 0 Α " 3 / 2 ^ Υ / 4 | - exp{-4.70Ä"3/2}1 

(Note) 
In this table the magnitudes of Cl and C2 in eqns. (6) and (7) corresponding to the following welding condi-

tions are shown. 

lize of electrode 
(mm) 

3.2 
4 
5 
6 
8 

Current 
(A) 
120 
150 
210 
260 
340 

Welding Speed 
(cm/s). 

0.3 
0.3 
0.3 
0.3 
0.3 
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BUTT WELDS 

TRANSVERSE 

LONGITUDINAL 

OVER 1/2 INCH THICK 
3/8 TO 1/2 INCH THICK 
1/4 TO 3/8 INCH THICK 
1/4 INCH THICK AND LESS 

1/16 TO 3/32 INCH FOR ALL 
THICKNESSES 

1/32 INCH IN 10 FEET 
1/32 TO 1/16 INCH IN 10 FEET 
1/32 TO 3/32 INCH IN 10 FEET 
1/16 TO 1/8 IN 10 FEET 

PLATE THICKNESS 

4=±=4, 
-DESIGN LENGTH-

-DESIGN LENGTH AND TUCKING ALLOWANCE-

FILLET WELDS 

TUCKING ALLOWANCE 
T-OVER 1/2 INCH THICK 

3/8 TO 1/2 INCH THICK 
1/4 TO 3/8 INCH THICK 
1/4 INCH THICK AND LESS 

NO ALLOWANCE 
1/64 INCH PER STIFFENER 
1/32 INCH PER STIFFENER 
1/16 INCH PER STIFFENER 

FIG. 7.10. Shrinkage allowances (For guidance only) for ship hulls for the Navy from 
NAVSHIPS 0900-060-4010). 

Shrinkage allowances. General allowances for shrinkage for mild steel are given in 
Fig. 7.10. These values are for general guidance only and depend upon such factors as 
fixturing, joint restraint, welding process, sequence of welding, heat inputs, size of welds, 
etc. 

Unfairness of welded plating. Figures 7.11 through 7.14 show the unfairness permitted 
in welded structures, as specified in NAVSHIPS 0900-060-4010. Figures 7.11 and 7.12 
show the unfairness permitted in steel structures, while Figs. 7.13 and 7.14 show the un-
fairness permitted in aluminum structures. 

The Navy unfairness standard was modified in 1968. Figure 7.15 had been used up to 
that time. Figure 7.15 comes from NAVSHIPS 0900-014-5010. 

Unless otherwise specified, deviations from the molded form (surface ships) shall 
not exceed the following limits: 

+ \ in. from the vertical longitudinal center plane, 
± 1 in. in 100 ft of length, 
+ 1 in. of beam, 
± \ in. vertically from the base line. 

The tolerances shown in Fig. 7.15 are given for three cases: 
1. To be used on living quarters and longitudinal bulkhead plating; in other bulk-

heads an unfairness of 1 in. width will be permitted. 
2. To be used on deck plating. 
3. To be used on shell plating. 
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APPLICABILITY OF 
TOLERANCES 
a. Figures 7.11 and 7.13 are ap-
plicable in the following areas 
except where Figures 7.10 and 
7.12 govern. 

(1) Structural bulkheads form-
ing a boundary of a living space 
(stateroom, office, berthing, mes-
sing, or lounge area) and passage-
ways contiguous to such spaces. 

(2) Decks within the hull and 
superstructure in way of the above 
living spaces. 

(3) Decks exposed to the 
weather. 

(4) Tank and main transverse 
bulkheads. 

(5) Inner-bottom plate longi-
tudinals 

PLATE THICKNESS (inches) 

FIG. 7.11. Permissible unfairness in steel welded structures specified by the Navy (from 
NAVSHIPS 0900-060-4010). 
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b. Figures 7.12 and 7.14 are ap-
plicable as follows : 

(1) Entire shell. 
(2) Uppermost strength deck 
(3) Longitudinal strength struc-

ture within the mid 3/5 length 
which includes inner-bottom tank 
top and the deck next below the 
uppermost strength deck if conti-
nuous above machinery spaces. 

(4) In transversely framed 
boats, the permissible unfairness 
for structure noted in a(l), a(2), and 
a(3) above is reduced by 1/8 inch. 

(5) Bulwarks and exterior 
superstructure bulkheads. 

FIG. 7.12. Permissible unfairness in steel welded structures specified by the Navy (from 
NAVSHIPS 0900-060-4010). 
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FIG. 7.13. Permissible unfairness in aluminum welded structures specified by the Navy (from 
NAVSHIPS 0900-060-4010). 
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FIG. 7.14. Permissible unfairness in aluminum welded structures specified by the Navy 
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A TO BE USED ON LIVING QUARTERS ANO LONGITUDINAL 
BULKHEAD PLATING IN OTHER BULKHEADS UNFAIRNESS 
OF \" PER PANEL WIDTH WILL BE PERMITTED. 

B TO BE USED ON DECK PLATING. 

C TO BE USED ON SHELL PLATING. 

(IN APPLYING THE ABOVE TOLERANCES, THE UNFAIRNESS OF THE PLATING 
SHALL BE MEASURED ACROSS THE MINOR DIMENSION OF THE PANEL) 

FIG. 7.15. Tolerances for unfairness of welded structures, old specifications (from NAVSHIPS 
0900-014-5010). 

In each case, the tolerances are given as functions of the plate thickness and the stiffener 
spacing. If the plate thickness is £ in. and the stiffener spacing 24 in., for example, the 
values of the permissible unfairness would be: 

3^ in. for case 1, 
£ in. for case 2, 
γξ in. for case 3. 

More recently, this Navy unfairness standard has been relaxed somewhat (see Section 
7.7.4 and Fig. 7.47). 

7.3.2 Allowable distortion in commercial ship hulls 

The Research Committee on Steel Shipbuilding of the Society of Naval Architects of 
Japan has developed the Japanese Shipbuilding Quality Standard (JSQS).(710) The 



TABLE 7.3 Dimensional tolerances spcified by code for welding in building construction (AWS 
D 1.0-69) and specifications for welded highway and railway bridges (AWS D2.0-69) 

The dimensions of welded structural members shall be within the tolerances of the general specifications 
governing the work and also within the following special tolerances : 

1. Deviation from straightness of welded columns : 
Lengths of 45 ft and under : 

, . No. of ft of total length 
I l n . x _ * _ 

but not over f in. 
Lengths over 45 ft: 

, . , . No. of ft total length—45 in + £ in. x 6 

10 

Deviation from straightness of welded beam or girders where there is no specified camber or sweep : 

, . No. of ft of total length i i n . x _ ! _ 

Deviation from specified camber of welded beams or girders: 

, , , . - . No. of ft of total length 
± 1/32 in. x JO ~ 

or ± | in., whichever is greater. 

Lateral deviation between centerline of web and centerline of flange of built-up H or I members at 
contact surface : 

5. Deviation from flatness of girder webs in the length between stiffeners or in a length equal to depth of 
girder : 

Intermediate stiffeners on both sides of web: 

Web thickness not less than 1 /150 of its depth 
- 1/150 of total web depth 

Web thickness less than 1 /150 of its depth 
- 1/120 of total web depth 

Intermediate stiffeners on only one side of web: 

Web thickness not less than 1/100 of its depth 
- 1 /150 of total web depth 

Web thickness less than 1/100 of its depth 
- 1/100 of total web depth 

No intermediate stiffeners: 

- 1/150 of total web depth 

6. Combined warpage and tilt of flange of welded beams or girders shall be determined by measuring the 
offset at toe of flange from a line normal to the plane of the web through the intersection of the centerline 
of web with the outside surface of the flange plate. This offset shall not exceed 1 /200 of total width of 
flange or | in., whichever is greater. 

7. Out of flatness of seats or bases: 
To be set on grout : — | in. max. 
To be set on steel, hard masonry, canvas or lead : 

- 1/100 in. max. 

8. The maximum deviation from specified depth for welded built-up beams and girders, measured at the 
web centerline, shall be as follows: 

For depths up to 36 in., incl. ± | in. 
For depths over 36 in. to 72 in., incl. ± ~ in. 
For depths over 72 in. + -^ in. 

-Te'm-
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JSQS includes dimensional tolerances for welded structures. The report of Committee 
III.3 "Fabrication Factors Affecting Structural Capability of Ships and Other Marine 
Structures" of the International Ship Structures Congress includes the results of a survey 
of dimensional tolerances/7 n ) 

7.3.3 Buildings and highway and railway bridges 

Table 7.3 gives the dimensional tolerances specified by the Code for Welding in 
Building Construction of the American Welding Society (AWS Dl.0-69). The identical 
dimensional tolerances are included in the Specifications for Welded Highway and 
Railway Bridges of the AWS (AWS D2.0-69). 

These codes and specification are to be used primarily for the design and construction 
of steel structures. The same dimensional tolerances appear to be used when aluminum 
alloys are used for buildings and highway bridges. 

7.3.4 Pressure vessels 

The ASME Boiler and Pressure Vessel Code is widely used in the design and fabrica-
tion of pressure vessels. Permissible out-of-roundness of cylindrical shells is given in 
Section VIII—Division 1, UG-80. Although the permissible out-of-roundness speci-
fications given in the section were intended for steel vessels, they are commonly used 
in the design and fabrication of aluminum pressure vessels. 

7.4 Transverse Shrinkage of Butt Welds 

Figure 7.1(a) shows the typical transverse shrinkage in a simple butt weld. The 
shrinkage is shown to be uniform along the weld. But this is not usually the case in butt 
welds, especially when they are long. Actual structures usually exhibit a complex trans-
verse shrinkage. The major factors that cause this non-uniform transverse shrinkage in 
butt welds are: 

Rotational distortion. When welding is conducted progressively from one end of a 
joint to the other, the unwelded portion of the joint moves, causing a rotational distor-
tion, as shown in Fig. 7.1(c). 

Restraint. The amount of transverse shrinkage that occurs in welds is affected by 
the degree of restraint applied to the weld joint. In Fig. 7.16 the external restraint is 
represented by a system of springs; the degree of restraint is expressed by the rigidity of 
the system of springs, ks. The amount of shrinkage decreases as the degree of restraint, 
ks, increases. In many joints, the degree of restraint is not uniform along the weld. For 
example, in a slit weld, as shown in Fig. 7.16, the degree of restraint varies along the 
length of the slit, being highest at the ends, causing the amount of transverse shrinkage 
to be great near the center of the joint and slight near the ends. 

The rotational distortion is affected by the welding heat input and the location of 
tack welds. The welding sequence has a complex effect on the rotational distortion 
and the distribution of restraint along the weld. 

The following discussion first presents formulas for the transverse shrinkage of butt 
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y////////////////// 
a. Definition of degree of restraint, ks 

Transverse shrinkage j Z>< 
Detail of 

Joint 

b . Slit-Weld Specimen and Typical Distribution of 
Shrinkage 

FIG. 7.16. Transverse shrinkage in a butt weld under restraint. 

welds, and then examines rotational distortion and how restraint affects transverse 
shrinkage. 

7.4.1 Formulas for the transverse shrinkage of butt welds(303'501) 

Many investigators, including Capel,(712) Gilde,(713) Cline,(714) Campus,*715) 

Weck,(629) Gyuot,(716) Spraragen and Ettinger,(504) Malisius,(717> Watanabe and 
Satoh,(709) and Naka,(703) have proposed formulas for the estimation of transverse 
shrinkage of butt welds, which by and large are based on empirical information. Some of 
these formulas are contained in Welding Research Council (WRC) Bulletins 149(303) 

and 174.(501) 

Malisius' formula}502,717) On the basis of an analytical study, Malisius proposed 
the following formula: 

5 i 

where S = axial shrinkage perpendicular to the weld, mm, 

(7.5) 

T,-Tn Aj = linear thermal expansion of the bar from T0 to
 1 ° ( = 0.004) 

T0 = initial temperature of the bar, 
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T1 = temperature above which the material is no longer elastic (Tx > T0), 
λ2 = linear thermal expansion of the weld from T0 to Tx (= 0.0093,) 
2 = cross-section of weld including reinforcement, mm2, 

Sx = average thickness of bars, mm, 
b = average breadth of weld, mm, 

K = a constant depending on the thermal output of the welding process and 
the thermal conductivity, 

K = 43 for arc welding, bare electrodes (S = 1.0 mm), 
K = 45 to 55 for coated electrodes (S = 1.4 mm average), 
K = 64 for atomic-hydrogen welding (S = 1.4 mm), 
K = 75 for oxyacetylene welding (S = 1.7 mm). 

For values of K, figures in the parentheses are shrinkage values in inches if Sl = b = 5 mm 
(0.2 in.) Q = 260 mm2. The factor K is determined by experiment. 

In extending the formula to butt welds in plates, Malisius applied the purely arbitrary 
factor 0.6 to K in order to account for the decrease in heat supply due to the moving 
electrode, and multiplied S by the factor 1.3 to account for the closing effect exerted by 
the section already welded on the still unwelded gap. The formula applied to butt welds 
is thus: 

S = \3{Ç>M1KQ/Sl + X2b). (7.6) 
Spraragen-Ettingers formula. Spraragen and Ettinger examined the shrinkage data 

obtained by several investigators and suggested the following formula: 
S = 0.2Xw/i + 0.05d (7.7) 

where S = transverse shrinkage, in., 
Aw = cross-sectional area of weld, in.,2 

t = thickness of plates, in. 
d = free distance or root opening, in. 

Watanabe-SatoHs formula. Watanabe and Satoh have proposed the formula shown 
in eqn. (6) of Table 7.2. 

CapeFs formulas. Capel(712) measured the transverse shrinkage of butt welds in alu-
minum, stainless steel, and carbon steel. Two plates, 20 in. (508 mm) long, 6 in. (152 mm) 
wide, and \ in. (6.4 mm) thick were welded. The edge preparation was a 60-degree 
V-groove, without a root gap. The aluminum plates were welded using the gas tungsten-
arc process and the stainless steel and carbon steel plates using covered electrodes. 
Capel used a formula originally developed by Gilde(713) and proposed the following: 

A I / 1 x 20.4 x Wx 103 

Δ/ (aluminum) = 

22.7 

17.4 

sxu 

xWx 
sxu 

x Wx 

103 

103 

ΔΖ (stainless steel) = r : 7 7 , (7.8) 

ΔΖ (carbon steel) = 
sxu 
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where Δ/ = transverse shrinkage, mm, 
s = thickness of layer of weld metal, mm, 
u = welding speed, cm/min, 

W = I x V = electric power of welding arc, 
/ = welding current, amperes, 
V = arc voltage, volts. 

Table 7.4 gives the welding data used in Capel's experiments. Considerably higher 
heat inputs were used for welding aluminum. Consequently, actual values of shrinkage 
were considerably greater for aluminum welds than those for stainless steel and carbon 
steel, even though eqn. (7.8) gives the impression that shrinkage in an aluminum weld 
is only slightly greater than that in carbon steel. A comparison between the actual 
measurements and the calculated shrinkage is as follows: 

Aluminum : 

Stainless steel: 

Carbon steel: 

1st layer 
2nd layer 

1st layer 
2nd layer 

1st layer 
2nd layer 

Δ/j measured 
(mm) 

2.2 
1.1 

0.8 
1.6 

0.4 
0.9 

Δ/2 calculated 
(mm) 

2.5 
1.6 

0.8 
1.2 

0.5 
0.7 

The total shrinkage after the two-layer welding was completed was 3.3 mm (0.13 in.) 
for aluminum, but only 1.3 mm (0.051 in.) for carbon steel. 

Clinés data. Cline(714) studied the transverse shrinkage of butt welds in 2219-T87 

TABLE 7.4 Welding data used in CapeFs experiments 

First layer : 
Vx /(watts) 
s (layer thickness, mm) 
u (welding speed, cm min "1 ) 

Final layer : 
Vxl 
s 
u 

Welding conditions : 
Aluminum 

Stainless steel 

Carbon steel 

1st layer: 

2nd layer : 

1st layer: 
2nd layer: 

1st layer: 
2nd layer: 

Aluminum 

4050 
3.6 

9 

4050 
5.6 
9.2 

Stainless 
steel 

2320 
3.4 
19 

2550 
2.6 
18 

filler rod diameter 3 mm; 
electrode diameter ^ in. ; 
gas flow 8 //min. 
filler rod diameter 4 mm; 
electrode diameter ^ in. ; 
gas flow 8 //min. 

electrode diameter 2.5 mm 
electrode diameter 3.25 mm 

electrode diameter 2.5 mm 
electrode diameter 3.25 mm 

Carbon 
steel 

2100 
3.7 
20 

2100 
2.3 
22 
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TABLE 7.5 Transverse weld shrinkage 

Plate 
thickness 

(in.) 

0.250 

0.375 

0.500 

Welding 
speed 
(ipm) 

12 

9 

6 

Arc 
voltage 

(V) 

11.5 

11.8 

12 5 

Welding 
current 
(apm) 

280 

300 

335 

Energy 
input 

(joules/in) 

16,240 

23,600 

41,900 

Avg. trans. 
shrinkage 

(in.) 

0.026 

0.035 

0.046 

Note : Welds were made in flat position. 

aluminum alloy. The plates were 36 in. (914 mm) long with thickness ranging from 
| to \ in. (6.4 to 12.7 mm). Welding was done using the gas-tungsten arc process with 
DCSP single-pass techniques and helium as a shielding gas. 

The average transverse weld shrinkage data obtained and welding process variables 
used are shown in Table 7.5. The shrinkage data was used to develop the following 
formula for calculating transverse shrinkage: 

Δ/ = 0.1 (y/t- 0.230) (7.9) 
where, Δ/ = transverse shrinkage, in., 

t = plate thickness, in. 

The average transverse weld shrinkage is plotted in Fig. 7.17 as a function of plate 
thickness. 

He also found that : 

1. Welding speed does not exert a significant influence on transverse shrinkage 
provided that the weld fusion zones are uniform in size. 

2. The use of chill tooling does not significantly reduce transverse weld shrinkage 
in mechanized butt welds made in aluminum plate. 

7.4.2 The mechanisms of transverse shrinkage in butt welds 

The mechanisms of transverse shrinkage have been studied by several investigators 
including Naka(703) and Matsui.(718) Iwamura(719) also conducted an analytical and 
experimental study of transverse-shrinkage mechanisms in butt welds in aluminum. 
The most important finding of these mathematical analyses was as follows: "The major 
portion of transverse shrinkage of a butt weld is due to contraction of the base plate. 
The base plate expands during welding. When the weld metal solidifies the expanded 
base metal must shrink, and this shrinkage accounts for the major part of transverse 
shrinkage. Shrinkage of the weld metal itself is only about 10 percent of the actual 
shrinkage." 

Figure 7.18 is a schematic presentation that shows the changes of transverse shrinkage 
in a single-pass butt weld in a free joint after welding. Shortly after welding, the heat of 
the weld metal is transmitted into the base metal. This causes the base metal to expand, 
with a consequent contraction of the weld metal. During this period the points of sections 
A and Ä do not move (Fig. 7.18(b)). 

When the weld metal begins to resist the additional thermal deformation of the base 
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SHRINKAGE » 0 . l ( / t ^ 0 . 2 3 ) 
OR 10 PERCENT OF WELD BEAD WIDTH 
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.25 .3 .4 .5 

PLATE THICKNESS (IN.) 

FIG. 7.17. Transverse weld shrinkage as a function of plate thickness in single pass mechanized 
DCSP gas tungsten-arc butt welds of 2219-T87 in thicknesses of .25-.50 in.(712) 

(a) t = 0 

S/2*l U-L/2—J( 

FIG. 7.18. Schematic presentation of a transverse shrinkage of a butt weld in a single pass. 

metal, parts of sections A and A' begin to move in response. This starting time of the 
movement of A and A' is indicated by is. 

The various thermal deformations of both the weld and base metals are defined as 
follows : 

ôs : Thermal expansion of the base metal at t = ts. 
δ : Additional thermal deformation of the base metal caused in A A at t > ts. 

Sw : Thermal contraction of the weld metal at t > ts. 
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0 

=<-s + sw 
s. + s„ 

for 
for 
for 

0 < t < ts, 
t>tt, 
t = 00. 

These deformations can be calculated by the following: 
cm 

<5s = 2 | [a(T)T(is,x)-a(T0)r0]dx, (7.10) 

ÇLI2 

<5 = 2 [a(T)-T(t,x)-a4.T)-T(tt,x),]dx, (7.11) 

Sw = [a(TM)· TM - a(T0)· T0\LW (7.12) 

where a(T) = thermal expansion coefficient, 
T{t, x) = temperature, 

TM = melting temperature, 
T0 = initial and final (room) temperature. 

Using these results, the transverse shrinkage can now be calculated from: 

(7.13) 

Thus we may conclude that the final transverse shrinkage depends on the thermal 
expansion of the base metal at t = ts and the thermal contraction of the weld metal. 

In aluminum welds, studied by Iwamura,(719) for example, the following values are 
used: 

Material: aluminum, 2219-T87. 
Heat input: 16,100 joules/in. (630 joules/mm). 
Plate thickness: 0.25 in. (6.4 mm). 
Root Gap: 0.1 in. (2.5 mm). 
Shrinkage: 0.026 in. (0.7 mm). 

Using a constant thermal expansion coefficient, the thermal contraction of the weld 
metal can be estimated from eqn. (7.12): 

Sw = 0.1 x 17 x 10"6 x (1220 - 70) = 0.002 in. 

This means that Sw is less than 8% of the total shrinkage. Therefore, the thermal 
expansion of the base metal caused at t = ts is the most important factor in the final 
shrinkage of a single-pass butt weld in a free joint. 

Effect of plate thickness. Matsui(718) studied analytically and experimentally 
how the plate thickness affects the transverse shrinkage in a butt weld. On the basis of 
mathematical analysis, the approximate transverse shrinkage can be expressed using 
an error function: 

1. for a thin plate 

S = (QlcphW{ßs\ (7.14) 
2. for a thick plate 

S = (Q/cplnXtM 1 + 2 f) e"«"»2'*** 1 exf(ßt) (7.15) 
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where ßs = L/4nXts, 
Q = heat input, 
c = specific heat, 
p = density, 
λ = thermal diffusivity, 
h = plate thickness. 

The following were assumed when the above formulas were derived : 

1. Thermal expansion coefficient was constant. 
2. The thermal radiation would be neglected. 
3. The thermal contraction of the weld metal would be neglected. 

Equation (7.14) indicates that the final shrinkage decreases with an increasing 
thickness. 

Figure 7.19 shows the experimental results obtained by Matsui(718) on butt welds 
in low-carbon steel. The curves labeled T show the temperature changes, while the 
curves labeled S show the changes of transverse shrinkage. Most of the shrinkage 
occurs after the weldment has cooled down to a relatively low temperature. The figure 
shows that in a thicker plate transverse shrinkage starts earlier, but the final value of 
the shrinkage is smaller. The results confirm the predictions made by Matsui. 

But it should be emphasized that this is true only if the same amount of heat input 
is always used, regardless of the joint thickness. Welding thicker plates may require 
more than one pass. Changes in the transverse shrinkage during multipass welding 
are discussed later. 

0.020 

0.015 

10000 

FIG. 7.19. Transverse shrinkage during welding and cooling for various plate thicknesses 
(h) and measuring distances (L) in free butt joints. 

Note: The curves labeled T show the temperature changes, while the curves labeled S show the 
changes of transverse shrinkage. 
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Effect of materials. The amount of transverse shrinkage is different for the various 
materials because the material properties related to eqns. (7.14) and (7.15) are different. 
For example, compared to steel, aluminum alloys, because of their higher heat conducti-
vity and thermal expansion coefficients, shrink more. It is well known that transverse 
shrinkage in aluminum welds is greater than that in steel welds (see Capel's formulas, 
discussed earlier). 

Phase transformation of ferrous materials also plays an important role. Matsui(718) 

has proposed that the expansion due to phase transformation should be subtracted 
from the estimated shrinkage in order to predict the real shrinkage (Fig. 7.20). As one 
can see from the figure, the actual shrinkage in 9% nickel steel was about 70% of the 
shrinkage estimated using eqn. (7.15). 

Effects of restraint and forced chilling. It is a well-known fact that transverse shrinkage 
decreases when a joint is restrained (see Fig. 7.7). 

In a study at M.I.T., Iwamura(719) investigated how restraint and forced chilling 
affects the transverse shrinkage of butt welds in type 6061-T6 aluminum alloy. Details 
of the results are presented in his thesis, (see References (719) and (720)). 

A series of eight experiments was performed measuring temperature, strain and trans-
verse shrinkage changes during welding. 6061-T6 aluminum was used. The plates 
were £ in. (6.4 mm) thick. The weld length was 4 in. (100 mm) for all specimens, in both 
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F IG . 7.20. Effects of phase transformation on transverse shrinkage. 
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6061 - Tl ALUMINUM ALLOY (6.35mm(0.25")thick) 

(a) FREE BUTT JOINT 

(b) RESTRAINT BUTT JOINT 

FIG. 7.21. Dimensions of specimens and locations of measuring temperature and strain. 

the free butt joints and the restrained H-joints. Four specimens, two of each type, were 
chilled using dry ice. An effort was made to prevent angular change during welding. An 
automatic GMA welding machine was used with 200 amp, 25 V, 0.25 in./sec (6.4 mm/sec) 
and heat input of 20,000 joules/in. (790 joules/mm). 

A description of the test specimen is shown in Fig. 7.21, where the locations of the strain 
gages and the thermocouples are indicated. Figure 7.22 provides information about the 
constraining and chilling equipment. Dry ice was used for chilling. 

The mathematical analysis employed was basically the same as discussed earlier 
(see Figure 7.19 and eqns. (7.10) through (7.12)). The test designations were as follows: 

Cooling 

Cooled in the air 

Cooled in dry ice 

Free 

FN-1 

FC-1 

(Type of joint) 

Restrained 

RN-1, RN-3 

RC-1 

Figures 7.23 and 7.24 show changes in temperature and shrinkage during and after 
welding in specimens without chilling and with chilling, respectively. Shown here are 
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FIG. 7.22. Constraining and chilling equipment. 
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FIG. 7.23. Comparison of shrinkage and temperature in experiment and calculation. 

the measured values and the calculated values of temperature and transverse shrinkage. 
In general, the plate expanded after the start of welding and the expansion increased 

until the arc passed the center. Shrinkage occurred after the arc diminished. The amount 
of expansion was relatively small in comparison with the final amount of shrinkage. 
The increasing rate of shrinkage decreased as time passed. When chilling was used, 
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FIG. 7.24. Comparison of shrinkage and temperature in experiment and calculation. 
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FIG. 7.25. Temperature distribution. 

shrinkage occurred during welding. The final amount of shrinkage was almost the same 
in chilled and non-chilled specimens. 

Figure 7.25 shows the temperature distribution in several joints. The chilling had 
little effect on the temperature distribution in the early stages of welding (the first 9 
seconds, for example), but lowered the temperatures at a later stage (after 60 seconds, 
for example). The mathematical analysis indicates that the temperature distribution 
in the joint after the weld metal solidifies has a critical affect on transverse shrinkage (see 
eqns. (7.12)—(7.14)). In order that the chilling be effective, it is therefore important to 
alter the temperature distribution before the weld metal solidifies. But though it was 
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TABLE 7.6 Final amounts of shrinkage in experiments and calculations 

265 

Joint 

Free 

Restraint 

Cooling 

non-chilled 

chilled 

non-chilled 

chilled 

Experiment 

0.0189 (0.0218(a)) 

0.0200 (0.0218(a)) 

0.0110(0.0126(a)) 

0.0150 (0.0162(fl)) 

0.0132 (0.0138(fl)) 

Numerical 
calculation 

0.0204 

0.0204 

0.0136 

0.0136 

Shrinkage values are given in fraction of an inch. 
(a) Modified shrinkage by adding the expansion caused to the measured 

shrinkage 

possible to alter the temperature distribution by chilling the metal at later stages, this 
was too late to effectively reduce transverse shrinkage. 

Table 7.6 shows the final amounts of shrinkage in experiments and calculations 
obtained using the computer program. The final shrinkage in the free joints was about 
0.02 in. (0.5 mm), in the restraint joints, about 0.014 in. (0.35 mm). Thus, restraint did 
reduce the amount of shrinkage by about 30%. 

7.4.3 How welding procedures affect transverse shrinkage{303) 

Kihara and Masubuchi have studied the transverse shrinkage that occurs during 
the multipass welding of constrained butt joints in carbon steel.(602) Figure 7.26 shows 
schematically how the transverse shrinkage increases during multipass welding. Because 
the resistance against shrinkage increases as the weld gets larger, shrinkage was pro-

1.5 

2 0.5 

o 

O 5 10 15 20 25 
Weight of Weld Metal per Unit 

Weld Length (w),gr/cm 

a. Increase of Transverse Shrinkage in 
Multipass Welding 

Logio w 

b. Relationship Between- log w and u 

FIG. 7.26. Increase of transverse shrinkage during multipass welding of a butt joint (Kihara 
and Masubuchi).(303'602) 

w: Weight of weld metal per unit weld length (w), gr/cm. 
u : Transverse shrinkage (w), mm. 
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nounced during the early weld passes but diminished during later passes. It was found 
that a linear relationship existed between the transverse shrinkage, M, and the logarithm 
of the weight of the weld metal deposited, w, as shown in Fig. 7.26: 

u = u0 + b{log w - log w0) (7.16) 

where u0 and w0 are the transverse shrinkage and the weight of the weld metal deposited, 
respectively, after the first pass is welded, and b is a coefficient. 

Figure 7.27 shows that there are three methods for reducing transverse shrinkage : 

1. If the total weight of the weld metal is decreased, as shown by arrow 1, the amount 
of shrinkage will change from B to C. 

2. If the tangent b is decreased, as shown by arrow 2, the amount of shrinkage after 
the completion of the weld will change from B to D. 

3. If the shrinkage after the first pass is moved from A to A', as shown by arrow 3, 
the amount of shrinkage after the completion of the weld will change from B to E. 

Using ring-type specimens (see Fig. 7.6), Kihara and Masubuchi studied how various 
factors including joint design, root opening, type and size of electrodes, degree of 
constraint, peening, and flame gouging affect transverse shrinkage (see Table 7.7). Among 
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CO 

Φ 
σ» 
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« / ^ l 
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Logarithm of Weight of Deposited 
Metal or Consumed Rod 

FIG. 7.27. Schematic diagram showing the methods to reduce transverse shrinkage of butt 
welds (Kihara and Masubuchi).(303'602) 

TABLE 7.7 Effects of various procedures on transverse shrinkage in 
butt w^s ( 3 0 3 ' 6 0 2 ) 

Procedures Effects 

Root opening 

Joint design 

Electrode diameter 

Degree of 
constraint 

Electrode type 

Peening 

Chipping and 
gouging 

Shrinkage increases as root opening increases. 
See Fig. 7.28(a). Effect is large (Effects 1 and 2). 

A single-vee joint produces more shrinkage than a 
double-vee joint. Effect is large. (Effects 1 and 2). 

Shrinkage decreases by using larger-sized electrodes. 
see Fig. 7.28(b). Effect is medium (Effect 3). 

Shrinkage decreases as the degree of constraint 
increases. Effect is medium (Effect 2). 

Effect is minor (Effect 2). 

Shrinkage decreases by peening. Effect is minor (Effect 2). 

See Figs. 7.29(a) and 7.29(b). 
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Log| Qw Log| 0w 

(a) Effect of Root Gop b E f f e c t 0 f Electrode Size 

FIG. 7.28. Effect of root gap and electrode size on transverse shrinkage of butt welds. Note— 
specimens were ring-shaped, as shown in Fig. 7.6(a). Outer diameter = 600 mm, inner diameter = 
300 mm, plate thickness = 19 mm, double-vee groove, w = weight of electrode deposited per 

unit weld length, gr/cm, ü = transverse shrinkage (mean value along the weld line), mm. 

the various factors investigated, root gap and joint design had the greatest effect on 
transverse shrinkage. 

Figure 7.28 shows how the root gap affects the transverse shrinkage. As the root gap 
increases, the shrinkage increases. As the root gap increases, the total amount of weld 
metal increases (Effect 1). The results show that Effect 2 also was significant. A single-vee 
joint produced more shrinkage than a double-vee joint. This was partly because the joint 
sectional area was larger (Effect 1), but Effect 2 also was significant. 

Figure 7.28(b) shows how electrode size affects transverse shrinkage. Shrinkage de-
creases as the electrode size increases. As shown in Fig. 7.28, Effect 3 is most significant. 
This means that the use of large size electrodes will not reduce shrinkage unless they are 
used in the first pass. This was also confirmed experimentally. 

Figure 7.29 shows the effect of chipping and rewelding (a simulated repair weld). 
Chipping the weld metal does not affect shrinkage; and rewelding increases shrinkage. 
Repeated chipping and rewelding reduces the slope (probably caused by strain harden-
ing). 

Figure 7.29 shows the effect of flame gouging and rewelding. Since heat is applied to 
the specimen during flame gouging, shrinkage increases during gouging as well as 
during rewelding. 

7.4.4 Rotational distortion of butt welds 

Kihara and Masubuchi(303) found that rotational distortion (see Fig. 7.30) is affected 
by both heat input and welding speed. When ^-in. (12.7 mm) thick mild steel plates 
are welded using covered electrodes and a low welding speed, the unwelded portion of 
the joint tends to close (see Fig. 7.30(a)). When steel plates are welded using the sub-
merged-arc process, the unwelded portion of the joint tends to open (see Fig. 7.30(b)). 
This means that the tack welds used must be large enough to withstand the stresses 
caused by the rotational distortion. 
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FIG. 7.29. Effects of chipping and flame gouging on transverse shrinkage of butt welds. See 
the note of FIG. 7.28 

knammnmnnni 
A 

a Unwelded Portion of the Joint Closes 

(Covered electfoée) 
b Unwelded Portion of the Joint Opens 

(Submerged-arc process) 

FIG. 7.30. Rotational distortion. 

Rotational distortion causes two problems: 
1. Rotational distortion is one component involved in the transverse shrinkage of a 

butt joint, especially in a long butt weld. When studying how the welding sequence 
affects the transverse shrinkage in a long butt weld, the effects of rotational distortion 
must be considered. The largest amount of rotational distortion occurs during the first 
pass, when the unwelded portions of the joint are relatively free. 

2. The separating force produced by the rotational distortion can be large enough to 
fracture the tack welds and crack portions of the weld metal. Japanese shipbuilding 
companies have experienced cracking problems during the one-side submerged-arc 
welding of large steel panels. 

During the 1950s Kihara and Masubuchi(604'303'602) studied the rotational distortion 
that occurs during multi-pass welding. Because it was extremely difficult to analyze 
transient metal movement without an adequate computer technology, the study was 
primarily empirical. 

Since 1970 several investigators have studied transient metal movement. Japanese 
investigators, including Fujita, Nomoto, and Ueda, have studied stresses in the weld 
metal during the submerged-arc welding of a long butt joint*. Bryan et α/.(532) of M.I.T. 
* See Section 14.6.3. 
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studied transient rotational distortion that occurs during the gas metal arc welding 
of butt joints in 6061-T6 aluminum alloy plates \ in. (6.4 mm) thick. 

The following pages discuss how rotational distortion changes during multi-pass 
welding of low-carbon steel based upon experimental results obtained by Kihara and 
Masubuchi.(602) Figure 7.31 shows the distribution of transverse shrinkage during the 
multi-pass welding of a ring specimen (see Fig. 7.6(a)) with an outer diameter 1000 mm 
(40 in.), an inner diameter of 600 mm (24 in.), and a thickness of 19 mm (f in.). 

When welding was done from the inner circle (Specimen 21), the distribution of 
shrinkage after the welding of the first layer was as shown by line A1 in Fig. 7.31(b); 
however, when welding was done in the opposite direction (Specimen 22), the distribu-
tion of shrinkage after the welding of the first layer was as shown by line Bx. 
More shrinkage was produced in the region welded later. This is due to a tendency for 
rotational motion to occur in the direction that will close the unwelded plate edges. 

The shrinkage-distribution changed as A2,A3,..., during multi-pass welding when 
welding was done from the inner circle to the outer one; however, the shrinkage distri-
bution changed as B2, B3,..., when welding was done in the opposite direction. In the 
final stages of welding, more shrinkage was obtained in the outer circle than in the inner 
circle regardless of the welding direction. This is due to the difference in degree of 
constraint along the weld joint. The joint is more highly restrained in the region near 
the inner circle than in the region near the outer circle. 

An analytical investigation was conducted of the above-mentioned phenomenon. 
Transverse shrinkage u was expressed in the following equation (see Fig. 7.31(a)): 

ii = û{l+a(( r / r ) - l )} (7.17) 

where ü = mean shrinkage, 
a = parameter to express the rotational component in shrinkage, 
a = tanÖ^tanÖQ, 
r = radius, 
r = mean radius. 

The parameter a was used in the analysis of experimental results. From the definition 

a. Explanation of u and a b. Examples of form of c. Relation between u and a 

shrinkage 

FIG. 7.31. Change of form of transverse shrinkage in multipass welding and influence of 
welding direction (ring-type specimen). 
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a = 0 when the shrinkage is uniform along the weld line, a > 0 when larger shrinkage is 
produced in the outer circle, and a < 0 when larger shrinkage is produced in the inner 
circle. A theoretical study has shown that the amount of elastic-strain energy stored in a 
ring-form specimen becomes minimum when the value of a is about 0.65 in the type of 
specimen used in the experiment. Change of the value of a during multi-pass welding is 
shown in Fig. 7.31(c). The value of a after the welding of the first layer was quite different 
when different welding direction was used. However, the value of a approached a 
standard value during multi-pass welding regardless of the difference in welding direc-
tion. The fact that the experimental value of a is somewhat lower than the theoretically 
most stable value can be attributed to the uniform shrinkage of the metal during welding. 

The phenomena observed when a joint was welded by submerged-arc welding were 
quite different. Specimens 23 and 23' were welded from the inner circle to the outer circle 
and in the opposite direction, respectively. As shown in Fig. 7.31(c), during welding of 
the first layer there was a tendency for the un welded plate edges to open during welding. 
This was contrary to the closing motion obtained in manual-arc welding. When the 
second layer was welded, the opening tendency became greater. 

Transient metal movement. Bryan et al.{523,532) studied the transient rotational 
distortion that occurs during the gas metal arc welding of butt joints 23 in. (584 mm) 
long in 6061-T6 aluminum alloy plates, £ in. (6.4 mm) thick. Details of the results are 
given in References (523) and (532). 

7.4.5 How welding sequence affects transverse shrinkage 

In a long butt joint, several steps are involved in the welding. A variety of welding 
sequences may be used. These welding sequences are of two types : 

The block-welding sequence. The joint is divided into several blocks; each block is 
welded separately, in turn. 

The multilayer-welding sequence. Each layer is welded along the entire joint length 
before any of the next layer is begun. Both types have many variations. 

Kihara et α/.(603'604) investigated how the welding sequence affects the magnitude 
and distribution of transverse shrinkage in slit-weld and patch-weld specimens. 
Figure 7.32 shows some of the experimental results obtained with slit-weld specimens 
(19 x 800 x 1200 mm). Specimens 1-1,1-2, and 1-3 were welded using a block-welding 
sequence. The weld joint was about 500 mm (20 in.) long and was divided into three 
blocks. Welding of each block was done in eight layers. Each of the three specimens 
were block-welded in a different order: 

Specimen 1-1 

Specimen 1-2 

Specimen 1-3 

First 

Left block 

Left block 

Middle block 

Second 

Middle block 

Right block 

Right block 

Third 

Right block 

Middle block 

Left block 

In Specimen 4-1, the joint was divided into three parts and welded using a multi-layer 
sequence from left to right. 

Curves y4n, Al2, Al4, and Al8 indicate the distribution of transverse shrinkage 
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FIG. 7.32. Distribution of transverse shrinkage obtained in slit-type specimens with different 
welding sequences. Note: The slit-weld specimen is shown in Fig. 6.5. 

after the completion of 1, 2, 4, and 8 layer in the first block Specimen 1-1. Curve A28 

indicates the distribution of transverse shrinkage when the welding of the second block 
was completed, and curve A or (A38) shows the distribution of transverse shrinkage 
after welding was completed. Curves B and C show the distribution of shrinkage after 
completion of welding on Specimens 1-2 and 1-3, respectively. Curves D n , D12, 
and D13 show the distribution of shrinkage after welding the first layer of the first, the 
second, and the third part of the joint of Specimen 4-1. Curve D2 and D indicate the 
distribution of shrinkage after the welding of the second layer and when welding was 
completed, respectively. Quite uneven transverse-shrinkage distributions were obtained 
with block-welding sequences whereas the shrinkage distribution obtained with the 
multi-layer sequence was much more even, similar to that shown in Fig. 7.16 (obtained 
without an interruption of the welding). 

An analytical investigation of the transverse-shrinkage distribution obtained in a 
slit-type specimen also was conducted. A parameter <5, defined by eqn. (5)' of Table 3.6, 
was used in the analysis. From the definition, the shrinkage distribution which corres-
ponds to δ = 0 induces the minimum amount of strain energy in the plate at a given value 
of mean shrinkage. In Specimen 4-1, the value of δ was about 0.1 at the completion of 
the first layer (shrinkage curve, Dl3) and it decreased as low as 0.02 at the final stage of 
welding. In Specimen 1-1, the value of δ was 0.52 when the welding of the first block 
was completed (shrinkage curve, A18) and it decreased as low as 0.09 at the final stage 
of welding. 

The shrinkage increase in a slit-type specimen was also investigated. A linear relation-
ship was found between transverse shrinkage and the logarithm of weight of electrode 
consumed when a specimen was welded with a multi-layer welding sequence. When a 
specimen was welded using a block-welding sequence, however, the logarithmic rela-
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tionship was valid only in the shrinkage and the electrode consumed obtained in each 
block. These results suggest that the mechanism of shrinkage obtained in the first layer 
when the separate plates are joined together is quite different from that obtained in the 
succeeding layers in which shrinkage occurs in the already joined plates. 

Nearly the same results were obtained with circular-patch specimens welded using 
different welding sequences.(604) 

7.4.6 Metal movement and joint mismatch 

Gott et α/.(721) studied metal movement and mismatching in aluminum welds. During 
girth welds engineers often experience mismatching such as that shown in Fig. 7.33. 
The following has been observed in production welding: 

1. Any preweld mismatch (thickness direction misalignment) tends to increase during 
welding (under fixture conditions to be described) to the point where an apparent 
in-tolerance fit-up can become an out-of-tolerance weld. 

2. The preweld gap closes appreciably during welding. 

JOINT MISMATCH 

End of Weld 

FIG. 7.33. Production girth weld with metal expansion causing mismatch at finish of dome 
to barrel weld. 

PART ON LEFT WILL BE HOTTER 
HENCE WILL GROW LONGITUDINALLY 
WITH RESPECT TO RH PART 

(a) OFFSET -NONUNIFORM CONTACT ( b) PORTION OF JIGGING INSULATED 
WITH BACKUP 

(C) ASYMMETRICAL HEAT INPUT (d) ASYMMETRICAL 
PART MASS I 

FIG. 7.34. Several causes of thermal unbalance. 
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WELDING TRAVEL 

FIG. 7.35. System for showing relative growth of left-hand part. 

3. The amount of welding-heat input needed for satisfactory penetration changes 
during welding in a manner that cannot be explained by straightforward heat-in and 
heat-out considerations. 

4. Gross transverse weld shrinkage varies as a function of joint fit-up, in addition 
to showing the expected dependence on heat input. For example, a weld with an as-jigged, 
evenly distributed mismatch of 0.010 in. (0.25 mm) was found to be mismatched 0.25 in. 
(0.6 mm) after welding. 

The heat-sink properties of the two sides of a joint to be welded are different from 
each other. This may be one important cause of joint mismatch. Several causes of heat 
unbalance are shown in Fig. 7.34. Mismatch was observed during the welding of a 
Saturn V dome-to-barrel girth joint. The cross-section of this weld is shown in Fig. 7.34. 

Gott et alP2l) conducted experiments to demonstrate that thermal asymmetry could 
cause mismatch. Two panels were tack welded on one end to fix their initial alignment 
and marked with transverse scribe lines across both pieces. One piece was then insulated 
from contact with any heat sink (see Fig. 7.34). The panels were gas tungsten arc welded, 
starting at the tacked end. The growth of the insulated side is clearly indicated by the 
scribe lines (see Fig. 7.35). This growth was approximately 0.001 in./in. of weld. 

Another set of panels was tack welded on either end to hold a pre-set mismatch by 
springing one piece to an arc; this mismatch ranged from zero at both ends to 0.058 in. 
(1.5 mm) in the center. The pieces were then welded in a fixture with the straight side in 
contact with the metal backing heat sink ; the arced piece had no contact. Maximum 
mismatch of 0.058 in. (1.5 mm) in the center grew to 0.94 in. (24 mm) with similar increases 
at other points as shown in Fig. 7.36. 

A third weld was performed on two pieces in symmetrical heat-sink conditions but 
with the electrode holder approximately ~ in. (1.6 mm) side of center. A measured 
growth of more than 0.0005 in. (0.013 mm) of weld was noted in the part receiving more 
heat, measured in fashion similar to that in Fig. 7.35. 

Based on these results it can be concluded that, if both parts are equally restrained, 
the growth of one part relative to the other can result in mismatch. This tendency has 
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PREWELD MISMATCH, 
OBTAINED BY SPRINGING 
LH SHEET AND TACK 
WELDING ENDS. 

INCREASED 0.058 IN. TO 
0.094 IN. DURING WELDING. 

FIG. 7.36. Mismatch obtained by preweld bowing. 

been observed in certain production-type girth welds as shown in Fig. 7.33. In this 
case it is evident that unbalanced heating resulted in a cumulative size difference and an 
unacceptable mismatch near the end of the weld. 

Gott et α/.(721) studied various subjects related to metal movement and joint mis-
matching including measurements of joint gap and residual stresses along girth welds. 
Some of his conclusions are as follows: 

1. The longitudinal growth of the two parts being welded is often uneven. 
2. The part that receives the greater amount of heat, or that sees the lesser heat 

sink, will grow longer, relative to its mate. 
3. Jigging, part design, arc alignment, and thermal asymmetries are all capable of 

causing the length changes cited in =# 2. 

7.5 Transverse Shrinkage in Fillet Welds 

A fillet weld undergoes less transverse shrinkage than a butt weld. Only a limited 
amount of study has been done on transverse shrinkage in fillet welds. Spraragen and 
Ettinger(504) suggested the following simple formula: 

1. For tee-joints with two continuous fillets: 

o, · i leg of fillet Λ... _ 1 0 , Shrinkage = , . , & — — x 0.04 in. (7.18) thickness of plate 
2. For intermittent welds—use correcting factor of proportional length of fillet to 

total length. 
3. For fillets in lap joint (two fillet welds): 

„* . , leg of fillet Λ Λ^. ,-,*^ 
Shrinkage = -—-^ — — x 0.06 in. (7.19) 

thickness of plate Figure 7.10 shows the fillet-weld shrinkage allowed in the U.S. Navy specifications. 
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7.6 Angular Changes of Butt Welds 

Angular change often occurs in a butt weld when the transverse shrinkage is not 
uniform in the thickness direction. A thorough investigation has been made of how 
various welding-procedure parameters, including the shape of the groove and the degree 
of restraint, affect the angular change in butt welds. 

Figure 7.37 shows the experimental data obtained by Kihara and Masubuchi(602) 

on the ring specimens discussed earlier. A radial groove was cut and then welded using 
covered electrodes | in. (6.4 mm) in diameter. Five specimens with different types of 
grooves were tested. The grooves ranged from symmetrical double-vee to single-vee 
grooves. Welding was first completed on one side, then the specimen was turned over 
and the other side back chipped and welded. The angular change was measured after 
each welding pass. A mild increase of angular change was observed in the earliest 
stage of welding on the first side. The increase of angular change became greater in the 
intermediate stage, and then mild again in the final stage. The back chipping did not 
affect the angular change. Angular change in the reverse direction was produced during 
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FIG. 7.37. Effect of shape of groove on angular change. 
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the welding of the second side. The angular change that remained after the welding was 
completed depended on the ratio of the weld metal deposited on the two sides of the 
plate (see Fig. 7.38). Since the angular change increased more rapidly during the welding 
of the second side, the minimum angular change was obtained in the specimen that had a 

0.06 

0.6 0.8 

(h| + '/2 h3) /h 

FIG. 7.38. Effect of groove shape on angular change in butt welds.(708) 
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FIG. 7.39. The most suitable groove shape which gives zero angular distortion in butt welds.(722) 
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little larger groove in the first side. In the particular cases that Kihara and Masubuchi 
investigated, the angular change could be minimized (near zero) for a butt joint having a 
(Aj 4- \ h3) to h ratio of approximately 0.6. 

An extensive program was conducted by the Shipbuilding Research Association of 
Japan(722) on angular change in butt welds. Figure 7.39 shows the groove shape that 
most successfully minimized angular change in butt welds of various thicknesses. Curves 
are shown for situations with and without strongbacks. 

Readers are reminded that the ordinate of Fig. 7.39 is expressed in terms of the ratio 
of the weight of the deposited metal in the backing to the finishing pass, w1/w2, which 
can be expressed in terms of hl and h2 as follows: 

wjw2cc(hl/h2)
2. 

For example, when the plate thickness is 20 mm (| in.), the ratio of hx and h2 that gives 
the minimum distortion when the joint is free is 7 to 3. In terms of the weight of 
the deposited metal, the wl/w2 ratio is approximately 49 to 9, or a little over 5. 

7.7 Angular Changes of Fillet Welds and the Resulting Out-of-plane Distortion 

The panel structure, a flat plate with longitudinal and transverse stiffness fillet welded 
to the bottom, is a typical structural component in ships, aerospace vehicles, and other 
structures (see Fig. 7.40). The major distortion problem in the fabrication of panel 
structures is that related to out-of-plane distortion caused by angular changes along the 
fillet welds. 

Corrugation failures of bottom shell plating in some welded cargo vessels are believed 
to be caused when excessive initial distortion reduces the buckling strength of the plating 
(see Chapter 14). 

When longitudinal and transverse stiffeners are fillet welded as shown in Fig. 7.40, 
the deflection of the panel, δ, changes in both the x-direction and y-direction. Because 
of the mathematical difficulties « involved in two-dimensional analysis, most studies 
conducted thus far have been one-dimensional ; that is, only the change of deflection, δ, 
in the x-direction is taken into consideration. 

7.7.1 One-dimensional analysis 

Figure 7.41 shows the typical out-of-plane distortion found in two types of simple 

FIG. 7.40. Panel structure with longitudinal and transverse stiffeners. 
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B. Constrained joint (framed structure ) 

FIG. 7.41. Distortion due to fillet welds in two types of one-dimensional models. 

fillet-welded structures. In both cases, the plates are narrow in the y-direction and the 
distortion is one-dimensional. 

When a fillet joint is free from external constraint, the structure bends at each joint 
and forms a polygon (see Fig. 7.41(a)). But if the joint is constrained by some means, a 
different type of distortion is produced. For example, if the stiffeners are welded to a rigid 
beam (see Fig. 7.41(b)), the angular changes at the fillet welds will cause a wavy, or 
arc-form, distortion of the bottom plate.f 

The investigation of steel weldments by Masubuchi et al Masubuchi et al.{123) found 
that the wavy distortion and resulting stresses could be analyzed as a rigid-frame stress 
problem. In the simplest case in which the sizes of all welds are the same, the distortion 
of all spans are equal and the distortion, <5, can be expressed as follows: 

άΙα = \±-{χΙα-\)2\φ (7.20) 

where φ = angular change at a fillet weld, radians, 
a = length of span * 

The maximum distortion at the panel center (x = a/2), <50, is: 

δ0 = ί·φ·α (7.21) 
The amount of angular change, φ, in a restrained structure is smaller than that in a 

free joint, φ0. The amount of φ also changes when the rigidity of the bottom plate, 
D = £i3/12(l — v2), and the length of the span, a, change. 

Masubuchi et α/.(723) have found that the following relationship exists :f 

Φο φ = l+(2D/a){l/C) 
(7.22) 

where C, the so-called "coefficient of rigidity for angular changes", can be determined 
by welding conditions and plate thickness. 

f Distortion of the specimen after the constraining member was removed was smaller than that obtained in a 
free joint; the constraint lessened the amount of angular change produced. 

* In a number of publications the span length is designated /. 
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Equation (7.22) was induced by using the minimum energy principle. As stated earlier, 
the amount of angular change φ in a constrained structure is smaller than that in a free 
joint, φ0. This indicates that a certain amount of energy is necessary to decrease the 
angular change from φ0 to φ. If the necessary energy is represented by Uw, one may 
write: 

Γφο-Φ df/.. 
-ΛΦο-Φ)· (7.23) 

,ο ά(φ0-φ) 
On the other hand, using the elastic beam theory, the strain energy stored in the 

constrained plate per unit width, U 9 can be expressed: 
υρ = φ/α)φ2 (7.24) 

Since U increases and Uw decreases as the constrained angle increases, the condition 
for equilibrium of this system requires that the total energy Ut=Uw+ Up should be at 
the minimum. Furthermore, for the simplification of the problem, the ratio of incre-
mental welding energy change to angular change is assumed to be linear as follows: 

*υ„/ά(φ0-φ) = αφ0-φ) (7.25) 
From eqns. (7.23) and (7.25) welding energy per unit width can be expressed: 

υ„ = (αΐ){φ0-φ)\ 
Accordingly, the condition of equilibrium is as follows: 

δϋβφ = - 0(φ0 -φ) + (2Ω/α)φ = 0. 

From this equation, eqn. (7.22) is obtained. 

The investigation of steel weldments by Hirai-Nakamura. Hirai and Nakamura(724) 

conducted an investigation to determine the values of φ0 and C under various conditions. 
Figure 7.43 shows the values of φ0 as a function of plate thickness, t (mm), and weight of 
electrode consumed per weld length, w(g/cm). In order to convert from w to the size of 
the fillet weld, Df (mm), the following formula may be used (see Fig. 7.42). 

w = (D/ /2 )x lO- 2 x(p /^ ) . (7.28) 

where p = density of weld metal, 
ηά = deposition efficiency. 

The fillet size, Df, is commonly used in design work, while w is easy to determine in a 
welding experiment. 

(7.26) 

(7.27) 

FIG. 7.42. Angular change of a free fillet weld. 
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FIG. 7.43. Angular change of a free fillet weld, φ0, in steel. 

The results shown in Fig. 7.43 were obtained using covered electrodes 5 mm (0.2 in.) 
in diameter. The maximum angular changes were obtained when the plate thickness 
was around 0.35 in (9 mm). When the plate was thinner than 9 mm (0.35 in.), the amount 
of angular change was reduced with the plate thickness. This is because the plate was 
heated more evenly in the thickness direction, thus reducing the bending moment. 
When the plate was thicker than 9 mm (0.35 in.), the amount of angular change was 
reduced as the plate thickness increased (because of the increase of rigidity). 

Table 7.8 lists values of C for steel.* Hirai and Nakamura studied the effects of various 
welding parameters on the amount of angular change. 

TABLE 7.8 Values of angular rigidity coefflcent Cfor low-carbon steel 

Amount of weld 

Fillet 
size 

Df(mm) 

6.58 
7.38 
8.29 
9.30 

10.45 
12.20 
13.15 
14.80 
16.55 

Weight of consumed 
electrode per unit 

weld length 

w(g/cm) 

2.51 
3.16 
3.98 
5.01 
6.31 
7.95 

10.00 
12.60 
15.85 

togio™ 

0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1.2 

t = 10 mm 

5400 
4700 
4100 
3800 
3500 
3300 
3100 
3000 
2950 

t = 13 mm 

19,900 
18,000 
16,300 
15,000 
13,600 
12,200 
11,000 
9,800 
8,800 

C(kg· 

t = 18 mm 

76,100 
65,200 
56,100 
48,800 
43,000 
38,900 
36,100 
35,200 
34,800 

mm/mm) 

t = 25.4 mm 

170,100 
142,400 
130,200 
125,000 
116,800 
112,000 
108,200 
105,000 
102,000 

(1)w = (D^/2) x 10"2 x 7.85/0.657 = 0.058D2
f. 

f Hirai and Nakamura originally proposed the following formula to calculate values of C : 

C = i4 /( l+(w/5)). 

ΪΓ unit of weld length 

After a thorough evaluation of the data on steel and aluminum, Tables 7.8 and 7.9 were prepared/21 υ 

where t = plate thickness, mm, 
w = weight of weld metal deposited per unit of weld length, g/cm. 
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FIG. 7.44. Angular change of a free fillet weld, φ0, in aluminum. 

The investigation of aluminum weldments by Taniguchi. A study was conducted at 
M.I.T. by Taniguchi(725'726) to experimentally determine the values of φ0 and C for 
GMA welds in aluminum. The material used in the experiments was a strain-hardened, 
aluminum magnesium structural alloy, 5086-H32, that is widely used in marine and 
general structural applications; 5356 alloy was used as a filler metal. 

Figure 7.44 shows the values of φ0. The maximum distortion occurred in plates 
that were approximately 7 mm (\ in.) thick. Table 7.9 lists the values of C. 

Since aluminum is much lighter than steel, the w-value for an aluminum weld is 
much lower than that for a steel weldment of the same size. Figures 7.45(a) through (d) 
compare the distortion values at the midspan, δ0, in steel and aluminum structures. 

7.7.2 Two-dimensional analysis 

Limited studies have been made at M.I.T. of two-dimensional analysis of out-of-plane 
distortion of welded panel structures/727'728* Shin(727) analyzed two-dimensional 
distribution of distortion by expanding the minimum energy method described earlier 
(eqns. (7.23) through (7.27)). The finite-element method was used in the analysis. Brito(729) 

TABLE 7.9 Values of angular rigidity coefficient for aluminum 

Amount of weld 

Fillet 
size 
Df (mm) 

8.969 
9.567 

10.660 
11.960 
13.420 
15.057 

Wt. of consumed 
electrode per 

unit weld 
length 

w(g/cm) 

1.122 
1.259 
1.585 
1.995 
2.512 
3.162 

logl0w 

0.05 
0.1 
0.2 
0.3 
0.4 
0.5 

C(kgmrr 

f = 3.18 
mm 

57 
55 
52 
49 
46 
43 

l/mm) 

i = 6.4 
mm 

782 
762 
725 
686 
645 
608 

ί = 9.5 
mm 

14,390 
13,600 
7,900 
5,600 
4,300 
3,600 

t = 12.7 
mm 

22,800 
20,800 
17,000 
13,800 
11,000 

8,900 

r=15.9 
mm 

31,000 
25,300 
18,000 
12,900 
9,200 
6,900 

ί = 19.1 
mm 

78,400 
72,500 
31,800 
22,200 
17,000 
13,500 

>w = (Dj/2) x 10-2 x 2.65/0.95 =0.0139Dj. 
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FIG. 7.45. Out-of-plane distortion, δ0, as a function of plate thickness, T, span length, a, and 
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conducted a series of experiments in the measurement of out-of-plane distortion of 
welded panel structures in 5052-H32 aluminum alloy. However, further discussions of 
these studies are not included here, because results obtained so far are not conclusive. 

7.7.4 Analysis of allowable out-of-plane distortion 

Background of the parametric study. Thus far discussions have been on how angular 
changes in fillet welds cause the out-of-plane distortion of a panel structure. Analyses 
have been carried out to determine the amount of this distortion, assuming it to be a 
function of a plate thickness, the floor space, and the weld size. 

Out-of-plane distortion reduces the buckling strength of a panel. It is believed that 
the initial distortion and the residual stresses are the major reasons for the corrugation 
damage in the bottom plates of a number of transversely framed welded cargo ships. 
A number of studies have been made on how initial distortion affects the buckling 
strength of a panel structure (see Chapter 13). 

However, these two kinds of studies, structural and welding, have rarely been inte-
grated, probably because they are normally studied by different specialists, structural 
analysts, and welding engineers. Also, each subject is so complicated that an integrated 
study has to involve computations too complicated to be handled manually. 

In practice, however, it is often necessary to combine the two analyses. For example, a 
simple way to reduce the amount of distortion shown in Fig. 7.41(b) is to reduce the size 
of the fillet welds. But if the fillet size is too small, the floors may be ripped from the 
plating during service, as shown in Fig. 7.46(a). On the other hand, if the fillet size is 
increased too much, distortion of the plate will become excessive and the plate may 
buckle during service, as shown in Fig. 7.46(b). In the case of the bottom plate of a ship, 
the plate is subjected to water pressure, p, and in-plane compressive stress, ab. Weld 

• 4 ^ 

DISTORTION MAY BE REDUCED BY REDUCING FILLET 
SIZES. BUT, FRAMES MAY BE RIPPED FROM PLATING 
DURING SERVICE 

B. INCREASING FILLET SIZE CAUSES MORE DISTORTION 
WHICH MAY RESULT IN BUCKLING OF PLATING 
DURING SERVICE 

FIG. 7.46. Out-of-plane distortion of a welded panel structure and possible failures during 
service. 
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distortion may be decreased by reducing the floor space, a, and/or plate thickness, i. 
But doing this will increase the hull weight. 

In order to achieve the optimum design, it is important to analyze both weld distor-
tion and its effects on the service behavior of the structure. A parametric study, including 
both analyses, can be important in the design and fabrication of certain critical structures, 
such as the bottom structures of high-performance, surface-effect ships made of 
aluminum. 

Efforts have been made at M.I.T. and the University of Säo Paulo to integrate studies 
on weld distortion and the effects of initial deflection on the buckling strength of a panel 
structure/21 lf 730) Computers have been used extensively to handle the complex calcula-
tions required. 

Details of the analysis are described in Chapter 13. The computer program developed 
consists of two parts. The first part calculates values of allowable initial distortion, 
δ0, for a given set of structural parameters, including plate thickness, frame spacing, 
aspect ratio of panel, and compressive in-plane stresses, while the second part calculates 
the amount of weld allowed to produce only distortion <50. The formulas given in 
Section 7.7.1 are used in the distortion-analysis. 

Comparison with Navy steel-structure specifications. As a part of the above study, 
we have compared the results of the parametric study with the allowable distortion 
specified by the U.S. Navy (see Figs. 7.11 through 7.15). An early effort was made by 
Goncalves and Taniguchi(731) at the University of Säo Paulo, Brazil, and the efforts 
were continued by researchers at M.I.T. and U.S.P.(211'730) 

Figure 7.47 summarizes the results obtained under certain given conditions. Shown 
here are : 

1. The values of permissible distortion for floor spacing of 800 mm (32.5 in.) for 
different plate thicknesses. The values are given for the following cases: 

NAVSHIPS 0900-060-4010 
(a) For the entire shell, uppermost strength deck, longitudinal strength structure, 

etc. (see Fig. 7.11). 
(b) For other structures (see Fig. 7.14). 

NAVSHIPS 0900-014-5010 (see Fig. 7.15) 
(a) For deck plating. 
(b) For shell plating. 

The values of permissible unfairness set by these two specifications are different. For 
shell plating \ in. (12.7 mm) thick, for example, the permissible unfairness is f in. (16 mm) 
in NAVSHIPS 0900-060-4010 and \ in. (6.4 mm) in NAVSHIPS 0900-014-5010. 

2. The values of distortion likely to occur when steel plates are welded under normal 
conditions. The values were estimated by Goncalves and Taniguchi(731) who used 
formulas developed in Russia by Okerblom(508) and in Japan by Masubuchi et α/.(723) 

The amount of weld metal was estimated to be w = 10 g/cm, where w is the weight of 
consumed electrodes per unit weld length. 

3. The values of maximum initial unfairness determined by this parametric study. 
The calculations were made under the following conditions : 

(a) ac = 6kg/mm2 and w = 10.0 g/cm, 
(b) ac = 8kg/mm2 and w = 9.5 g/cm, 
(c) <rc = 10 kg/mm2 and w = 6.0 g/cm. 

In every case, the plate was 18 mm thick and a/b = 0.5. 
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FIG. 7.47. Comparison among (1) possible distortion estimated from formulas by Masubuchi 
and Okerblom, (2) allowable distortion by navy specifications, and (3) allowable distortion 

under buckling consideration. 

Logically, the above should be in the following order: 

(a) Values set by the buckling criterion should be the highest. 
(b) Values set by standards should be lower than a failure criterion so that a structure 

that meets the standard will not fail during service. However, the values set by 
the standards are higher than those likely to happen during welding. 

(c) Estimated distortion should be the lowest. 

If the allowable distortion standards are too strict, fabricators will find it difficult to 
meet the standard. On the other hand, if they are too relaxed, the probability of buckling 
failure during service will increase. 

The results shown in Fig. 7.47 indicate that the situation is delicate. Fabricators 
will find it difficult to meet the requirements given in NAVSHIPS 0900-014-5010. 
The requirements given in NAVSHIPS 0900-060-4010 should not be difficult to meet, 
but the structure may buckle during service (under the conditions in which the calcula-
tions were made). 
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The authors of Reference (211) did not mean to criticize Navy specifications on the 
basis of a simple analysis. Their major objective in the study was to demonstrate that it is 
technically possible to conduct a parametric study on weld distortion and its effects on 
service behavior. The results seem to indicate that a rather delicate situation now 
exists between the distortion that is likely to occur and the distortion that can be tolera-
ted. 

But it should be pointed out that this buckling analysis was done for transversely 
framed structures, while the Navy specifications are primarily for longitudinally framed 
structures. More study is needed on this subject. 

Readers are also cautioned that Fig. 7.47 gives the impression that there will be less 
of a distortion problem if fabricating plates are thinner than f in. (10 mm). The analysis 
given here is of the out-of-plane distortion that is caused by angular changes in the fillet 
welds. As the plate thickness is decreased, this distortion due to angular change is less, 
but the possibility of buckling distortion (discussed in Section 7.12) is greatly increased. 

Comparison with Navy specifications for aluminum structures. A comparative study 
was also made of distortion in aluminum structures/720) Figures 7.48 and 7.49 show the 
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results. A ship fabricator should have no difficulty meeting the current Navy specifica-
tions, but these specifications may be too relaxed as far as the prevention of buckling is 
concerned. 

The amount of distortion appears to depend on the plate thickness. When the plate is 
over 14 mm (^ in) or 16 mm (f in.) thick, the distortion is much less than the allowable 
distortion. When the plate is less than 12 mm (̂  in.) or 10 mm (f in.), however, the distor-
tion problem becomes serious. Unfortunately the plates most widely used for light 
aluminum structures such as surface effect ships range from \ in. to \ in. (12.7 to 6.4 mm). 

Figures 7.48 and 7.49 show that out-of-plane distortion can be reduced significantly 
by increasing the plate thickness, from f in. (10 mm) to \ in., (12.7 mm) for example. 
But this significantly increases the weight of the structure. One way to solve the problem 
is to reduce the length of the span, from 800 mm (32 in.) to 500 mm (20 in.), for example. 
Figures 7.48 and 7.49 show that in fabricating structures, with plates f in. (10 mm) thick, 
for example, weld distortion can be reduced and the amount of allowable distortion 
increased by reducing the span from 32 in. (813 mm) to 20 in. (508 mm). 

The results verify that distortion analysis is extremely important in structural design. 
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An optimum design must take into account structural integrity, welding fabrication, 
structural weight as well as fabrication cost. 

7.8 How Various Parameters Affect the Angular Distortion of Fillet Weld; 
Methods of Reducing Distortion 

Section 7.7 discussed the angular changes that occur in fillet welds and how they 
cause out-of-plane distortion in panel structures that have been fabricated using ordinary 
welding procedures. This section discusses how various welding parameters affect 
those angular changes, and how the changes may be reduced. Two subjects are 
emphasized: 

1. How welding conditions and other parameters affect the angular changes that occur 
in fillet welds. 

2. How to use elastic prespringing to reduce angular changes. 

7.8.1 How welding conditions and other parameters affect angular 
changes in fillet welds 

Watanabe and Satoh(709) studied how welding conditions and other parameters 
affect values of angular change in fillet welds. They proposed the following formula 
(see eqn. (4) of Table 7.2) ̂  

φ0 = C ^ / A A ^ r + 1 exp{ - C2(ll(hy/vh))} (7.29) 
where / = welding current, amperes, 

v = welding speed, cm/sec, 
h = plate thickness, cm. 

C1? C2, and m are coefficients determined by the type of electrodes used. The values 
of Cl, C2, and m for an ilmenite electrode are: 

C, =0.0885 x 10"6, C2 = 6.0xl0"3, m =1.5. 

Figure 7.50 shows the experimental data illustrating the relationship between the 
parameter x determined by /, v, and h and the value of angular change. 

Effect of preheating. Watanabe and Satoh(732) studied how preheating affects the 
angular distortion of fillet welds in low-carbon steel.(506) The results are given in Fig. 7.51. 
Preheating reduced the angular distortion. Preheating the back of the plate proved 
more effective in reducing angular distortion than preheating the front. 

7.8.2 Reduction of angular distortion by elastic prestraining 
The angular distortion of a fillet weld can be reduced if an initial angular distortion 

is provided in the negative direction. There are basically two ways of doing this (see 
Fig. 7.52). 

1. Plastic prebending (see Fig. 7.52(a)). 
2. Elastic prestraining (see Fig. 7.52(b)). 

f To express the angular change, φ0 is used to maintain a notation consistent with that used in the preceding 
pages. Watanabe-Satoh used δ (as shown in eqn. (4) of Table 7.2). 
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FIG. 7.50. Effect of welding conditions on the angular change of free tee-fillet welded joints. 
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FIG. 7.51. Reduction of angular distortion of fillet welds by preheating (Watanabe-
S a t o h ( 5 0 6 . 7 3 2 ) ) 
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Q. PLASTIC PREBENDING 

b. ELASTIC PRESTRAINING 

FIG. 7.52. Plastic prebending and elastic prestraining. 

If an exact amount of plastic prebending could be used, a fillet weld with no angular 
distortion whatsoever would be the result. 

In elastic pre-straining, a restraining jig is used. Often this is simply a bar of a certain 
size placed under the weld and the plate clamped in a jig. If the proper amount of 
prestraining is used, the fillet weld will have no angular distortion. 

There are advantages and disadvantages with both methods. It is generally believed 
that in practice elastic prestraining is more reliable than plastic prebending. Since the 
weldment is clamped, the angular distortion is always much less than it would be if 
it were free. Even if an error is made in the amount of prestraining used, the angular 
distortion is always reduced. If plastic prebending is used, the amount of prebending 
used must be exact if a joint without distortion is to be produced. The amount of ade-
quate prebending changes with the plate thickness, the welding conditions, and other 
parameters, and the bending-line must exactly match the weld line. 

The following pages examine the use of elastic prestraining in the reduction of angular 
distortion in fillet welds and give some experimental results on the subject. 

Data on steel weldments. Kumose et α/.(733) studied how effectively elastic prestraining 
could reduce the angular distortion of fillet welds in low-carbon steel. Figure 7.53(a) 
shows the experimental set-up. A round bar was placed under the bottom of a plate. 
The plate was then clamped to the bed. Figure 7.53(b) summarizes the results, including 
the relationship between the bottom plate thickness and the skin stress required to 
produce a zero angular distortion. 

Skin stress, σ, is calculated as follows: 
σ = [(6Di)/L2]F, (7.30) 

E = E/(\ - v2) 
where D = diameter of the bar placed under the bottom of the plate, 

t = plate thickness, 
L = length of free span, 
E = Young's modulus, 
v = Poisson's ratio. 
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A. Experimental set-up used 
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FIG. 7.53. Effectiveness of elastic prestraining for reducing angular distortion of fillet welds 
(Kumose et ai). 

Ε' instead of E is used to compute σ because the stress condition is in a plane-strain 
condition. When the weld length is short, E instead of E' should be used. 

Data on aluminum weldments. Henry(734) studied how effectively elastic prestraining 
could reduce the angular distortion of weldments in 5456 aluminum alloy. Using a 
uniform plate span and length, and relying on the GM A welding process, he investigated 
how angular distortion is affected by the degree of prestraining, the plate thickness, 
and the number of passes. 

Figure 7.54 shows schematically the prestraining method used in the experiments. 
Note that the clamps only hold the bottom plate tips to the table and do not force 
them to be tangent. The round bar is placed under the plate along the longitudinal 
centerline (weld line) to induce a reverse curvature that will counteract the out-of-plane 
distortion caused by the welding. 

All test specimens were 24 x 24 in. (610 x 610 mm). Thickness of .25 in., .375 in., 
and .50 in. (6.4,10, and 12.7 mm) were used because they appear to be the most susceptible 
to welding distortion. The degree of prestraining (i.e. liner height) was calculated using a 
surface strain model and relied on the experimental strain-measurement data obtained 
from 5052-H32 aluminum alloy plates of the same thickness but of a different size 
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FIG. 7.54. Schematic pictorial of test setup. 
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FIG. 7.55. Centerline max. strain (ε ) versus liner size for several plate thicknesses from a 
linear extension done from data with 5052-H32 Al. alloy. 

(18 in. span, 12 in. length). By assuming a linear approximation of linear height versus 
plate length, Fig. 7.55 was developed. This was done in the hope that these numbers 
would give a liner diameter for the minimum angular distortion. 

Figure 7.56 plots the liner height versus the plate thickness for a tee height of 3 in. 
(76 mm). Based on the experimental results obtained, and on data on out-of-plane 
distortion generated by Taniguchi(725) (see Section 7.7.1), Henry calculated the liner 
height that would give the least angular distortion. 
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By combining data given in Fig. 7.55 and 7.56, Fig. 7.57 was developed. Figure 7.57 
shows the minimum-distortion values of plate upper surface strains. To use this curve, 
enter the plate thickness and the required number of passes (given in the material 
specifications) and find the required surface strain along the weld line. For example, 
suppose a job order involving a plate of 5456 aluminum alloy 10 ft long and \ in (12.7 mm) 
thick with 3-in. (76 mm) tees at every foot specifies that the plate is to be GMA welded 
with three passes per fillet. Enter t = \ in. (12.7 mm) and number of passes per fillet = 3 in. 
(76 mm) to Fig. 7.57 and the required surface strain is given as 1.82 x 10"3 in./in. 

7.9 Longitudinal Shrinkage of Butt Welds 

The longitudinal shrinkage in a butt weld is approximately 1/1000th the weld length, 
much less than the transverse shrinkage. Only limited studies have been made of longi-
tudinal shrinkage in a butt weld. King(735) proposed the following formula: 

Ar 0.12x7 x L i n ^ 
AL = 10005077 (731) 

where I = welding current, amps, 
L = length of weld, in., 
t = plate thickness, in. 

For example, when t = \ in. (6.4 mm) and I = 250 amperes, 

AL/L= 1.2 x 10"3. 

Figure 7.10 shows the allowances for the longitudinal shrinkage of butt welds provided 
in U.S. Navy specifications. 

7.10 Longitudinal Shrinkage of Fillet Welds 

Guyot(716) conducted an extensive study on the longitudinal shrinkage of fillet welds 
in carbon steel. He found that longitudinal shrinkage is primarily a function of the total 
cross-section of the joints involved. Restraint is more effective when the plates are 
thicker and wider. He therefore called the total cross-section of the welded plates in the 
transverse section the "resisting cross-section". 

Figure 7.58 shows the results obtained by Guyot. In order to maintain symmetry in 
the transverse section and thereby keep longitudinal deflection to a minimum, he used 
cross-shaped assemblies as shown in the figure. Shrinkage values are expressed as a 
function of the resisting cross-sectional area, A , and the cross-sectional area of the 
weld metal, Aw. When the ratio Ap to Aw is less than 20, the following formula may be 
used: 

(5 = ^ x 2 5 (7.32) 
AP 

where δ = longitudinal shrinkage (mm) per 1 m of weld. 



Distortion in Weldments 295 

0 2 4 6 Θ 10 12 14 16 

Resisting Cross-Section, sq in. 

FIG. 7.58. Variation of longitudinal shrinkage as a function of the resisting cross-section 
area, Ap, and transverse cross-section area, Aw (Guyot).(716) 

Note: Experiments were made on cross-shaped assemblies as shown in the upper-right portion 
of the figure. 

7.11 Longitudinal Bending Distortion 

When the weld line does not coincide with the neutral axis of a weld structure, the 
longitudinal shrinkage of the weld metal induces bending moments, resulting in longitu-
dinal distortion of the structure. This type of distortion is of special importance when 
fabricating T-bars and I-beams. 

In the 1950s Sasayama et α/.(736) obtained experimental results on longitudinal 
bending distortion in steel weldments. A simple analysis similar to the beam theory was 
developed to analyze experimental data. 

Recently a study was done at M.I.T. on the longitudinal bending distortion of 
aluminum weldments. A computer simulation of transient metal movement and distor-
tion has also been attempted. On the basis of these recent developments it is now possible 
to use computer simulations to solve various practical problems related to bending 
distortion as induced by longitudinal shrinkage. 

7.11.1 Investigation of steel weldments by Sasayama et al 

Sasayama et α/.(736) investigated longitudinal distortion of steel as caused in the fillet 
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FIG. 7.59. Longitudinal deflection of steel due to fillet welding. 

welding of various T-bars and I-beams in low-carbon steel (see Fig. 7.59 for experimental 
results). In a T-bar, the deformation gradually increases as the welding progresses 
(Fig. 7.59(a)). 

In an I-beam the phenomena are somewhat different (see Fig. 7.59(b)); the deforma-
tion increases with the welding of the underside fillet, and decreases with the welding of 
the upper side. The deformation due to the welding of this second fillet is generally 
smaller than that of the first, causing some residual deformation to remain, even when 
the weight of the deposit metal of both fillet welds is equal and the geometry of the joint 
is symmetric. This occurs because the effective resisting area of the joint differs between 
the two; the upper flange does not effectively constrain the deformation during the 
welding of the underside of the fillet, since the upper flange is only tack welded to the 
web plate, but both flanges effectively constrain the welding of the upper side fillet, 
since the lower flange has already been welded to the web. 

In analyzing their experimental results, Sasayama et al developed a theory similar 
to the bending-beam theory. In the case of the bending distortion of a long, slender 
beam, longitudinal residual stress (σχ) and the curvature of longitudinal distortion 

General view 

-IMA. 
N.A.-

b. Incompatible strain €χ" c Residual stress σχ 

FIG. 7.60. Analysis of longitudinal distortion in a fillet-welded joint (Sasayama et α/.(736)). 
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( 1 /R) are given by the following equation (see Fig. 7.60) : 

M* P* 

l/R = M$/Ely = Pxl*/EIy 

(7.33) 

where ε̂  = incompatible strain, 
A = sectional area of the joint, 
/ = moment of inertia of the joint around the neutral axis, 

P* = apparent shrinkage force, P* = J j£e^dydz, 
M* = apparent shrinkage moment, M* = \§Εεχζάγάζ = P*l*9 

I* = distance between the neutral axis and the acting axis of apparent shrinkage 
force. 

Equation (7.33) shows that it is necessary to know the distribution of incompatible 
strain (ε̂ ) in order to know the distribution of residual stress (σχ) but the information 
about moment (M*) is sufficient only for determining the amount of distortion (1/P). 
Moment (M*) can be determined when the magnitude of the apparent shrinkage force 
(P*) and the location of its acting axis are known. Through experiments, it was found 
that the acting axis of P* is located somewhere in the weld metal. It is believed that the 
apparent shrinkage force (P*) causes residual stress and distortion. More information 
can be obtained when the P* value rather than the distortion value itself is used in the 
analysis of experimental results. For example, it makes it possible to separate the various 
factors that affect the magnitude of distortion into those caused by changes in geometry 
(A, Iy, or /*) and those caused by changes in the value of P* itself. 

The increase of longitudinal distortion (apparent shrinkage force P*) during multipass 

0 05 10 15 20 2 
Weight of Electrode Consumed Per Unit Weld Length , g r /mm 

i i i i \ i i l 

0 6 8 10 12 14 
Length of Leg , mm 

FIG. 7.61. Increase of longitudinal distortion during multipass welding (Sasayama et ai(136)). 
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welding is as shown in Fig. 7.61. All of the plate specimens were in mild steel 1200 mm 
(4 ft) long and 12 to 13 mm (| in.) thick. The P* values increased proportionally with the 
weight of the electrode consumed per weld length, except for the first layer. The large 
amount of distortion obtained in the first layer was due to the lack of resisting-area 
during that stage of welding; the flange plate was not yet attached firmly to the web 
plate. 

Practically no distortion was produced during the intermittent welding (Specimen 
1-4). This was probably due to the fact that longitudinal residual stress does not reach a 
high value in a short intermittent weld.f 

7.11.2 Investigations of aluminum weldments at M.I.T. 

During the last few years, a series of experimental and analytical investigations have 
been conducted at M.I.T.+ Yamamoto's(533) series of experiments tried to analyze the 
longitudinal distortion mechanism in a built-up beam, to provide experimental data 
for the development of a computer program on longitudinal distortion, and to investigate 
a method of reducing longitudinal distortion. Experiments were performed in the follow-
ing phases: 

1. Simple rectangular plates were welded or heated along one edge by automatic 
GMA or GTA (no filler wire) welding processes. Some of the results are presented 
in Chapter 6. 

2. T-section beams with the same web depth as the plates of the previous phase 
were welded by automatic GMA welding process under the same supporting 
condition used in the above phase. 

3. A clamped T-section beam was welded by the automatic GMA welding process. 

Strain-hardened and non-heat treatable aluminum-magnesium structural alloy 
5052-H32 was used in the experiments. Filler wires 4043 and 2319 were used, the selection 
being based on ease of welding and material at hand. 

Specimens \ in. (12.7 mm) thick and 4 ft (1220 mm) long were used so that one-dimen-
sional characteristics could be measured. Welding conditions were changed during 
the various passes so that a good penetration and a minimum weld length for adequate 
joint strength could be obtained. 

Figure 7.62 shows a typical test specimen and provides dimensions as well as strain 
gage and thermocouple locations. Yamamoto's Fig. 7.63 compares the longitudinal 
distortion values in steel and aluminum welds. Yamamoto obtained the results on 
aluminum welds and Sasayama et a\. obtained those on steel welds. It is interesting to 
note that aluminum weld distortion is less than steel weld distortion. Because the thermal 
conductivity of aluminum is much higher than that of steel, the temperature gradient in 
an aluminum weld is considerably less than that in a steel weld. 

Study of transient metal movement. As a part of the investigation Yamamoto studied 
the transient metal movement that occurs when the longitudinal edge of a rectangular 
plate is welded. The experimental data consisting of temperature changes, strain changes 

1 Further discussions are given in Chapter 16. 
f Ujiie et α/.(737) of Mitsubishi Heavy Industries investigated distortion in aluminum structures and proposed 

a twin-GWA double-fillet welding technique that would reduce longitudinal distortion. The method seems to 
be effective if T-bars thicker than 20 mm (0.787 in.) are used. 
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and deflection changes were compared with analytical predictions. The results are 
discussed in Chapter 5 (see Figs. 5.21 through 5.26). 

Nishidds computer analysis. Nishida(527) has developed a computer program capable 
of analyzing the transient distortion that occurs in built-up beams (see Section 5.5.3). 

299 
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7.12 Buckling Distortion 

When thin plates are welded, residual compressive stresses occur in areas away 
from the weld and cause buckling (see Fig. 7.64). Buckling distortion occurs when the 
specimen length exceeds the critical length for a given thickness in a given size specimen. 
In studying weld distortion in thin-plated structures, it is important to first determine 
whether the distortion is being produced by buckling or by bending. Buckling distortion 
differs from bending distortion in that: 

1. There is more than one stable deformed shape. 
2. The amount of deformation in buckling distortion is much greater. 
Since the amount of buckling distortion is large, the best way to avoid it is to properly 

select such structural parameters as plate thickness, stiffener spacing, and welding 
parameters. 

7.12.1 Investigations by Masubuchi and others 

The buckling distortion of welded plates caused by residual stresses has been studied 
by Masubuchi,(738) Mura,(739) and Watanabe and Satoh.(740) Masubuchi(738) investi-
gated the buckling distortion that occurred in long steel strips (2.3 x B x 7.200 mm 
(B = 100 ~ 400 mm) after weld beads had been laid along the center line of the strip 
using the submerged-arc process. Figure 7.64(b) shows eight different stable deformation 
patterns found along the weld center line in one specimen. 

a. Buckling Distortion 

0 100 200 300 400 500 600 700 

b. Eight Stoble Distortion Observed in One 
Specimen 

FIG. 7.64. Buckling distortion of a bead-welded plate. Distortions along the weld line are 
shown. 



Distortion in Weldments 301 

Residual stress 

Weld 

I * 
-zf 6 υ .c 

g 5 

c 
-* 4 
'x: 
^ 3 
a 
| 2 

ύ i 

A spect ral 

4=0 
B Λ . 

i 

10 

f^r 
— ^ 1 2——— 

0.5 1.0 1.5 2.0 2.5 

Breadth of Plate(B) , meters 

3 0 

FIG. 7.65. Critical thickness for buckling distortion of a butt weld.(740) 

Figure 7.65 shows the results obtained by Watanabe and Satoh.(740) Shown are the 
calculated values of the critical thickness for various sizes of butt-welded plates. For 
example, when two panels 1 m (40 in) wide and 2 m (80 in) long are butt welded (B = 2 m, 
B/L = 1), the plate is going to buckle after welding if the thickness is less than 4.5 mm 
(0.18 in.). In a study of electron-beam welding conducted at Battelle, buckling distortion 
occurred in thin sheets of beryllium, aluminum, and stainless steel when they were 
electron beam welded.*74 υ The analysis developed by Watanabe and Satoh was used 
successfully in determining the critical thicknesses of these metals. 

7.12.2 Recent investigation at Kawasaki 

Engineers at Kawasaki Heavy Industries have conducted an extensive experimental 
and analytical investigation of out-of-plane distortion during the welding fabrication 
of thin panel structures/742,743) 

Experimental study. Figure 7.66 shows how distortion at the center of the panel 
increases during and after welding. As the welding heat input increases, the structure 
starts to deform sooner and the final distortion increases. 

Figures 7.67 through 7.72 summarize the experimental results. Experiments were 
conducted under the following test conditions: 



302 Analysis of Welded Structures 

(w)(w/t) 

™ m r0.6i 

O 
i-o 

< 
cr 

01- 0 

GTA 

13,500 J/cm -500 -H 

l2t400J/cm 

10/420 J/cm 

9,240 J/cm 

8 4 0 0 J/cm 

n= 
7560 J/cm 

30 60 

TIME AFTER START WELDING, (min ) 

90 

FIG. 7.66. Formation of out-of-plane distortion during welding fabrication of stiffened 
panel structures (Terai et α/.).(743) Welding was done between a low-carbon steel plate 6 mm 

(\ in.) thick and frames. 

Material: low-carbon steel. 
Plate thickness (i): 4.5 mm (0.18 in.) to 10 mm (0.4 in.). 
Panel dimension (b): 500 mm (20 in.) and 1000 mm (40 in.). 
Heat input: 7560joules/cm( 19,200joules/in)and 13,500joules/cm(34,300joules/in.). 
Welding process: gas tungsten arc and shielded metal arc. 

Figure 7.67 shows the relationship between deflection, vv/i, and heat input per unit 
thickness, Q/t (joules/cm2), for panels of 500 mm by 500 mm. The heat input-deflection 
relationship is similar to the load-deflection relationship in a buckling experiment. 
When the plate was 10 mm (0.4 in.) thick, buckling distortion was not consistently 
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FIG. 7.67. Relationship between deflection and heat input for panels 500 x 500 mm. 
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present until the heat-input had reached 13,500 joules/cm2. When the plate was 8 mm 
(0.3 in.) thick, the buckling appeared at a heat-input of approximately 8000 joules/cm2. 
When the plate was 6 mm (0.24 in.) thick, the buckling appeared when the heat input 
had reached approximately 3500 joules/cm2. And when the plate was 4.5 mm (0.18 in.) 
thick the critical buckling heat input was less than 2000 joules/cm2. It is interesting to 
note that the experimental results clearly indicate the existence of a critical buckling 
heat-input for a given test condition. 

Figure 7.68 shows that the critial buckling heat-input decreases as plate thickness 
decreases and the free span increases. 

Figures 7.69 and 7.70 show the relationships between w/t and β/ί3, cal/cm4. The 
results indicate that for a given panel size the critical values of Q/t3 are not affected by 
plate thickness. 

Figure 7.71 shows the relationship between w/t and Qb/t3. The results indicate that 
buckling occurs when the value of Qb/t3 exceeds about 3.5 x 105 cal/cm3. 

Figure 7.72 shows the results obtained on panels welded using the shielded metal arc 
process. Results shown in Figs. 7.67 and 7.72 indicate that the critical heat-input for 
buckling is little affected by the difference in welding processes. 

Analytical study. The buckling distortion of a welded panel has also been the subject of 
an analytical study. The critical buckling stresses under various boundary conditions 
were the first values calculated. Tables 7.10 and 7.11 show the following results: 

TABLE 7.10: Buckling of a simply supported rectangular plate under uniform 
compressive stresses in one direction. 

TABLE 7.11 : Buckling of a rectangular plate under uniform compressive stresses in 
one direction when all sides are elastically built in. 
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TABLE 7.10. The buckling of a simply supported rectangular plate under a uniform compressive 
stress in one direction 

1. Buckling of simply supported rectangular plate uniformly compressed in one direction 
If the wave of deflection surface is represented by the expression 

Then 

w = am sin (mux/a) sin (nny/b). 

σ = [£π2/12(1 - v2)] [r/fc]2 [m(b/a) + (l/m)(a/f>)]2. 

2. Buckling of simply supported rectangular plate with residual stress uniformly compressed in one direction 
If the wave of deflection surface is represented by the expression 

w = amn sin (mux/a) sin (nny/b). 

(i) When both sides y = 0 and y — b are welded 

R2 Rl 

t c / 2 

compression 

Ic/2 

Px 
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TABLE 7.10 (com) 

Then the critical compressive stress will be 

a = [£π2/12(1 - v2)] [r/fc]2 [m(b/a) + (\/m)(a/b)]2 - [(sin(n(b - c)/b))/(nc/b)]GR2. 

Here, R2/t = GR2. 

σ = [£π2/12(1 - v2)] [t/bf [m(b/a) + (l/m)(a/&)]2 + [(8ίη(πο/6))/(π(6 - c)/b)^Ri. 

Here,Kl/i = aÄ1. 

(ii) When one side y = 0 is welded 

R2 Rl 

f c / 2 

tension 

compression Px 

b 

y 

Then the critical compressive stress will be 

σ = [£π2/12(1 - v2)] [t/h]2 [m(b/a) + (\/m)(a/b)Y - [(sin (nc/b))/(nc/b)]aR2. 

Here, R2/t = aR2. 

σ = [£π2/12(1 - v2)] [i/&]2[m(fc/a) + (\/m)(a/b)Y + [(8ίη(π^))/(π(2^ - c)/b)~\GRi. 

Here, Äl/ί = σΑ1. 

iiii) When the center of the plate y = 1/26 is we/ded 

R2 Rl 

♦ b-c 

? 2 

tension T c 

compression 

J . 
♦ b-c 

2 

Px 

Then the critical compressive stress will be 

σ= [£π2/12(1 - v2)] [t/bY[m(b/a) + (l/m)(a/fc)]2 + [{sin (ne/b))/(ne/b)]aR2. 

Here,R2/t = aR2. 

σ = [£π2/12(1 - v2)] [ί/6]2[m(b/a) + (l/m)(a/6)]2 - l(sin(nc/b))/(n(b - c)/fc)>K1. 

Here,Rl/i = σκι. 



TABLE 7.11. Buckling of a rectangular plate due to uniform compressive stresses in one direction when 
all sides are elastically built in 

1. Buckling of a rectangular plate uniformly compressive in one direction when all sides are elastically built in 

If the wave of deflection surface is represented by the expression 

w = amn[\ - cos{2mnx/a)~\ [1 - cos(2nny/b)~\. 

Then the critical compressive stress will be 

σ = [Επ2/144(1 - v2)] \t/b~]2 [48m2(b/a)2 + 48(1 /m2)(a/b)2 + 32]. 
2. Buckling of rectangular plate with residual stress uniformly compressive in one direction when all sides are 

elastically built in 

w = ûmB[l - cos(2m7i;c/a)] [1 - cos(2nny/b)~\. 

(i) When both sides y = 0 and y = b are welded 

R2 Rl 

ï c / 2 

tension 

compression 
I 

Tc/2 

Px 

b 

y 

Then the critical compressive stress will be 

σ = [En2/144(1 - v2)] [t/fc]2[48m2(b/a)2 + 48(l/m2)(a/fc)2 + 32] 

- [{4b/3nc)sin (nc/b) - (b/6nc)sin {2nc/b)~\aR2. 

Here, R2/t = oR2. 

σ = [£π2/144(1 - v2)] [t/b]2 [48m2(fc/a)2 + 48(l/m2)(a/fc)2 + 32] 

+ [ {4b/Mb - c)} sin (nc/b) - {b/6n(b - c)} sin {2nc/b) ]σκ 1. 

Here,/U/i = KK1. 

(ii) When the center of the plate y = 1 /2b is welded 

R2 Rl 

| b-c 
2 

tension 

compression 

_ J l _ 

b-c 
2 

Px 

b 

y 

Then the critical compressive stress will be 

σ = [£π2/144(1 - v2)] [t/b]2[4%m2{b/a)2 + 48(l/m2)(a/b)2 + 32] 

+ l(4b/3nc) sin (nc/b) + (b/6nc) sin (2nc/b)~\aR2. 

Here, R2/t = aR2. 

σ = [£π2/144(1 - v2)] [t/b]2 [48m2(6/a)2 + 4S(\/m2)(a/b)2 + 32] 

- [{4b/3n(b - c)}sin(nc/b) - {b/6n{b - c)\ sin(2nc/b)]aR1. 

Here, R\/t = aRl. 
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TABLE 7.12 Assumed residual stress distributions used for the analysis of buckling of a rectangular 
plate by residual stresses only 

Residual stress distribution in the case of a bead-on-plate weld is represented by the following expression 
(Satoh et ai): 

CASE1 b/2=\0~2Q/t 

CASE 2 b/t = 0.33 x \0~2Q/t 

^ = 1 . 0 - 1 . 1 ^ 
y i = 0 . 6 x 10"3Q/i 

F, =0.186/2 

σ2 = - 025ay, 

y2 = 2.0x ιο-3ρ/ί. 

σ2=-0Λσν, 
Y2 = 0.406/2. 

/ 
/ 
/ 

JÎ J" 

1 

/ 
/ 

/ 

0-R2 

* 2 

,χ 

\\ 
■ \ 
1 

γ, 

r — - - -

i 
\ 
ΛΥ2 
ί \ » 1 C/2 2 

1 \ ^~~ \ ^**— — 
^ *~ Case I 

Case 2 

Modifying this welding residual stress distribution to rectangular distribution, the c/2 value is 

CASE1 c/2 = 1.16 x 10"3Q/t. 

CASE 2 c/2 = 0.146. 
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FIG. 7.74. How the width of residual stress tension zone C and the welding heat input (cal/cm2) 
affect the critical buckling stress. 
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Then the buckling stresses of a rectangular plate caused by residual stresses only were 
calculated. Table 7.12 shows the assumed residual stress distributions. Figures 7.73 
through 7.76 show the results. Figure 7.73 shows the relationship between plate width 
and buckling strength. Figures 7.74 and 7.75 show how the width of the residual stress 
tension zone, C, and the welding heat input (cal/cm2) affects the critical buckling stress. 
These figures are useful in determining whether a given panel structure buckles when 
it is welded under given conditions. 

The buckling of a panel during welding may be avoided by the application of tensile 
stresses. Figure 7.76 shows the relationship between the width of the residual stress 
tension zone, C, and the prestretching stress necessary to prevent buckling distortion. 
This subject is presented in more detail in Section 7.13.4. 
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7.12.3 An investigation by Pattee 

Pattee(744) at M.I.T. conducted an analytical and experimental investigation of 
buckling distortion in aluminum welds. 

Experiments were made to determine the buckling behaviour (during and after 
welding) of variously dimensioned aluminum plates with a number of different boundary 
conditions. Material used was the 5052-H32 aluminum alloy. 

As stated earlier, the best way to cope with buckling distortion is to avoid it. Any 
plate has a critical buckling load. To avoid failure, the welding stresses must remain 
below this level. This can be achieved by welding less, using less heat, or removing the 
heat. 

One way to weld less is to use intermittent welding; by halving the amount of welding, 
the critical load is approximately doubled. Another way is to decrease the weld-bead 
size, which results in smaller heat requirements during welding and hence in lower 
stress levels. A third way to reduce the stress levels is to remove the welding heat from 
the plate using chill bars, water-cooled backing plates, etc. 

One can see from the above that, within normal operating ranges, lower heat-inputs 
significantly reduce the stress levels. Increasing the transverse moment of inertia in a 
structure will increase its resistance to buckling. This can be achieved by using a thicker 

YES-buckling 

Examine and 
quantify ail 
counter-measures 

Determine the 
effect of the 
counter-measures 
on (a ) and ( b) 

YES 

Design a 

weldment 

X 
( a ) Determine 
residual stress 
levels 

X 
Model boundary 
conditions and 
(b) find the 
critical stress 

N0-
no buckling 

FIG. 7.77. Flow chart of the "system". 



312 Analysis of Welded Structures 

plate or by decreasing the stiffener plating. Neither are always reliable, since both 
require more welding and more material and increase the weight and the cost. 

Based on these observations and on the analytical and experimental investigations he 
conducted, Pattee proposed a systematic approach to the buckling problem. A flow 
chart of the system is shown in Fig. 7.77. Its components include the following: 

1. Derivations that described the buckling that occurs when thin plates are welded 
under commonly encountered boundary conditions. 

2. Flexible computer programs that calculate either the critical loads or the critical 
dimensions. 

3. A welding simulation program that predicts residual stress (such as M.I.T.'s 1-D 
or 2-D programs discussed above). 

4. Calculations that determine the effect of any corrective measure. Examples pro-
duced using this system can be found in Reference (744). 

7.13 Methods of Distortion-reduction in Weldments 

Previous parts of this chapter have dealt with the mechanisms of various types of 
distortion as well as with the analytical prediction of distortions. This section presents 
several methods of reducing distortion in weldments, and includes the following subjects : 

1. A review of commonly used distortion-reduction methods. 
2. How external restraints affect residual stress and distortion. 
3. Distortion-reduction through thermal-pattern control. 
4. The reduction of out-of-plane distortion through stretching and heating. 
5. The reduction of the longitudinal distortion of built-up beams through differential 

heating. 

7.13.1 A review of commonly used distortion-reduction methods 

In the following pages the common methods of reducing weld distortion are reviewed. 
References are made to information presented earlier if it has to do with reducing weld 
distortion. 

Weldment dimension. The length, the width, and the thickness of a weldment all 
influence the amount of distortion. 

The plate thickness greatly influences the angular distortion in a fillet weld 
(see Figs. 7.43, 7.44, 7.45, 7.47, 7.48, 7.49, and 7.50). Since the angular change of a fillet 
weld is caused by temperature differences between the top and bottom surfaces of the 
plate, at a certain plate thickness (about f in. for steel and | in. for aluminum—see 
Figs. 7.43 and 7.44 respectively) the angular change is maximum. When the thickness is 
greater than this, the angular change is less because of the rigidity of the plate. When 
the thickness is less than this, the angular change is less because the temperature differen-
tial between the top and bottom surfaces is less. 

But this does not mean that when engineers fabricate thin-plated structures they will 
have fewer distortion problems. Buckling becomes more of a problem (see Section 7.12), 
and since buckling distortion, if present, is always serious, the best way to deal with it is 
to avoid it through the careful selection of structural parameters (plate thickness and 
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stiffener spacing, for example) and welding parameters. Figures 7.65 and 7.73 to 7.76 are 
useful in determining the critical buckling-distortion thickness in butt welds. Figure 7.77 
is a flow chart of the computer-aided system for determining buckling probability in 
certain simple weldments. 

When fabricating a T-bar or an I-beam, a process that involves a long, slender weld-
ment, bending distortion caused by longitudinal weld shrinkage may become significant 
(see Section 7.11). 

Joint design. Distortion is affected by joint design. As a general rule, distortion can be 
reduced by keeping the amount of weld metal used at a minimum. Figure 7.39 shows the 
groove shape that gives a zero angular distortion in butt welds. 

Welding processes and welding conditions. Since residual stresses and distortion are 
the result of uneven heating during welding, it is generally true that the less total heat a 
process uses in joining, the less distortion will be produced. Weldments produced 
using narrow-gap welding, electron beam welding, and laser welding all exhibit less 
distortion than those produced using arc welding. A weld made using a low heat input 
generally exhibits less distortion than a weld made using a high heat input. 

But we must also recognize that the influence of the temperature distribution and 
the heat input on various types of distortion is complex. For example, the transverse 
shrinkage of a butt weld is greatly affected by the temperature distribution in the base 
plates when the weld metal solidifies (see Fig. 7.18). The best way to reduce transverse 
shrinkage in butt welds, therefore, is to reduce the heat-spread before the weld metal 
solidifies. 

The angular change of a fillet weld is greatly influenced by the temperature difference 
between the top and bottom surfaces. Figure 7.50 shows how welding conditions and 
other parameters affect angular change. 

The longitudinal shrinkage of the weld zone induces bending distortion (see 
Section 7.11). Equation (7.33) shows that the bending distortion can be reduced (1) by 
placing the weld near the neutral axis of the weldment and (2) by reducing the amount 
of weld metal. 

Multipass welding. A large percentage of the transverse shrinkage that takes place in 
butt welds occurs during the first and the second passes (see Fig. 7.26). Much work has 
been done on the question of how various procedure parameters affect transverse 
shrinkage (Table 7.7). One important finding has been that the use of larger diameter 
electrodes will result in less shrinkage (see Fig. 7.28). 

Figures 7.37 through 7.39 suggest that a butt weld without angular distortion can be 
obtained through a proper selection of joint design and welding sequence. 

Constraints. The use of external constraints to reduce distortion is a common practice 
in the fabrication of welded structures. Through the selection of appropriate strong-
backs, jigs, clamps, and rollers, investigators have found that induced distortions can be 
reduced. Figure 7.7 shows how the transverse shrinkage of a butt weld decreases as the 
degree of constraint increases. 

Equation (7.22) shows how the angular distortion of a fillet weld decreases as the degree 
of constraint increases. Figures 7.53 and 7.57 show how the angular change of fillet 
welds can be reduced through the use of elastic prestraining in steel and aluminum 
structures respectively. 
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Welding sequence. Investigators have found that welding sequence affects transverse 
distortion. Block-welding sequences were generally found to cause less shrinkage than 
multi-layer sequences (see Fig. 7.32). 

Use of intermittent welding. Longitudinal bending distortion can be significantly 
reduced when intermittent fillet welds are used as shown in Fig. 7.61. But angular 
distortion is not significantly reduced when intermittent fillet welds are used, according 
to Hirai and Nakamura.(724) 

Peening. When metal that has shrunk during welding is stretched by peening, some 
of the distortion is removed (see Table 7.7 and Chapter 14). 

7.13.2 How external restraints affect residual stress and distortion 

Engineers involved in welding fabrication want to know how to reduce distortion 
without increasing residual stresses. It is commonly believed that when a weld is made 
under restraint, distortion will decrease and residual stresses increase. 

Recently M.I.T. researchers studied how an additional restraint would affect the 
residual stresses and distortion. Their idea was to weld a structural member under 
external restraint and then to release the restraint later, a process similar to elastic 
prespringing (see Fig. 7.52(b)). If a weld is made under restraint, the distortion will be 
reduced but the residual stresses will probably remain high; if the restraint is then 
released, some of the residual stresses will be reduced. Although releasing the restraint 
may increase the distortion, this distortion will only be elastic and thus small. 

This additional-restraint welding technique should produce a weldment with little 
distortion, and the residual stresses will be no greater than those in weldments made 
without additional restraints. 

Beauchamp(745) studied how distortion and strains change during the welding 
fabrication of simple panels. Figures 7.78 and 7.79 show the two model configurations 
for the stiffened panels made of 5052-432 aluminum alloy plate. The strain-gage and 
thermocouple locations are also shown in the figures. After the stiffeners were welded, 
the models were joined by a butt weld, giving the configuration shown in Fig. 7.80. The 
dimensions of the models are shown in Figs. 7.78 and 7.79. Plate thicknesses of | , ^ , and 
| in. (6.4,4.8, and 3.2 mm) were used. GMA welding and 5556 aluminum alloy filler-wire 
were used. Elastic prestraining was used in all fillet weldings. After the fillet welds had 
cooled to room temperature, the plates were undamped and residual stresses measured. 
Only transverse strains and stresses were measured. Because the experimental results 
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are complex and occasionally confusing, they are not presented here in detail.f The 
general tendencies observed are as follows. 

Stresses were introduced through elastic prestraining. The strains increased during 
welding. But when the clamps were released after the weldment had cooled to room 
temperature, much of the strain was released. Specimens welded under elastic prestrain-
ing showed little distortion, but the specimen welded under no prestrain showed a consi-
derable amount of distortion. 

Although these results are not yet conclusive, they suggest that this method will 
produce fabricated weldments with less distortion. Because of reaction stresses, residual 
stresses present after the welding is completed and before the weldment is released can 
be quite high. When the restraint is removed, most of the reaction stresses are released. 
The residual stresses present after the restraint is removed are about the same as those 
that exist in a weldment made under no restraint. 

7.13.3 Distortion-reduction through thermal-pattern alteration 

Distortion can be reduced by properly altering the thermal pattern in a weldment. 
This can be achieved by forced cooling and preheating. 

Harvey research on rapid chilling. A study was conducted at the Harvey Engineering 
Laboratories1746* for the Marshall Space Flight Center, NASA, to investigate the 

Some of these results are given in Reference (720). 
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feasibility of reducing warpage and residual stresses in aluminum weldments by control-
ling the thermal pattern during welding.(747) The concept involves the use of cryogenic 
liquids and auxiliary heat sources to produce a contraction and expansion of the metal 
in the vicinity of the weld in such a manner as to counterbalance the expansion and 
contraction caused by welding. 

In an analytical study, heat-extracting liquid C02 was used to produce an elastic 
deformation equivalent to the thermal expansion and contraction and the weld shrinkage 
(liquid-to-solid) that occurs during welding. The calculations were based on parameters 
observed during the performance of a previous study that used liquid C02 to chill weld 
panels 12 x 48 x -^ in. (305 x 1220 x 8 mm) in 2014-T6 aluminum alloy. 

The mathematical results indicated that the thermal stresses would be counter-
balanced if the portion of the plate heated by the arc would be contained within a 2-in. 
(51 mm) diameter circle surrounded by an area of approximately 45 in. (290 m2) cooled 
to - 100 °F ( - 73 °C). To accomplish this it was estimated that approximately 0.8 lb of 
liquid C0 2 per inch of weld (143 g/cm) would be needed. 

On the basis of the analytical results obtained, the jet system was modified as indicated 
in Fig. 7.81. This jet system is designed to chill the front side of the weld and uses a fine 
wire brush as a sliding shield to keep C02 out of the arc. The actual design of the new jet 
system and shielding device includes provision for adjusting the thermal pattern as 
required to accomplish the objectives of the program. The system was also redesigned 
in order to improve its stability during operation and to insure its ability to reproduce the 
required chilling parameters. 

Warpage and residual stress controls were experimentally developed as follows : 
1. Procurement and preparation of materials. 
2. Set-up of welding equipment with instrumentation. 
3. Development of chilling systems and techniques. 
4. Development of techniques for temperature and residual stress measurement. 
5. Development of basic data on thermal stresses. 
6. Development of thermal patterns for warpage and residual stress control. 

-ADDITIONAL JET MANIFOLD 

LIQUID C02 JETS 

^ J E T MANIFOLD 
USED FOR SYSTEM NO. 19 
(OUTPUT « 9 LB. CO. 

WIRE BRUSH SEAL 

WELDING TORCH 

FIG. 7.81. Modified jet system number 19 used at Harvey Engineering. 
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Four ways of altering the thermal pattern during welding were developed, all employ-

ing jet-sprayed liquid C0 2 with or without the application of auxiliary heat. The basic 
systems included the following: 

1. A V-shaped cryogenic jet system for cooling the front side of the weld. 
2. A trailing cryogenic jet system for cooling the front side of the weld. 
3. A circular cryogenic jet system for cooling the back side of the weld. 
4. A trailing cryogenic jet system with auxiliary heating for the front side of the weld. 

Experiments were conducted on welded 12 x 48 x ^-in. (305 x 1220 x 8 mm) 
2014-T6 aluminum alloy panels. It was possible to produce un warped panels with any 
of the thermal-pattern alternation systems. Residual stresses could be reduced by using 
cryogenic cooling. But result-repeatability was very low except in the system using 
both chilling and heating. 

Although the elastic-plastic strain relationship during welding is influenced by a 
great many dependent variables, the results of the work performed under the study 
prove that distortion and residual stress can be controlled by balancing the thermal 
stresses. Using a combination of theoretical and empirical methods, the optimum 
thermal pattern for a specific weldment can be determined; the computer program 
developed at M.I.T. (described in Chapter 5) can speed this process. 

Ixvamurcfs study on forced cooling. As discussed earlier (Section 7.4.2), Iwamura(719) 

studied how forced cooling affects the transverse shrinkage in aluminum butt welds. 
In order to significantly reduce transverse shrinkage, the weld must be quenched so that 
the temperature distribution in the base plate can be altered significantly when the weld 
metal solidifies. Chilling at a later time has little effect on transverse shrinkage (see 
Section 7.4.2 for further information). 

Preheating. Because distortion is caused by uneven heating during welding, properly 
executed preheating can be a powerful distortion-reduction tool. It does this by either 
reducing the unevenness of the heating or by intentionally creating exact amounts of 
uneven shrinkage at precise locations on the parts to be welded. 

Figure 7.51 shows how angular distortion in a fillet weld can be reduced by preheating. 
More information on distortion reduction through preheating is given in Sections 7.13.4 
and 7.13.5. 

7.13.4 Reduction of out-of-plane distortion by stretching and heating 

Engineers at Kawasaki Heavy Industries have developed several methods of reducing 
out-of-plane distortion during the fabrication of thin-plate panel structures/742'743) 

The methods are so successful that they are called the Kawasaki "Perfect Panel Produc-
tion" methods. They include the following (see Table 7.13): 

1. SS method: straightening by stretching. 
2. SH method: straightening by heating. 
3. SSH method: straightening by stretching and heating. 
In the SS method, the panel is stretched mechanically while it is being welded to a 

frame. When the stretching load is released after welding, the plate shrinks and little 
out-of-plane distortion results. Obviously tensile residual stresses remain in the plate 
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FIG. 7.82. Conditions for producing distortion-free panels using the SS, SH, and SSH methods. 

and compressive residual stresses in the frame. This process is effective when a thin 
sheet is welded to a rigid-framed structure, such as the upper body of a railway car. 

In the SH method, the panel is heated to a predetermined temperature before being 
welded to the frame. In other words, the plate is prestretched by preheating. Since the 
frame is not preheated, the plate shrinks more after welding, reducing the out-of-plane 
distortion of the plate. 

In the SSH method, both mechanical stretching and preheating are used. 
Figure 7.82 summarizes test results on various panel structures. As the value of pres-

tretching stress increases the amount of preheating necessary to reduce distortion 
decreases. On the basis of the experimental results, the following formula has been 
developed (see Fig. 7.82(b)): 

^=[K)c r + ^ ] - [ ^ / ( l - v 2 ) ] a T (7.34) 

where as = prestretching stress, 
σ' = compressive residual stress in the plate caused by welding, 

(σΧτ = critical compressive stress in the frame below which no out-of-plane 
deformation occurs, 

a = coefficient of linear thermal expansion, 
T = preheating temperature of the plate. 

These methods are successfully used at Kawasaki Heavy Industries for fabricating 
railway car bodies and ship superstructures. Figure 7.83 shows how out-of-plane distor-
tion can be reduced using the SSH method on a 7 mm (| in.) low-carbon steel plate 
panel. The distortion is measured under the following three conditions: 

1. No preheating and no stretching. 
2. Preheating to 80 °C (180 °F) and stretching. 
3. Preheating to 120 °C (248 °F) and stretching. 
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FIG. 7.83. How the SSH method reduces distortion in welded low-carbon steel plate panel 
structures 7 mm {\ in.) thick (Terai et α/.).(743) 

The circles shown in the figure indicate the amount of out-of-plane distortion, δ. The 
diameter of the circle indicates the magnitude of distortion. When the distortion is 
positive (when the plate is bent downward) the circles are black. When it is negative 
(when the plate is bent upward) the circles are white. The circles are larger in the central 
regions of the panel where the distortion is great. The figures clearly show that distortion 
can be reduced using the SH method. 

7.13.5 Reduction of the longitudinal distortion of built-up beams by 
differential heating 

The term "differential heating", as coined by Masubuchi, refers to a distortion-
reduction technique that intentionally creates temperature differences between the 
parts to be welded. The preheated part cools and contracts more than the part that is 
not preheated. The thermal stress generated can partially cancel out the residual bending 
stresses that would have resulted if the parts had been at the same temperature when 
joined. The result is distortion reduction. 

Researchers at M.I.T. have studied how the longitudinal distortion of built-up beams 
can be reduced by differential heating.f Serotta(534) conducted a series of experiments to 
investigate how differential heating reduces the longitudinal distortion of T-shaped 
built-up beams. As a material he chose 5052-H32 aluminum alloy, a strain-hardened 
and non-heat-treatable alloy, to permit ready comparison with results obtained by 
Yamamoto.(533) The dimensions and the general arrangement of the experimental 

f A limited study has also been done on the use of differential heating in the reduction of out-of-plane 
distortion in panel structures/729) 
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No preheating 

— x CALCULATED 

— EXPERIMENT 

200 400 

FIG. 7.84. Changes of deflection during welding fabrication of a tee-beam (no preheating). 

equipment were also the same as the one used by Yamamoto(533) (see Fig. 7.62). The 
aluminum plates, both the web and the flange, were 0.5 in. (12.7 mm) thick. 

Nishida(527) analyzed the experimental data generated by Serotta(534) using the one-
dimensional computer program discussed in Section 5.5.3. Results of the calculation are 
compared with the experimentally obtained values in Figs. 7.84 and 7.85. 

Figure 7.86 shows how the post-welding deflection changes with the preheated 
temperature of the web. The discrepancies between the experimental data and the 
analytical results appear when the web is heated to a relatively high temperature. It is 
believed that the experimental data for high preheating temperatures is not accurate, 
since the temperature differential is reduced by conduction. Figure 7.86 shows that 
zero deflection can be achieved by heating the web to around 120°F (49°C). 

When welding is done in two passes, the best technique is to produce a slightly positive 

Web was preheated at 49*C 
x CALCULATED (66eC) 

o EXPERIMENT 

400 
TIME 

600 
sec 

1000 

FIG. 7.85. Changes of deflection during welding fabrication of a tee-beam (the web plate was 
preheated to 120°F(49°C)). 
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distortion after the first welding pass by using a higher preheating temperature, 170°F 
(77 °C) for example, so that the distortion after the second pass will be close to zero. 

The computer program developed by Nishida can be used to determine the optimum 
welding and preheating conditions for joining T-beams of various sizes. 

7.14 Methods of Removing Distortion 

Even though there are many distortion-reduction methods in regular use, distortion 
often exceeds tolerable levels. Distortion is also produced during service (from collision, 
for example). It becomes necessary to utilize methods of removing distortion. 

7.14.1 Straightening by flame heating 

The most common distortion-removal technique is to flame-heat the plate at selected 
spots or along certain lines and then to water-cool it. Sometimes plates are heated and 
hammered, a technique that requires great intuitive skill on the part of the workmen, 
since little scientific information, either analytical or experimental, is available on the 
distortion-removal mechanisms operative when this treatment is used. Although several 
papers have been written on flame-heating, they are primarily of an empirical 
nature/748"753) Scientific data on flame-straightening is still scarce. 

Figue 7.87 illustrates the following methods of flame straightening:1 

1. Line heating. 
2. Pine-needle heating. 
3. Heating in cross directions. 
4. Spot heating. 
5. Triangular heating. 
6. Red-hot heating. 
Line heating. In line heating, heat from the torch is applied along a line or a set of 
The terms used here may not be the same as those frequently used by workers in U.S. companies. 
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a. Line Heating 

b. Pine-needle Heating 

c. Heating in Cross 
Directions 

d. Spot Heating 

e. Triangular Heating 

f. Red-hot Heating 

FIG. 7.87. Methods of flame-straightening. 

parallel lines (see Fig. 7.87). This method is frequently used for removing the angular 
distortion produced by the fillet welds attaching a plate to its stiffeners. Line heating 
can also be used as a method for bending plates. Several investigators*530,754,755) have 
studied line-heating shrinkage and distortion mechanism. 

Figure 7.88 shows some line-heating data.(757) Figure 7.88(a) shows the relationship 
between the travelling speed of the torch and the angular distortion of steel plates of 
various thicknesses. Figure 7.88(b) shows the relationship between the travel speed 
and the transverse shrinkage of the plate. 

Pine-needle heating. In pine-needle heating, heat is applied along two short lines 
crossing each other, as shown in Fig. 7.87(b). This method is half-way between 
line heating and spot heating. Since the shrinkage and the angular distortion occur in 
two directions, this method produces a uniform distortion-removal effect. 

Checkerboard heating. In checkerboard heating, heat is applied along a system of 
two lines crossing each other, as shown in Fig. 7.87(c). This method is often used to 
remove severe distortion. One must be careful not to overheat the metal. 

Spot heating. In spot heating, heat is applied on a number of spots, as shown 
in Fig. 7.87(d). Spot heating is widely used for distortion-removal, especially in thin-
plated structures. 

Triangular heating. In triangular heating, heat is applied on a triangular-shaped 
area, as shown in Fig. 7.87(e). This method is useful for the removal of bending-distortion 
in frames. 
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FIG. 7.88. Effects of travel speed of flame on angular change and transverse shrinkage of 
steel plates 10 to 20 mm (f to f in.) thick (Torch # 40). 

Red-hot heating. When severe distortion occurs in a localized area, it may be necessary 
to heat the area to a high temperature and beat it with a hammer. This method can cause 
metallurgical changes, however. 

7.14.2 Other techniques for removing distortion. 

During the last several years attempts have been made to develop new distortion-
removal techniques/728* The following pages discuss 

1. The vibratory stress-relieving technique. 
2. The electromagnetic-hammer technique. 
Vibratory stress relieving}'128) This technique reduces residual stress and distortion 

by means of vibrating the weldments.(756_760) The equipment consists of a variable-
speed vibrator, which is clamped to the workpiece, and an electronic amplifier. By 
varying the speed of the vibrator motor, the frequency can be varied until a resonant 
frequency has been reached for the workpiece. The piece is then allowed to vibrate for a 
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period which varies in length roughly in relation to the weight of the workpiece. Usually 
it ranges from 10 to 30 minutes. 

The vibratory technique is much more economical than thermal stress-relieving 
techniques. It involves little in the way of expensive equipment (no furnace is needed) 
and achieves its objective in a relatively short time. 

But there is almost a complete lack of scientific information on how it works. It is 
believed that the vibratory energy introduced in the workpiece realigns the lattice 
structure to relieve stress and stabilize the part without distortion. But there has been 
little published information regarding optimum conditions of vibratory stress relieving 
or its effectiveness in reducing residual stress and distortion. 

The Battelle Memorial Institute, Columbus Laboratories, conducted a study suppor-
ted by a group of industrial companies to evaluate the usefulness of vibratory stress 
conditioning.(760) 

Electromagnetic hammer.(128) The electomagnetic hammer, so called because it can 
be used in place of a hammer, consists of five essential parts: a power source, energy-
storing capacitors, switches, transmission lines, and a magnetic coil. The use of electro-
magnetic forces to drive machinery has been common for many years, but the direct 
application of electromagnetic forces to metal working is a recent innovation. 

The material to be straightened must be considered a part of a total magnet-forming 
system; its characteristics can significantly change the amount of deformation resulting 
from a given amount of stored energy. The conductivity of the material determines the 
effectiveness of energy conversion to magnetic forces. If the conductivity of the material 
is low, energy will be lost due to heat-generation in the workpiece. Because of this, a more 
conductive material such as aluminum will be deformed more at the same energy level 
than will a low-conductivity material like stainless steel. 

Electromagnetic hammers have been used to remove the distortion in welded tanks 
and bulkheads in the Saturn V rocket/761] In principle, such equipment could be used in 
other aluminum structures. A prototype developed by NASA was used at Avondale 
Shipyard, inc., in New Orleans, Louisiana, to evaluate its possible use in the ship-
building industry.(728) 
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CHAPTER 8 

The Strength of Welded Structures: 
Fundamentals 

THIS short chapter is an introduction to the later chapters which discuss various 
subjects related to the strength of welded structures. 

8.1 Strength of "Idealistic" and "Realistic" Structures 

Besides the basic issues of structural and material strength, when one considers the 
strength of a structure that is welded, several additional factors are involved, the most 
important of which are residual stress and distortion. A weldment, which often contains 
several kinds of defects, is composed of three zones : the weld metal, the heat-affected base 
metal, and the unaffected base metal; each zone has a different metallurgical structure, 
and within the heat-affected zone itself are subzones containing different metallurgical 
structures. 

In the usual analysis of the tensile strength, the fatigue strength, the buckling strength, 
etc., of a material, idealistic conditions of material and structure are usually assumed. 
The material is designated homogeneous and often assumed to be isotropic. It has no 
discontinuities, no initial stress, and is in a perfect shape. Flat plates are assumed to be 
perfectly flat. 

There is nothing wrong with such idealizations in that through them we can do a 
basic, simple and useful analysis of several important problems related to the subject at 
hand. When considering the service behavior of a welded structure, however, some of 
these idealizations are no longer acceptable. A welded structure, more than any other 
kind of assemblage, is not adequately described by idealized simplifications, as shown in 
Table 8.1. 

The following chapters will therefore be a study of the strength of not idealistic but 
realistic structures, a departure from the usual strength of materials analysis which only 

TABLE 8.1 Idealistic vs. realistic welded structures 

Idealistic structure Realistic welded structure 

Homogeneous Composed of different zones, 
including weld metal, HAZ, 
and base metal 

No discontinuities Contains various types of defects, 
including cracks, pores, etc. 

No initial stress Initial stress 

In a perfect shape Initial distortion 
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attempts the former. Since there are many books about the strength of materials, includ-
ing those analyzing brittle fractures, fatigue, buckling, stress corrosion cracking, this 
book will emphasize those topics that are unique to welded structures, and will discuss in 
depth the effects of residual stresses, distortion, and weld defects. The basic principles 
presented in this book can be applied to other types of structures, including those that 
are cast or forged. 

8.2 Changes in Residual Stress in Weldments Subjected to Tensile Loading*501 ] 

Figure 8.1 shows a simple case of a longitudinal butt weld under uniform tensile load-
ing. Wilson and Hao(304) have made a detailed study of this kind of stress change in 
steel welds. 

Curve 0 shows the lateral distribution of longitudinal residual stress in the as-welded 
condition. High tensile stresses exist in regions near the weld, while compressive stresses 
exist in regions away from the weld. 
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FIG. 8.1. Schematic distributions of stresses in a butt weld when uniform tensile loads are 

applied and of residual stresses after the loads are released. 

Legend : 

Curve 0: Residual stresses in the as-welded condition. 
Curve 1 : Stress distribution at σ = σχ. 
Curve 2 : Stress distribution at σ = σ2. 
Curve 3 : Stress distribution at σ = σ3. 
Curve Γ : Distribution of residual stresses after σ = σ1 is applied and then released. 
Curve 2' : Distribution of residual stresses after σ = σ2 is applied and then released. 
Curve 3' : Distribution of residual stresses after σ = σ3 is applied and then released. 
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Curve 1 shows the stress distribution when a uniform tensile stress σ = σγ is applied. 
Yield stress is reached near the weld, and most of the stress increase occurs in areas away 
from the weld. Curve 2 shows the stress distribution when the applied tensile stress is 
increased to σ2. As the applied stress is increased, the stress distribution across the weld 
evens out, that is, the effect of welding residual stress on the stress distribution decreases. 

When the level of applied stress reaches a certain point, yielding takes place across the 
entire cross-section. The stress distribution at this point of general yielding is shown by 
curve 3. Beyond this point, the effect of residual stress on the stress distribution vanishes. 

Curve Γ shows the residual stress that remains when the tensile stress σ = σ1 is released. 
curve 2' shows the residual stress distribution that remains when the tensile stress σ = σ2 

is released. 
The residual-stress distribution after this kind of cyclic loading is more even than the 

original residual-stress distribution (curve 0). As the level of loading increases, the re-
sidual-stress distribution after the cycle becomes more even, that is, the effect of welding 
residual stress on the stress distribution decreases. 

From the above discussion we can now state the basic facts concerning the effect of 
residual stress : 

1. Residual stress significantly affects only those phenomena that occur under a low 
applied stress, such as brittle fracture and stress corrosion cracking. 

2. As the level of applied stress increases, the effect of residual stress decreases. 
3. The effect of residual stress on the performance of a welded structure is negligible 

when the applied stress has been increased beyond the yielding point. 
4. The residual stress tends to decrease as the structure is subjected to repeated 

loading. 

8.3 Local Stress Concentration Caused by Out-of-plane Distortion 

Figure 8.2 shows a simple butt weld under transverse tensile loading. Because of the 
out-of-plane distortion, <5, the tensile loading causes a bending moment that produces 
high tensile stresses in regions near points B. Under certain conditions, the high stresses 
may cause cracks in regions near points B. 

As the level of tensile applied stress, σ, increases and the joint is more stretched, δ 
decreases; stress concentrations in areas near points B decrease when tensile plastic 
deformation occurs in the area. 

Out-of-plane distortion can cause serious problems if a crack occurs near points B 
and propagates out into other regions. Out-of-plane distortion can also affect brittle 
fracture; this will be discussed in Chapter 10. The effect of out-of-plane distortion on 
fracture strength becomes negligible after plastic deformation has occurred in areas 
near points B. 

FIG. 8.2. Local stress concentration caused by out-of-plane distortion. 



The Strength of Welded Structures: Fundamentals 331 

8.4 Instability of Columns Under Compressée Loading 

Figure 8.3 shows columns under compressive loading. Even if a column has no initial 
distortion, it becomes unstable when the load exceeds a certain limit, as shown in 
Fig. 8.3(a). This phenomenon is known as buckling. In the case of a column with hinged 
ends, the critical stress, <xcr, is expressed by: 

σ_ = - ^ = 
p. 
A 

π2Ε 

WJ2 (8.1) 

where PCT = critical load, 
A = cross-sectional area of the column, 
E = Young's modulus, 
Iz = moment of inertia of the column with respect to the z-axis, 
/ = length of the column, 

k2 = I/A = radius of gyration of the column. 
It can be seen that for a given material the value of the critical stress will depend on 

the ratio, l/kz, which is designated the slenderness ratio. In Figure 8.4, curve 1 represents 
schematically the relationship between the act and the l/kz of a material. 

As the values of the slenderness ratio, l/kz, increase, the critical stress decreases. 
Since the value of Young's modulus for aluminum is about one-third of that for steel, 
the buckling stress of an aluminum column is only about one-third that of a steel 
column having the same slenderness ratio. 

As the slenderness ratio decreases, the buckling stress increases. However, as the 
critical stress approaches the yield stress of the material (line 2) the experimental data 
for steel and aluminum begin to deviate from the Euler curve, which assumes that the 
material is perfectly elastic. 

The analysis of buckling under plastic condition requires complex mathematical 
derivations. A commonly used technique is to assume that stresses and strains in the 

A. COLUMN WITH NO INITIAL 
DISTORTION 

COLUMN WITH INITIAL 
DISTORTION 6 

FIG. 8.3. Buckling of a column under compressive loading. 
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2 
YIELD STRESS, \ 

(ANALYSIS INCLUDING 
PLASTIC DEFORMATION) 

SLENDERNESS RATIO Z/kz 

FIG. 8.4. Schematic relationships between slenderness ratio and buckling stresses of columns 
made with engineering materials. 

axial direction of the bar, σ ± and ε ±, respectively, are given by the following equations : 
Elastic range : 
Plastic range 

άσ± =Eds±, 
άσ± = Etde±, (8.2) 

where suffix ± implies convex or concave sides of the column. Et(Et < E) is often called 
the tangent modulus in the plastic range. The material is called "perfect plastic", if 
Et = 0 (see Fig. 8.5). 

Theories have been developed to analyze the ultimate buckling stresses of columns 
with small slenderness ratios, as shown schematically by curve 3. The values of the ulti-
mate buckling stress relative to yield stress (line 2) depend primarily on the plastic 
property of the material as indicated by Er 

The analysis of buckling strength is a more complex task than our discussion thus far 
may have implied; the buckling strength of a welded column is significantly affected 
and made lower than indicated by curve 3 when initial distortion or unfavorable residual 
stresses are present. 

0(PERFECTLY ELASTO - PLASTIC) 

STRAIN £ 

FIG. 8.5. Simplified stress-strain diagram in elastic and plastic ranges. 
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8.4.1 The effects of initial distortion on buckling 

It has long been recognized that initial distortion can significantly reduce buckling 
strength. Figure 8.6, from Timoshenko's book,(801) shows in general terms the effect of 
initial distortion on the buckling strength of a steel column with a yield strength of 
36,000 psi (25.2 kg/mm2 or 248 MN/m2). Shown here are values of ocr for three different 
values of the ratio SJl, where δ0 is the amount of initial distortion as shown in Fig. 8.3(b). 

More detailed analyses of the effect of initial distortion with emphasis on buckling 
in the plastic range have been conducted by Shanley,(802) Beedle,(803) Osgood,(804) and 
Yamamoto.(805) 
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FIG. 8.6. Effect initial distortion, <50, on buckling stress, acr, of a hinged steel column under 
compressive loading/801) 

H SECTION BOX SECTION 

FIG. 8.7. Typical distributions of longitudinal residual stresses in an H-section and a box 
section fabricated by welding. 



334 Analysis of Welded Structures 

8.4.2 The effects of residual stress on buckling 

As shown in Fig. 8.7, compressive residual stresses in the direction parallel to the weld 
line exist in base-metal regions away from the weld. Figures 8.7(a) and (b) show typical 
distributions of residual stresses in a welded H-beam and a box girder, respectively. 
These compressive residual stresses reduce, under certain conditions, the buckling 
strength of welded beams and columns. 

Figure 8.8 shows the load-deflection diagram of a welded H-column under compressive 
loading/806) To simplify the analysis, it is assumed that the material is perfectly plastic. 
If the column had no residual stresses, the load-deflection relationship would be as 

-PERFECTLY ELASTO - PLASTIC 

A B C 

STRAIN 

FIG. 8.8. Effect of residual stresses on the load-deflection diagram of a welded H-column 
under compressive loading. 

"ML·. [||F ^m r-CTrc 

a. RESIDUAL STRESS 

b. TOTAL STR'AIN 

c. LOAD CARRYING STRESSES 

FIG. 8.9. Distributions of stresses and strains in the flange plate of an H-section under 
compressive loading. 
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shown by OABC. However, the load-deflection relationship of a welded column which 
has residual stresses is as shown by 0123C. This phenomenon is explained by 
Figures 8.9(a), (b) and (c), which show simplified distributions of stresses in the flange 
plate. 

Figure 8.9(a) shows the distribution of residual stresses. If a uniform strain in the 
amount of ε is applied, the total strain is as shown in Fig. 8.9(b). If strains in areas near 
the outer edges exceed the elastic limit causing plastic deformation in those areas, the 
stress distribution is as shown in Fig. 8.9(c). 

This is illustrated in case 1 of Fig. 8.8. Plastic deformation (shown in black) occurs in 
the outer edges of the flange plate. The load under that condition corresponds to the 
shaded area in Fig. 8.9(c), which is slightly less than the load required to produce the 
same strain in a column without residual stresses. This condition is shown by point 1 
in Fig. 8.8. 

As the load increases, the plastic zone extends as shown in black in cases 2 and 3 of 
Fig. 8.8, which correspond to points 2 and 3, respectively. When the load is increased 
beyond point 3, the effects of residual stress disappear and the cross-section is uniformly 
stressed to the yield point. 

All this serves to illustrate how residual stresses decrease the proportional limit of a 
built-up column. Even though a column is fabricated with a material that is perfectly 
plastic, the build-up column containing residual stresses behaves non-elastically under 
the load exceeding σρ. The amount of σρ can be determined as follows: 

σ =σ -σ (8.3) 
p ys re v ' 

where ays — yield stress, 
arc = maximum compressive residual stress, as shown in Fig. 8.9(a). 
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CHAPTER 9 

Fracture Toughness 

SINCE numerous publications on brittle fractures and the fracture toughness of various 
engineering materials are available elsewhere, this chapter covers only those subjects 
relevant to brittle fractures in welded structures. Some texts on brittle fracture are 
listed at the end of this chapter as References (901) through (910). Many of the discussions 
presented in this chapter come from Reference (102) by Masubuchi. Topics related to 
brittle fracture are covered in Chapters 9 and 10. 

9.1 Elementary Concepts of Fracture*102) 

Fracture is the separation of a body into two or more parts. The nature of a fracture 
differs with the material involved, the nature of the applied stress, the geometrical 
features of the sample, and the conditions of temperature and strain rate.(91 υ 

9.1.1 Transgranular and intergranular fractures 

Fractures in polycrystalline materials may be classified into transgranular and 
intergranular types depending upon the crack path.(902) The transgranular fracture 
traverses the grains of a polycrystalline aggregate, as shown in Fig. 9.1 (a) In the inter-
granular fracture, separation takes place between grain boundaries or along grain 
boundaries, as shown in Fig. 9.1(b). 

Grain boundary separation is characteristic of the behavior of materials at elevated 
temperatures. Creep fractures, which occur under prolonged loading at an elevated 
temperature, occur, at least initially, along grain boundaries. Intergranular hot cracks 
occur in the weld metal during solidification and in the heat-affected base metal near 
the fusion zone where incipient melting occurs along grain boundaries. Intergranular 
cracks also occur in steel at room temperature under the simultaneous action of stress 
and certain environments. This phenomenon, called stress corrosion cracking, is 
covered in Chapter 12. 

Other fractures which include brittle and ductile fractures (covered in this chapter) 
and fatigue fractures (covered in Chapter 11) are transgranular. 

9.1.2 Cleavage and shear fractures 

Two modes of fracture, both transgranular, are of importance in the present discussion : 
the cleavage mode and the shear mode. 

The crystallographic nature of these failures can best be described with reference to 
the crystal structures of iron.(902) Figure 9.2 shows the unit cell of the body-centered 
cubic (BCC) lattic, consisting of an atom located at each corner of the cube and another 
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a. TRANSGRANULAR FRACTURE b. INTERGRANULAR FRACTURE 

FIG. 9.1. Transgranular and intergranular fracture. 

( a ) 

(110) Slip plane 

(b ) 

(010) Cleavage plane 

FIG. 9.2. Body centered cubic iron showing slip and cleavage planes. 

at its center. Slip, or plastic flow, takes place by the shearing of certain crystallographic 
planes over one another. Slip translation always occurs in the direction having the 
minimum interatomic distance and usually on the planes having the greatest atomic 
density. 

The three known slip planes in iron (all having common slip directions) are the cube 
diagonals (see plane (110) in Fig. 9.2(a)). Shear fractures are promoted by the action of 
shear stresses, somewhat the same as when one half of a deck of cards sliding over the 
other half separates the deck into two stacks. 

The cleavage mode of fracture, on the other hand, is caused by normal tensile stresses 
and is typified by the fracture of mica when sheets are peeled apart. This type occurs in 
iron on a different set of crystallographic planes, of which plane (010) is shown in 
Fig. 9.2(b). 

Table 9.1 shows cleavage and shear planes for various structures and materials. 
The three most common crystal structures in metals and alloys are : 

Body-centered cubic (BCC) 
Face-centered cubic (FCC) 
Hexagonal close packed (HCP) 

All metals except those with an FCC structure have cleavage planes; therefore, they 
show a ductile-to-brittle transition which is covered in this chapter. Aluminum alloys 
and austenitic stainless steels are two ordinary structural metals which do not fracture 
in a cleavage mode. These metals are commonly used for cryogenic applications. 

Macroscopic fracture appearance. The two basic types of separation produce fractures 
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TABLE 9.1 Cleavage and shear planes for various structures and materials^0 5) 

Crystal 
structure 

BCC 

FCC 

HCP 

Diamond 

Rock salt 

Zinc blend 

Fluorite 

Example 

Li, Na, K, Fe, most steels, V, Cr, Mn, 
Cb, Mo,W,Ta,Ti(B) 

Cu, Ag, Au, Al, Ni, brass, 
300 series stainless steels 

Be, Mg, Zn, Sn, Ti (a), U, Cd, graphite 

diamond, Si, Ge 

NaCl, LiF, MgO, AgCl 

ZnS, BeO 

C a F 2 , U 0 2 , T h 0 2 

Cleavage 
plane 

{100} 

None 

{0001} 

{111} 

{100} 

{110} 

{111} 

Primary 
shear planes 

{112}, {110} 

{111} 

{1122}, {1010}, {0001} 

{111} 

{110} 

{111} 

{100}, {110} 

FIG. 9.3. Photographs of fractured steel specimens showing the fracture appearance for the 
following modes of fracture: (a) shear, (b) cleavage, (c) mixed shear and cleavage.(902) 
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that differ radically in macroscopic appearance. Figure 9.3 presents photographs of 
fractured steel specimens showing the fracture appearance for (a) shear, (b) cleavage, 
and (c) mixed shear and cleavage. Occasionally, different parts of the same specimen 
fail in different ways, resulting in a fracture with a mixed appearance. 

The part failing by shear appears gray and silky, while the part failing by cleavage 
appears bright and granular. 

Microscopic observations of fracture surface. Cleavage and shear produce fracture 
surfaces which are distinctively different under the electron microscope. Figure 9.4 is a 
cleavage fracture surface of a low carbon steel broken by impact at 78°K.(912) A cleavage 
fracture surface is characterized by what is called the "river pattern". It is believed 
that the river pattern is caused by a transgranular cleavage fracture propagating on 
more than one level/905'912) 

FIG. 9.4. Cleavage fracture surface of a low-carbon steel broken by impact at 78°K.(912) 

ABC is a grain boundary; BD is a typical river marking. The long arrows indicate local crack-
propagation directions and the circled arrow indicates a cleavage step. Direct carbon replica. 

5500X reduced in reproduction. 
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FIG. 9.5. Typical shear rupture dimples on surface of a shear lip in a steel specimen 3000X 
reduced in reproduction/912) 

Ductile fracture 

Brittle fracture 

Fatigue frocture 

Stress corrosion 
cracking 

Creep fracture 

Hot tooting 

Macroscopic 

Much deformation 

Shear lip 

1 / / L· S 

I cc< -Chevron pattern 

Very smooth 

>>> < < < 

Microsopic 
about 50 X 

Transgranular 

Transgranular 

Transgranular 

Intergranular 

Intergranular 

Intergranular 

Electron- microscopic 
about 5000 X 

Dimples 

River pattern 

Striations 

FIG. 9.6. Comparison of macroscopic and microscopic characteristics of various types of 
fracture. 
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Figure 9.5 shows the surface of a shear fracture in 4340 steel. The "equiaxed 
dimples" on the fracture surface are characteristic of a shear fracture/912) 

9.1.3 The different types of fractures compared 

Lest the above discussion sound too basic to have any bearing on practical problem-
solving, it needs to be emphasized that when a fracture occurs one of the first things 
that must be done is determine its cause and origin. 

Figure 9.6 compares the macroscopic and microscopic characteristics of six different 
types of fractures. This discussion will emphasize the first three: ductile fractures, 
brittle fractures, and fatigue fractures. 

The first column summarizes the macroscopic characteristics of these fractures and 
they are discussed in Chapters 9 and 11 (see Figs. 9.3,9.12, and 11.1). 

Ductile, brittle, and fatigue fractures are transgranular, while stress corrosion cracking, 
creep fractures, and hot tearing are intergranular. Thus, one can conclude that inter-
granular fractures occur only at elevated temperatures or, in the case of stress corrosion 
cracking, in the presence of severe environments. 

Under an electron microscope, ductile fractures exhibit the characteristic dimples 
(Fig. 9.5), brittle fractures the characteristic river markings (Fig. 9.4), and fatigue fractures 
the characteristic striations (Fig. 11.14), as discussed in Chapter 11. 

9.2 Brittle Fractures of Welded Structuresil02) 

The brittle fracture of structural steel has plagued engineers since about 1850, when 
steel first became available in quantities large enough for structural use.(902) Brittle 
fracture does not occur only in welded construction, but also in riveted construction. 
Serious failures are more likely to occur in welded structures than in riveted structures, 
however, because: 

1. A welded structure does not have riveted joints which can interrupt the progress of 
brittle crack. 

2. Welds may have various defects including cracks, slag inclusions, etc. 
3. High tensile residual stresses in carbon steels and low-alloy high-strength steels 

may cause catastrophic brittle failures. 

Parker's book, entitled "Brittle Behavior of Engineering Structures", cites a number of 
brittle fractures that have occurred in various structures including ships, bridges, 
storage tanks, pipelines, etc.(902) The most extensive and widely known failures are those 
of cargo ships and tankers built in the United States during World War II. 

9.2.1 Brittle fractures of welded ships 

To meet the urgent demand for a large number of ships needed for the war, the United 
States entered for the first time in history the large-scale production of welded ships. At 
that time, the technique of welding steel plates had been well established, but not enough 
was known about the design and fabrication of large welded structures and little about 
their fracture characteristics. 

Ship failures began to occur in the winter of 1942-43. Figure 9.7(a) is a photograph of a 
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(a) T-2 Tanker Schenectady fractured in 1943 

(b) Integrated Tug/Barge M. R. Ingram fractured in 1972 

FIG. 9.7. Examples of Ships Completely Broken in Two(915) 

T-2 tanker, Schenectady, which fractured on 16 January 1943, at her fitting-out pier in 
Portland, Oregon. The failure occurred without warning. The sea was calm, the weather 
mild, her computed deck stress was only 9900 psi (7.0 kg/mm2 or 68.3 MN/m2). 

The fracture extended across the deck just aft of the bridge and about midship; the 
break extended down both sides and around the bilges, but did not cross the bottom 
plating.(902) The fracture transversed all girders and plating, thus almost completely 
severing the ship. 

In April 1943 the Secretary of the Navy established the Board to Investigate the 
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Design and Method of Construction of Welded Steel Merchant Vessels. The Board 
issued a very comprehensive report in 1946.(913) 

Among approximately 5000 merchant ships built in the United States during World 
War II, about 1000 ships experienced a total of approximately 1300 structural failures of 
varying magnitudes before April 1946. Most of the ships were less than 3 years old.(913) 

Serious failures, such as the complete fracture of deck and bottom plating, occurred in 
about 250 ships. These numbers do not include casualties resulting from war damage or 
from external causes such as grounding or collision. About twenty ships either broke in 
two or had to be abandoned due to other kinds of massive structural failure. The details 
relating to these failures are presented in several readily available reports and books. 

It was concluded from these early investigations that the fractures were a result of 
the brittle behavior of the steel and the presence of notches in the structure, either geo-
metric notches or defects in welds.(913) Conventional factors of safety, based on the 
ultimate tensile properties of the steel as usually measured, which had heretofore proved 
satisfactory, did not seem to account for this type of failure. 

Recommendations made as a result of these early investigations were mainly directed 
toward minimizing all forms of notch effects and toward improving the toughness of the 
steel. In 1948 the American Bureau of Shipping Specifications included notch-toughness 
requirements for hull steels by specifying the various grades and steel-making procedures. 
At the same time welding techniques and standards to minimize defects in welds were 
upgraded. 

As a result of these improvements in design, materials, and fabrication, the number and 
extent of brittle fractures that have occurred in post-war welded or partially welded 
ships have decreased dramatically, though they have not disappeared completely. 
Between 1951 and 1953 two relatively new welded cargo ships and a welded tanker 
broke in two. In the winter of 1954 a longitudinally framed welded tanker in which an 
improved design, weld quality, and steel had been used also broke in two.(914) 

In January of 1972 the large integrated tug/barge M. V. Martha R. Ingram broke 
in two and sank in Port Jefferson Harbor, Long Island, New York (see photo in 
Fig. 9.7(b)).(915) The 620-ft (189 m) ship, which had cruised unscathed through two 
hurricanes, was only 9 months old when the fracture occurred. 

9.2.2 Brittle fractures of structures other than ships 

Brittle fractures in large structures made of medium carbon structural steel are not 
uncommon. Shank(916'917) conducted an extensive survey of brittle fractures in 
structures other than ships. His report, published in 1954, covers sixty-four structural 
failures in both riveted and welded structures, including tanks, bridges, pressure vessels, 
power shovels, gas transmission lines, a smoke stack, and a penstock. 

In October 1886 a failure occurred during the hydrostatic testing of a riveted standpipe 
250 ft (76 m) high in Long Island, New York. A vertical crack about 20 ft (6 m) long 
appeared at the bottom and the tower immediately collapsed. In January 1919 a riveted 
molasses tank in Boston, Massachusetts, fractured killing twelve persons and injuring 
forty others/902'917) 

In March of 1938 the Vierendeel truss bridge over the Albert Canal in Hasselt, Belgium, 
a welded structure only about a year old broke into three pieces and fell into the canal. 
In January of 1940 two other welded bridges over the Albert Canal suffered structural 
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damages although they did not collapse.(902) In January 1951 the Duplessis Bridge in 
Quebec, Canada, suddenly collapsed and fell into the river. King's Bridge in Melbourne 
fractured in July (winter in Australia) 1962 when the bridge was only 1 year old. One 
span collapsed as a result of cracks that had developed in a welded girder made of 
BS968 grade (high-tensile) steel/918) Failures have also occurred in storage tanks, 
pressure vessels, and transcontinental natural-gas transmission lines. Many of these 
failures occurred during pressure testing, and often were due to defective welding.(902) 

Failures have occurred in high-strength steel members in military ships, aircraft, 
and rockets. Figure 9.8 shows the fractured pieces of a 260-in. (6.6-m) diameter rocket 
motor case which failed in April of 1965 during a hydrotest.(919) 

The pressure at the moment of failure was 542 psi (38 kg/m2), only about 56% of the 
proof pressure. The motor case was constructed of 250 grade maraging steel plate joined 
mostly by submerged-arc welding. 

During an investigation of the failure, a defect that had not been detected by non-
destructive testing techniques prior to aging was discovered. Non-destructive testing 
had not been conducted between aging and the hydrotest. The defect had indeed caused 
the failure and was in the heat-affected zone of a longitudinal submerged-arc weld on the 
cylindrical section of the motor case. The area where the defect was located had been 
repaired by a manual gas-tungsten arc (GTA) weld. The defect was submerged within 
the vessel wall and was oriented longitudinally. It was approximately 1.4 in. (36 mm) 
long and 0.10 inch (2.5 mm) wide. Four other undetected defects of significant size 
were also discovered, all of which were also located beneath manual GTA weld repairs. 
One of these defects was in the same longitudinal weld as the defect causing the motor 
case failure and was a secondary origin of the fracture. The others were discovered during 
reinspection of all welds by non-destructive testing techniques after hydroburst. 

Figure 9.9 shows in detail the immediate vicinity of the primary and secondary 
origins. The inset sketches show the shapes and dimensions of the two origins. Figures 
9.10 and 9.11 show the fracture surfaces near the two origins. 

9.2.3 Characteristics of brittle fractures 

Brittle fractures in welded structures of various types have the following characteristics: 

1. Fracture appearance. The surface of a brittle fracture is a plane that is approximately 
perpendicular to the plate surface and is granular in appearance. The thickness near 
the fracture surface has been reduced very little, ordinarily less than 3%. 

The same material does not prove to be brittle when tensile tests are conducted on 
ordinary specimens (round bars and flat plates with no notch). Steel plates generally 
fracture in the shear mode only after a considerable amount of plastic deformation 
has taken place. 

A brittle fracture surface ordinarily contains chevron markings (see Fig. 9.12), which 
point back to the origin of the flaw responsible for fracture initiation. In the investigation 
of an actual failure, chevron markings provide important information about fracture 
initiation and propagation. 

The illustration on the right in Fig. 9.12 shows a cross-section of a plate near the 
fracture surface. A considerable amount of deformation usually takes place in the areas 
near the surfaces of the plate, and are designated shear lips. 
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W8/3 

Stress wave triangulation 
position (20-in-diam circle 
of uncertainty) at 542 psi 

FIG. 9.9. Details in immediate vicinity of primary and secondary origins. Inset sketches show 
shapes and dimensions of the two origins. 

FIG. 9.10. Typical chevron markings on fracture surface showing directions of fracture 
propagation away from black origin. 
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FIG. 9.11. Mating surfaces near the fracture origin on W7/302 weld. 

2. Temperature. Most brittle failures occur during cold winters. In the case of brittle 
failures in ships during World War II temperatures involved were as high as 70°F 
(21°C) though the probability of such failures at that temperature is small accordingly 
to the analysis by Acker.(902) 

3. Stress at failures. According to the statistics about brittle failures of ships during 
World War II, more failures occurred in heavy seas than in moderate and calm seas, 
though a number of failures occurred when the average stress in the structure was well 
below the yield stress of the material. The Schenectady, a T-2 tanker, fractured completely 
when the calculated stress at the deck was only 9900 psi (7.0 kg/mm or 68.3 MN/m2).(902) 

It is a characteristic of brittle fracture that a catastrophic fracture can occur without 
any general yielding and under a low average stress. 

4. Origins of failures. According to a statistical investigation of failures of American 
ships built during World War II, about 50% of the failures originated from structural 

SHEAR 
LIP 

s 
xSHEAR 
, LIP 

FIG. 9.12. Brittle fracture surface. 
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discontinuities, including square hatch corners, cutouts in shear strakes, ends of bilge 
keels, etc,(920) About 40% of the failures started from weld defects including weld cracks, 
under-cuts, and lack of fusion. The remaining 10% of the failures originated from metal-
lurgical defects such as the weld heat-affected zones and notches in flame-cut plate 

FIG. 9.13. Typical ship fracture which originated from an arc strike located in a region of 
high weld residual stress/112) The ship was the U.S.S. Ponagansett which fractured completely 

at dockside in Boston Harbor at a temperature of 35°F (2°C). 

CHOCK 

WELD 
4 0 r RESIDUAL 

STRESS 

YS. jrfrmr 

« l l l l D D l i i 

30 50 70 90 110 °F 

FIG. 9.14. Analysis of fracture initiation conditions of the U.S.S. Ponagansett(ll2) 
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edges. In other words, all failures originated from notches that were causing severe 
stress concentrations. 

A number of serious failures started from unimportant, incidental welds such as tack 
welds and arc strikes made on a major strength member. For example, a tanker, 
Ponagansett, broke in two in Boston Harbor in December 1947.(112) The fracture 
initiated from a tack weld between a small clip and the deck plate (see Fig. 9.13). The 
Nil Ductility Transition (NDT) temperature of the material was 50° F (10°C), while 
temperature at the failure was 35 °F (2°C) (see Fig. 9.14). 

5. Fracture propagation. In most cases the fracture propagates in the base plate. 
Fractures seldom propagate in the weld metal or along the heat-affected zone in carbon 
steel structures. 

Fractures in the deck or bottom plates of ships ordinarily propagate in the transverse 
direction because the major stresses in the hull of a ship are longitudinal. 

A brittle fracture in a long pipe propagates in a rather unique manner, in most cases 
travelling down the longitudinal axis of the pipe in a fairly regular sinusoidal pattern 
with the wavelength of 3 ft (1 m) or so (see Fig. 9.15).(902) 

Brittle fractures usually propagate at high speed. In fracture tests done on pipelines, 
propagation speeds of around 3000 ft (1000 m) per second have been observed.(102) 

Table 9.2 shows some brittle fracture velocity measurements in steel.(921'922) The 
observed crack speed, V, is compared with the speed of longitudinal sound waves in 

FIG. 9.15. Sinusoidal pattern of cleavage fracture of pipeline. 

TABLE 9.2 Brittle fracture velocity measurements in steel(92l,922) 

Steel 

HT50(Û) 

MS(fc) 

Specimen 
identification 

D 
B 
J 
C 
K 
E 
1 
2 
4 
5 
6 

Test temp. 
(°C) 

- 4 0 
- 4 0 
- 3 0 
- 3 0 
- 2 0 
- 5 0 
- 3 6 
- 4 3 
- 3 1 
- 4 2 
- 2 0 

Mean applied 
stress Crack speed V 

(kg/mm2) 

20 
15 
20 
15 
15 
20 
20 
25 
15 
15 
15 

(m/sec) 

1960 
1600 
1680 
1440 
1400 
1800 
1300 
1500 
1050 
1260 
800 

v/cp 
0.32 
0.26 
0.27 
0.23 
0.23 
0.29 
0.21 
0.25 
0.17 
0.20 
0.13 

(a)HT50: High-strength steel with 50 kg/mm2 ultimate tensile strength. 
(fc)MS: Mild steel. 

(c) C0= — = 5020 m/sec. 
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the medium, C0 : 

where 
E = Young's modulus, 
p = density 

In the case of steel, C0 = 5020 m/sec (16,500 ft/sec). The observed values of V/C0 range 
from 0.13 to 0.32. It has been known that the theoretical upper limit of V/C0 is 0.38. 

9.3 Evaluation of Notch Toughness 

To avoid brittle fractures in a welded structure, the material used must have adequate 
notch toughness. 

9.3.1 Notch sensitivity and transition temperature(102) 

Low carbon steel exhibits good ductility when an ordinary tensile specimen is tested. 
When the steel contains a sharp notch and the temperature is low, however, a crack may 
initiate from the notch, causing brittle fracture of the plate. Such a phenomenon is 
called "notch brittleness". 

The temperature at which the mode of fracture changes from shear to cleavage is 
called the "transition temperature". The transition temperature is often used as a para-
meter to express the "notch sensitivity", or the sensitivity of a material to notch brittle-
ness. The term "notch toughness", which indicates the resistance of a material against 
notch brittleness, also is often used as an antonym of notch sensitivity. The following 
sentences show how these terms are used: 

"In order to avoid brittle fracture of a structure, it is necessary: 

(a) That the transition temperature of the material used is lower than the lowest 
anticipated service temperature of the structure.' 

(b) That the material does not show notch brittleness under the service tempera-
ture.' 

(c) That the material is not notch sensitive.' 
(d) That a material with good notch toughness is used.'" 

Although the transition temperature is widely used as a measure of the notch sensitivity 
of a material, it is not a definite and fixed temperature for each material. In most cases, 
the brittle-to-ductile transition takes place over a range. 

Furthermore, the transition temperature of a material depends upon a number of 
factors including the size and shape of the specimen used, the type of loading (tensile, 
bending, etc.), and the loading speed (static or dynamic). 

A material may exhibit a sharp transition over a narrow temperature range in one 
test, and a gradual transition over a wide temperature range in another. The actual 
transition temperature of a material may differ from test to test. Even when the same test 
is used, the transition temperature may differ depending upon the criteria used (absorbed 
energy, mode of fracture, etc.). 
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Tremendous efforts have been made in the last 30 years by a number of investigators 
all over the world to find a simple test that is suitable for evaluating a material's resistance 
to brittle fracture in a welded structure. Although many tests have been proposed, no 
test has as yet been selected by a majority of the investigators as the most appropriate. 
Consequently, when stating the transition temperature of a material, it is very important 
to describe the test method and the criterion used. 

Among the many tests for notch toughness that have been proposed, the Charpy 
impact tests have been the most widely used, especially in commercial applications. 
The U.S. Navy uses extensively the drop-weight test and the drop-weight tear test 
(recently renamed the dynamic tear test). Both were developed at the Naval Research 
Laboratory. 

9.3.2 Charpy impact tests{l02<923) 

The details of the Charpy impact-testing procedures have been specified by the 
American Society for Testing Materials. The test uses a notched bar 10 mm square 
and 55 mm long (0.394 in. square and 2.105 in. long). ASTM specification E23-60 
covers three types of notches: (1) V-notch, a 45 vee-shaped notch 2 mm (0.079 in.) deep, 
(2) keyhole notch, and (3) U-notch, 5 mm (0.197 in.) deep. Figure 9.16 shows the V-notch 
and the keyhole notch Charpy specimens and the method of supporting and striking 
the specimen. 

A V-notch is smoothly machined with a special milling cutter, a carbide-tip cutter, of a 
specially prepared grinding wheel. It is important to prepare the root of the notch in 
an exact shape in order to avoid scattering of experimental data. 

The Charpy impact tests, especially with the V-notch specimen, are widely used in 
the United States, Western European countries, and Japan. In Russia and other Eastern 

\45< 

\ O.OIO" R 

-2.105-

Charpy V-notch impact specimen 

Tjx0.079" dia. 
No 47 drill 

-2.105-

0.315" 

t 

1 
0.197" 

t 

1 
0.394" 

t 
0.394" 

0.394" 
? 

0.394" 

Charpy keyhole - Notch impact specimen 

FIG. 9.16. Charpy impact test. 
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European countries, the Mesnager specimen is used. This is essentially a Charpy-type 
specimen with a 2-mm (0.079-in.) deep U-notch. Because of the difference in the notch 
shapes used in the V-notch Charpy and the Mesnager specimens, direct comparisons of 
data obtained in the Western world and those obtained in the Eastern world are difficult. 

Figure 9.17 shows three common ways of preparing Charpy V-notch specimens 
from a plate. In Case 1, the specimen axis is parallel to the rolling direction of the plate 
and the notch is in the thickness direction. In Case 2, the specimen axis is perpendicular 
to the rolling direction and the notch is in the thickness direction. In Case 3, the notch 
is parallel to the plate surface. 

Specimens may be taken from the midthick part of the plate as shown in Figure 9.17, 
or they may be taken in areas close to the plate surface. Case 1 is the most commonly 
used for evaluating notch toughness of steel. 

To obtain a Charpy curve, specimens are tested over a range in temperature. In 
conducting tests at other than room temperature, specimens are usually placed in a 
liquid bath to attain the desired temperature and then placed in an impact testing 
machine and struck with a pendulum. The energy absorbed by the specimen in fracturing 
is measured, and the percentage of the fracture area that is cleavage or shear can be 
determined. 

Figure 9.18 shows an example of test results on low carbon steel (carbon 0.23%, 
manganese 0.46%, silicon 0.05%). Shown here are: 

1. Absorbed energy, in foot-lb.f 
2. Lateral contraction at the notch root, percent. 
3. Percentage of fracture surface area in fibrous appearance. 
There are several criteria that have been used to interpret the results and determine 

the transition temperature: 
1. The temperature at which the amount of energy absorption decreases to one-half 

(or some other fraction) of the maximum amount at high temperature. TrE in 
Fig. 9.18. 

2. The temperature at which lateral contraction at the notch root rapidly decreases 

FIG. 9.17. Methods for preparing charpy V-notch specimens from a plate. 

f The Charpy V-notch absorbed energy is given by ft-lb or kg-m. The specific absorbed energy per square 
centimeter of sectional area (0.8 cm2), kg-m/cm2, also is often used. 

1 ft-lb = 0.138 kg-m = 0.174 kg-m/cm2. 
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4 0 120 2 0 0 
TEST TEMPERATURE 

FIG. 9.18. Example of charpy V-notch impact test data. 

or the temperature which corresponds to a given amount (2%, for example) of 
the lateral contraction. Ύτφ in Fig. 9.18. 

3. The temperature which corresponds to a 50% fibrous fracture appearance. Trs in 
Fig. 9.18. 

4. The temperature which corresponds to a given energy level (15 ft-lb, for example). 
Trl5inFig. 9.18. 

The value of absorbed energy at a given temperature (32°F, for example) is also often 
used as a parameter to express the notch toughness of the material. 

9.3.2 Use of Charpy impact test data for evaluating 
notch toughness of steel 

The best criterion to evaluate the adequacy of a material for use in a welded structure 
is still a matter of controversy among investigators. Many studies have been conducted 
to determine the correlations between the service behaviors of welded structures and 
the results of laboratory tests which include Charpy V-notch impact tests. 

NBS study on ship failures. In an extensive study carried out at the National Bureau 
of Standards on fractures in ships used during World War II, a correlation was obtained 
between Charpy V-notch impact test data and the characteristics of ship failure/920'924) 

Figure 9.19 shows the data spread of Charpy impact fracture tests of ship steel. The 
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Plates containing SOURCE of fractures which occurred in service 

Hull plates 0.44" 0.69" 3 plates c f a Ranges of failure temperatures 40° -58° F 

Hull plates 0.70--0.80» 10 l l l f t l II More than 10 f t - l b energy 3 7 " 6 2 

Hull plates 0.81-1.27" 10 m fti n absorbed: 3 out of 30 plates»IO.O% 3 4 - 6 6 

Misc. Plates 0.4Γ-Ι.50" 7 I rf ■ I—10 f t - l b line 2 0 - 6 0 

Plates which fractured THRU in the service failures 

Hull plates C.44"-0.69" 15 plates I Hilft I II I 0° -78° F 

Hull plates 0.70"-0.80" 14 I HI Sll I I More than 10 f t - l b energy 2 4 " 6 0 

Hull plates 0.81"-1.27" 12 rrflnni absorbed: 15 out of 46 plates=33% 2 0 - 6 0 

Misc. Plates 0.41"- 1.50" 5 3 0 - 5 4 

Plates involved in ship failures, containing END of fracture or NO FRACTURE 

Hull plates 0 4 4"-0.69" 9 plates ■ ι " ■ i ° i ■ » 0° -67° F 

Hull plates 0.70"- 0.80" 9 I l l f I I I M o r e t n a n , 0 f t - , b energy 3 2 " 7 0 

Hull plates 0.81" -1.27" 6 ■ »° ι ■■ absorbed:22 out of 30 plates-73% 3 7 _ 6 6 

c . 0 QNO fracture 
Misc. Plates 0.41"-1.50" 6 E n d 0 ' ' ' ' 37-49 

I I I I -I I I \ \ \ \ \ 
0 5 10 15 20 25 30 35 40 45 50 55 

Energy absorbed at failure temperatures, f t - l b . 

FIG. 9.19. Relation of energy absorbed by charpy V-notch specimens at the temperature of 
the ship failures to the nature of the fracture in the ship plates.(920) Vertical lines in the bars 
indicate values for individual plates. Circles above bars indicate average value for each group 

of plates. 

Charpy V-notch impact tests show that plates in which fractures originated (source 
plates) were generally more sensitive than plates in which fractures did not originate 
(through and end plates). The correlation showed: 

1. Only 10% of the fracture source plates absorbed more than 10 ft-lb (1.4 kg-m) at 
the failure temperature. 

2. Thirty-three percent of the fracture through plates absorbed more than 10 ft-lb 
(1.4 kg-m) at the failure temperature. 

3. Seventy-three percent of the fracture end plates absorbed more than 10 ft-lb 
(1.4 kg-m) at the failure temperature. 

No relation was found between service performance and the tensile properties of 
the steel. 

Based upon the above findings, Williams*920'924) proposed that the 15 ft-lb (2 kg-m) 
transition temperature (Trl5 in Fig. 9.18) be used to evaluate the adequacy of carbon 
steel for welded ships. 

Study at Lloy(TsS925) In 1958 Hodgson and Boyd(914) of Lloyd's Register of Shipping 
analyzed numerous brittle failures in several kinds of ships. On the basis of their detailed 
investigation, they proposed a 35-ft-lb (4.8 kg-m) Charpy V-notch (CVN) impact 
criterion coupled with a 30% fibrous-fracture appearance at 32°F (0°C) for steels used 
in welded ship hulls. In Fig. 9.20 their criterion is placed alongside the results of numerous 
ship failures. Their definition of success, failure, or borderline plates is as follows: 
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FIG. 9.20. Comparison of Boyd's (Lloyd's) 35 ft/lb and 30% fibrous-fracture-appearance 
criteria with test results from actual ship failure/914) 

Legend: O Plates from hulls that failed in service. 
x Plates from hulls with borderline performance. 
• Plates from hulls with successful performance. 

1. "Success" plates are those which fractured in a ductile manner, or those in which a 
brittle fracture originating outside the plate was arrested. 

2. "Failure" plates are those which were completely traversed by a brittle fracture. 
3. "Borderline" plates are those which cannot be classified in either of the above 

groups. 
The results of their analysis showed that only two plates which met both the 35 ft-lb 

(4.8 kg-m) and 30% fibrous-fracture-appearance criterion, Quadrant II, Fig. 9.20, 
could be classified as failure plates. Thus their criterion appeared to be very satisfactory 
and was proposed to Lloyd's. The 35-ft-lb (4.8 kg-m) requirement was accepted (for 
ABS Grade D steels), but the 30% fibrous requirement was not, although the percent of 
fibrous fracture is recorded for information. 

The 30% fibrous-fracture requirement (which insures the presence of some shear) 
does have significance in that it implies that the material is performing at a temperature 
somewhat above that at which it is normally 100% brittle. In this regard, it is consistent 
with the requirement of the proposed criterion that NDT be 32°F (18°C) below the 
minimum service temperature. Because fibrous-fracture appearance is difficult to judge 
accurately, particularly with higher-strength steels, such requirements have never been 
widely accepted. Thus specifying that NDT be 32°F (18°C) below the service temperature 
is an indirect means of insuring some level of fibrous fracture and appears to be a more 
feasible criterion. 

NRL studies. Pellini and associates conducted a series of critical studies on the 
usefulness of the Charpy V-notch impact test.(112) 
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FIG. 9.21. Explosion-crack-starter test setup. 

The explosion crack starter test was used as a method to simulate the service perfor-
mance of steels. The test was developed to determine the fracture-propagation 
characteristics of steel when fracture initiation is forced. A plate was prepared for 
testing by depositing a short bead of brittle, hard-surfacing weld metal which was then 
notched to half the thickness of the deposit by means of a disk abrasive wheel. The test 
was performed by bulging 14 x 14-in. (356 x 356-mm) plate over a die, as shown in 
Fig. 9.21. 

The explosive charge, standard 4-lb (1.8 kg) pentolite, was used at a high standoff of 
24 in (610 mm) for f- and 1-in. (19- and 25-mm) plate. The series of tests, conducted over a 
range of temperature, indicated that, with increasing temperature, fractures change 
from (1) "flat breaks", indicating little or no deformation prior to fracture, to (2) "bulge 
breaks", featuring forced initiation but easy propagation through the elastically loaded 
edge section, to (3) breaks limited to the plastic load region at the center, and finally 
to (4) ductile tears. 

Figure 9.22 illustrates a typical correlation between fracture performance in the 
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FIG. 9.22. Typical correlation of explosion crack starter test performance with charpy V-notch 
transition curves for ship fracture steels. Flat break (NDT) fractures are obtained at tempera-
tures below the 10 ft-lb transition temperature. Arrest characteristics are developed in the range 
indicated by the solid band which spans the 10 to 20 ft-lb transition temperature range. Full 

ductility is attained on approach to shelf temperatures. 

explosion crack starter test and the Charpy V-notch transition curve taken from fractured 
ships. The transition from ductile fracture to brittle fracture (or flat break) occurred at 
temperatures which corresponded to 10 to 20-ft-lb of (1.4 to. 2.8 kg-m) of absorbed 
energy in the Charpy V-notch test. The results indicate the adequacy of the Charpy 
V-notch 15-ft-lb transition temperature for evaluating notch toughness of low carbon 
steels. 

Pellini and associates expanded their studies to cover several different steels including 
improved carbon steels, high-strength quenched-and-tempered steels, and intermediate 
strength low-alloy bainitic steels/112) The results are summarized in Fig. 9.23. It was 
found that NDT temperatures corresponded to Charpy impact test temperatures at 
energy values much higher than 15 ft-lb (2 kg-m). Also, the corresponding energy values 
varied greatly, depending upon steel types. 

On the basis of the above findings, Pellini and associates at the Naval Research 
Laboratory have developed the drop-weight test and the drop-weight tear test (recently 
renamed the dynamic tear test). 
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INTERMEDIATE STRENGTH 
LOW-ALLOY BAINITIC 

STEELS 

TEMPERATURE— 

HIGH STRENGTH 
Q-T STEELS 

IMPROVED 
STEELS 

LOW STRENGTH 
C-MN STEELS 

1~Λ& SHIP FRACTURE 
STEELS 

TEMPERATURE - TEMPERATURE-

FIG. 9.23. Complications in the interpretation of Charpy V-notch impact test transition 
temperature range curves for different steels.(112) The relative positions of the initiation to 
arrest correlation bands (NDT to FTE) are shifted widely in comparison to the toe region 
position of the Charpy V-notch curve which was typical of the ship fracture steels. The correla-
tions for improved ship steels (C-Mn steels) are displaced to higher relative position of the Charpy 
V-notch curve. More complex relationships are indicated for steels of over 50 ksi (35 kg/mm2) 

yield strength. 

9.3.4 Drop-weight test{926-928) 

The drop-weight test was developed at the Naval Research Laboratory in 1952 and 
has been used extensively to investigate the requisite conditions for initiation of brittle 
fractures in structural steels. Drop-weight test facilities have been established at several 
naval installations, research institutions, and industrial organizations in this country 
and abroad. The method is used for specification purposes by industrial organizations 
and is referenced in several ASTM specifications and the ASME Boiler and Pressure 
Vessel Code. ASTM E208-69 provides the standard method for conducting drop-weight 
tests to determine nil-ductility transition (DNT) temperature of ferritic steels/926"928) 

The type of specimen and the method of test are shown in Fig. 9.24. The test procedure 
consists of dropping a weight on a rectangular flat-plate specimen containing a crack 
starter of a notched, brittle, hard-surfacing weld bead. This procedure is employed over 
a range of specimen temperatures. The specimen support is provided with a stop such 
that the maximum angle of bend of the specimen is 5 degrees. The crack starter weld 
develops a cleavage crack when the bend deformation reaches 3 degrees, which corres-
ponds to incipient yielding. The additional 2 degrees of bend (dynamic bend) allowed 
by the stop provides a test of the ability of a metal to develop deformation in the presence 
of an extremely sharp notch. 

Interpretation of test results. The major purpose of the test is to determine the nil-
ductility transition (NDT) temperature, which is defined as the maximum temperature 
where a standard drop-weight specimen breaks when tested according to the provisions 
of this method. 
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FIG. 9.24. NRL drop weighttest.(102'923'927) 

The NDT temperature can be related to the fracture analysis diagram (FAD), as shown 
in Fig. 9.25, proposed by Pellini.(927,928) The FAD provides a generalized definition 
of the flaw size, relative stress, temperature relationships by a "At" or "temperature 
increment" reference to the NDT temperature. In order to locate the generalized diagram 
in a specific position on the temperature scale a single parameter needs to be deter-
mined. The NDT temperature of a material can be determined by the drop-weight test 
or the dynamic tear test. 
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FTP 

NDT +20 +40 +60 

At temperature 
+80 

+180 

+ 100 

FIG. 9.25. Fracture analysis diagram (FAD). Note that the stress level for plastic (over yield) 
fracture is not indexed because of the lack of analytical procedures for its definition. Ultimate 
stress signifies only that maximum load and strain tolerance is attained at FTP for the specific 
flaw size cited. It obviously does not indicate the equivalent of the tensile test specimen maximum 

load of maximum strain limits/102,927,928) 

The following important terms are used in the FAD: 

CAT: Robertson Crack Arrest Temperature transition curve; 
FTE: Fracture Transition Elastic, or the highest possible temperature for unstable 

fracture propagation through elastic stress fields; 
FTP: Fracture Transition Plastic, or the temperature point of fully ductile tearing. 

9.3.5 Dynamic Tear testill2>929) 

The Dynamic Tear (DT) test was developed at the Naval Research Laboratory 
starting in 1960. It has used pendulum machines with direct readout of the 
energy required to fracture the specimen, and specimens of improved design 
with respect to crack-started conditions were evolved. To reflect these improve-
ments, the name of the method was changed extensively in the study of the fracture resis-
tance of ferrous and non-ferrous structural metals. The initial DT specimens were tested 
in a "Drop-weight Tear Test" (DWTT). Subsequently, to the "Dynamic Tear test" in 1967. 
DT test facilities have been established at several research laboratories and at the 
production plants of the world's major metal-producing companies. Military standard 
MIL-STD-1601 describes the method for the f-in. (16 mm) dynamic tear testing of 
metallic materials(929) 

Figure 9.26 illustrates the feature of f-in. and 1-in. (16 mm and 25 mm) thick DT. 
specimens. The original standard version involves a deep sharp crack introduced by the 
use of an electron beam weld which is embrittled metallurgical^ by alloying. For 
example, a titanium wire added to the site of the weld results in a brittle Fe-Ti alloy. The 
narrow weld is fractured easily in loading and thus provides a reproducible sharp crack. 
It has now been established that equivalent results may be obtained by the use of a deep 
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FIG. 9.26. Features of f-in. and 1-in. DT Test Specimens/112) The f-in. DT specimen (top) 
features a machine slit, with a knife-edge-sharpened notch tip. The 1 in. DT specimen (bottom) 
features the brittle electron beam weld, which is also used for the f-in. DT, as desired. The 

broken halves of the 1-in. DT specimens illustrate brittle and ductile type fractures. 

sharp crack produced by fatigue or by slitting, and then sharpening a deep notch by a 
pressed knife edge. DT specimens featuring a deep flaw produced by any of these methods 
are tested over a range of temperature. The testing machine is either a pendulum type or a 
drop-weight type of capacity more than sufficient to break the specimen in one blow. 

In engineering applications, such as the determination of a fracture-safe design, 
analysis diagrams can be used to interpret the relationships between DT energy and 
flaw-size, stress-level relations for unstable fracture. For structural steels with a tempera-
ture-induced transition in the service temperature range, the toe region of the DT 
energy curve can be indexed to the Fracture Analysis Diagram (FAD), as shown in 
Fig. 9.25. 

The shelf region of DT energy versus temperature relationships and DT energy 
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values for non-transition metals can be translated into structural parameters by the use 
of the Ratio Analysis Diagram (RAD). 

9.3.6 Ductility transition, fracture appearance transition, 
and crack arrest temperature 

With the use of different specimen types and different criteria has come the use of a 
variety of transition temperatures by different investigators. These transition tempera-
tures can be classified into three groups: ductility transition temperature, fracture 
(appearance) transition temperature, and crack-arrest temperature. 

Ductility transition temperature. Brittle fractures must be initiated from a pre-existing 
notch, and it is therefore important to know whether a crack was initiated under plastic 
strain or under absorbed energy. A transition temperature can be determined 
on the basis of the amount of deformation or energy absorption required to initiate a 
crack. This type of transition temperature is called the "ductility transition temperature, 
TJ\ At a temperature below the ductility temperature, fractures occur in a pure cleavage 
mode. 

Transition temperatures determined by (1) deformation at the notch root, (2) defor-
mation at the maximum load, and (3) energy absorption before crack initiation can be 
considered "ductility transition temperatures". The NDT temperature determined by 
the NRL drop-weight test, and the dynamic tear test is a typical example of ductility 
transition temperature. In the case of the Charpy V-notch impact test, Ύτφ and Trl5 can 
be considered ductility transition temperatures (see Fig. 9.18). 

Fracture appearance transition temperature. When a test is made at a temperature 
somewhat above the ductility transition temperature, a shear crack initiates from the 
notch root. When the test temperature is sufficiently high, the crack continues to grow 
in the shear mode. However, when the temperature is not high enough, the crack becomes 
unstable when its length reaches a certain critical size and the mode of fracture changes 
to cleavage resulting in a rapid fracture propagation. The amount of energy absorbed 
during the growth of the shear crack and the size of the critical crack change with 
temperature. Transition temperatures determined by these criteria are designated 
"fracture appearance transition temperatures" (7\) because, in this transition tempera-
ture range, the fracture appearance changes significantly. For any given material, 
Tf is always higher than Td. 

Transition temperatures are considered Tr / ? determined by the percentage 
of fibrous appearance, the energy absorption after the maximum load, or by other 
parameters which indicate the amount of shear fracture. In the case of the Charpy 
V-notch test, for example, the TrE and Trs shown in Fig. 9.18 are fracture appearance 
transition temperatures. 

Crack-arrest temperature. The crack-arrest temperature can be determined by the 
Robertson test, the ESSO test, and the double-tension test, all of which are designed to 
study the fracture propagation characteristics of a material, and will be described later 
in this chapter. Figure 9.27, a typical result, shows the relationship between the test 
temperature and the critical stress necessary for fracture propagation. When the tempera-
ture is below a certain point, brittle fractures can propagate under fairly low stress. 
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FIG. 9.27. Crack arrest temperature. 

However, when the temperature is above a certain point, brittle cracks are arrested even 
under fairly high stress. This limiting temperature is called the "crack-arresting (transi-
tion) temperature" (Tfl). 

9.4 Various Tests for Evaluating Notch Toughness 

The notch toughness of steel has been tested in various ways and by many investi-
gators. Table 9.3 lists the typical tests used in the evaluation of notch toughness, and 

TABLE 9.3 Various tests for evaluating notch toughness of steel and brittle-
fracture characteristics of welds 

This table does not include those tests which are aimed at determining the critical stress 
intensity factor, Kc. Fracture toughness tests are shown in Figs. 10.8 and 10.9. 

A. Impact tests with small specimens 
1. Standard Charpy impact tests and modified tests 
2. NRL Drop-weight test 
3. NRL DT test 

B. Static tests with small specimens 
B-l Static fracture tests on notched specimens 

4. Tipper test 
5. Navy tear test 
6. Van der Veen test 

B-2 Bend tests on welded specimens 
7. Lehigh test and Kinzel test 
8. Kommerell test 

C. Fracture tests of weldments by dynamic loading 
9. Crack-starter explosion test 

10. Explosion bulge test 

D. Tensile tests of wide-plate specimens 
D-l Fracture propagation tests 

11. Robertson test 
12. ESSO (or SOD) test 
13. Double-tension test 

D-2 Welded-and-notched wide-plate tensile tests 
14. Wells-Kihara test 
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classifies them into four groups: 

1. Impact tests with small specimens. 
2. Static tests with small specimens. 
3. Fracture tests of weldments using dynamic loading. 
4. Wide-plate tension tests. 

Some of the laboratory tests concentrate on the initiation of cleavage cracks and 
others on the stopping of a propagating cleavage crack, but almost all of the tests 
involve the introduction of a notch and the observation of brittle behavior as the test 
temperature is lowered. Since each of these tests emphasizes a different feature of the 
brittle-fracture process, it is not surprising that they rate the ability of a material to 
resist cleavage fracture in different ways. The tests almost always define a transition 
temperature below which cleavage fracture occurs under the test conditions. 

The following pages briefly review various tests proposed und used by many investi-
gators. Details of these tests can be found in references given. 

9.4.1 Impact tests with small specimens 

Impact tests using small specimens have been developed primarily to evaluate the 
notch toughness of a base plate. Since the standard Charpy impact tests, the NRL 
drop-weight test, and the NRL drop-weight tear test (or dynamic tear test) have been 
covered previously, the following pages will discuss tests other than these three. 

Charpy tests are sometimes modified, either through (1) the employment of different 
test procedure or (2) the use of slightly different specimens. 

The "double-blow" or "low-blow" technique, proposed and used by Orner and 
Hartbower,(930) evaluates separately the energy required to initiate a crack and that 
required to propagate the crack. A low-energy pendulum blow is applied twice; the 
first blow to initiate a crack, the second to propagate it. The low-blow transition tempera-
ture is believed to be the maximum temperature at which an initiating crack can become 
self-propagating in a thick plate (where the energy required to produce shear lips is 
small compared with the elastic energy available for crack propagation). 

Several investigators have proposed using specimens with pressed notches instead of 
machined vee notches/93 υ Pressed notches are made using vee-shaped tools made of 
hard material. 

Subsized specimens are often used to evaluate notch toughness in plates thinner 
than | in. (10 mm), and specimens larger than the standard size have been used for 
the evaluation of heavy plates. But when specimens of non-standard size are used the 
interpretation of the results becomes problematic. For example, transition tempera-
tures are lowered when specimens are subsized because of a decrease in the triaxiality of 
the stresses near the root of the notch. And such shifts are not the same for all regions 
of the curve. 

9.4.2 Static tests with small specimens{102) 

Static tests using small specimens include: 

(A) Static fracture tests on notched specimens 
1. Notched-specimen tension tests, such as the Tipper tests.(932) 
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2. Tear tests, such as the Navy tear test.(933) 

3. Notched-specimen bend tests, such as the Van der Veen test,(934'935) 

(B) Bend tests on welded specimens 
4. Longitudinal-bead-on-weld notched-bend tests, such as the Lehigh test(936) 

and the Kinzel test.(937) 

5. Longitudinal-bead-on-weld bend tests, such as the Kommerell test,(938,939) 

Tests in Group (A) have been developed primarily for evaluating the notch toughness 
of unwelded base plates. Tests in Group (B) have been developed for evaluating the 
fracture characteristics of weldments or the effects of welding on the base plate, i.e. the 
weldabilityofsteel.(240) 

Figure 9.28 shows schematically specimens used for the Tipper test, the Navy tear 
test, and the Van der Veen test. Baker and Tipper(932) at Cambridge University deve-
loped the side-notch tension specimen shown in Fig. 9.28(a). A specimen of full thickness 
is tested over a range of temperatures. The transition temperature is determined from 
the reduction in thickness at the middle point of the fractured surface between the 
notches or from the fracture appearance. 

The Navy tear test, developed by Kahan and Imbembo(933) at the New York Naval 
Shipyard, is shown in Fig. 9.28(b). The test specimen is flame cut from a plate of full 
thickness and is machined on the edge opposite the notch. Static asymmetric tensile 
loading is applied to the specimen using pins inserted in the pinholes. A transition 
temperature is determined from the following: 

1. The energy needed to propagate fracture (the amount of energy absorbed by a 
specimen after maximum load until fracture). 

2. The fracture appearance (the percentage of fibrous fracture). 

Figure 9.28(c) shows the static bend test developed by Van der Veen.(934,935) 

Figure 9.29 shows bend tests on welded specimens. 
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FIG. 9.28. Static fracture tests on notched specimens. 



366 Analysis of Welded Structures 

V- groove 
\e 

<Zfri 1111 1 

^ 4 " 

777T777'7T7i 

> 1M 

i_ 
ktt U(TU» 

— 4*' ». 

"17 
3 

1 

_L 
3/4 or plate 

♦ thickness 

a. Lehigh Test 

U- groove 
Γ = Ο . Ι 2 ' ^ 

I3.8M-

tti i i mrrr-

I—51 H 5.9" 

w 

-6t 

b. Kommerei I Test 

FIG. 9.29. Bend tests on welded specimens. Dimensions of the Kommerell test change depend-
ing upon the plate thickness. Dimensions shown in this figure are for plates less than 1 in. 

(25 mm) thick. 

Longitudinal-bead-on-weld notch-bend tests were developed by Stout et α/.(240,936) 

at Lehigh University and Kinzel et α/.(937) In both tests, a bending load is placed on a 
transverse notch cut across the weld metal laid on the specimen having a transverse 
notch cut across the metal laid on the specimen (see Fig. 9.29(a)). The basic philosophy 
of these tests is as follows. Since weld metal, heat-affected base metal, and unaffected 
base metal are exposed at the root of the notch, fractures can originate in the most 
sensitive structure; thus, the cleavage-fracture sensitivity of a welded joint can be evalua-
ted. In the Lehigh test, duplicate test results may be obtained from a single specimen, 
since two notches are used. 

Investigators at Lehigh used various criteria, including bend angle of maximum load, 
total energy absorbed, lateral contraction, appearance, and mode of fracture, for the 
evaluation of test results/240'936) 

The Kommerell-type longitudinal-bead-weld bend specimen was developed in 
Germany after a number of failures had occurred in welded bridges.(938) A single-pass 
weld bead is made along a test plate, as shown in Fig. 9.29(b), the test plate is bent with 
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the weld on the tension side, whereupon small cracks appear in the weld metal or in the 
heat-affected zone. As bending proceeds, these cracks extend into the base plate. Brittle 
steel is unable to slow the progress of the cracks, and the specimen breaks suddenly while 
the bending angle is still small; ductile steel, on the other hand, stops the advance of the 
cracks, and the specimen breaks only after considerable deformation. 

The bead-bend test of Austrian Standard M3052 is a modification of the Kommerell 
test.(939) Dimensions of the specimen and required bend angles at room temperature 
are specified for different plate thicknesses. 

9.4.3 Fracture tests ofweldments by dynamic loading 

Explosives and projectiles have been utilized as simple forms of dynamic loading in 
fracturing full-size weldments. The following tests have been proposed and used : 

1. The crack-starter explosion test developed by Pellini and associates.1940,941) 

2. The explosion bulge test developed by Hartbower and Pellini.(942'943) 

3. The explosion tests of welded tubes conducted by Folkland(944) Hauttmann,(945) 

and Kihara et α/.(946'947) 

Explosion crack starter test. The explosion crack starter test was developed by Pellini 
et α/.(940) at the Naval Research Laboratory as a method of determining the fracture-
propagation characteristics of steel when the fracture initiation is forced (see Fig. 9.21). 

Explosion bulge test. The explosion bulge test was developed by Hartbower and 
Pellini(942'943) at the Naval Research Laboratory. Two plates, usually 10x20 in. 
(250 x 500 mm), are butt welded to form a square which is placed over a circular die 
and explosion-loaded by successive shots until it fails or develops a full-hemispherical 
bulge. The temperature of the test is controlled by equalization between the successive 
shots. The source point of the fracture is observed. The amount of deformation at fracture 
is determined by measurements of plate thickness and is expressed as percent reduction 
of plate thickness. The "bulge transition temperature" is defined as the temperature 
range in which the percent reduction of thickness decreases from 10 to 1%. These were 
primarily performance tests of welded joints. 

9.4.4 Tensile tests of wide-plate specimens 

The primary objective of the tensile testing of wide-plate specimens is to reproduce in 
the laboratory brittle failures as they occur in actual structures. The tests that have been 
used or proposed may be classified as follows: 

1. Fracture propagation tests. 
2. Tests on welded-and-notched wide plates. 
The tests in the first group measure the fracture propagation characteristics of steel 

plate. These tests include the Robertson test, ESSO (or SOD) test, and the double 
tension test. 

The tests in the second group have been used to study brittle fracture characteristics 
of welded plates. 

Fracture propagation tests. Robertson,1948'949) at the Naval Construction Research 
Establishment, Scotland, developed the specimen type shown in Fig. 9.30. A cleavage 
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FIG. 9.30. Robertson test specimen. 

crack is started at a notch on one edge of the plate by a bullet driven against a special 
nub. The amount of energy available from the explosion is large enough to start the 
crack but insufficient to make it propagate more than a very short distance. The uniform 
tensile load tends to keep the crack growing. The specimen contains a temperature 
gradient in the width direction, with the notched side being cooler. The crack travels 
across the specimen until it reaches a zone where the temperature is high enough to 
permit the material to flow sufficiently to stop the crack. The temperature above which a 
crack does not propagate can thus be determined at each stress level. A typical test result 
is shown in Fig. 9.27. The crack-propagation characteristics are expressed in terms of 
arresting temperature and critical stress. 

Feely et α/.(950) at the Standard Oil Development Company studied fracture propaga-
tion characteristics of steels by using the test called the SOD or ESSO test. The specimen 
configuration was similar to the Robertson test; however, in the SOD test, the specimen 
was uniformly cooled to the desired temperature, and a selected load was applied. 

In the SOD test, a brittle crack is initiated by applying an impact load at the notch 
while the specimen is under a certain preselected tensile stress. If the material is brittle 
and the stress is high enough, the specimen fractures completely in a cleavage manner. 
If failure does not occur, the tensile load is increased and the plate subjected to impact at 
succeedingly high stress levels until it does. Thus, the critical stress for cleavage-fracture 
propagation at given temperature is obtained. Tests are then conducted at various 
temperatures to determine the arresting temperature. The results appear in a form very 
similar to those shown in Fig. 9.27. Yoshiki and Kanazawa(951,952) at the University 
of Tokyo developed the double-tension test in an attempt to eliminate the influence of 
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impact loading (used in the Robertson and the ESSO test) on test results. A double-tension 
test specimen, shown in Fig. 9.31, is composed of two parts: the crack initiation part 
and the main part. These two parts are connected by a narrow passage and loaded 
independently under static tension by two sets of testing apparatus. A cleavage crack is 
initiated in the crack-initiation part and is driven into the main part through the passage. 
The critical stress at a specific temperature is determined as the lowest stress in the main 
part at which complete fracture of the specimen occurs. 

Welded-and-notched wide-plate tensile tests. Brittle fractures usually occur at stress 
levels well below the yield stress of the material. In many cases, fractures occur 
without any repeated or impact loading, and frequently start from a weld-joint flaw. 
Low-stress fractures do not occur in most laboratory tests, however. Even when a 
specimen contains sharp notches and fractures with low energy absorption that result 
in a brittle-fracture appearance, the fracture stress level is as high as the yield stress level. 
In fracture-propagation tests the fracture usually propagates at low stress; however, 
such expedients as the impact loading in the Robertson and SOD tests or the high-tensile 
stress applied on the auxiliary part of a specimen in the double-tension test are necessary 
to initiate a brittle crack. 

Extensive research on the low-applied-stress fracture of weldments has been conduc-
ted, and it has been found that a low-applied-stress fracture can be obtained 
experimentally from a notch located in an area containing high residual tensile stress. 
Since this subject is rather important to the understanding of the brittle fracture of actual 
welded structures, it will be discussed further in Sections 9.5 and 10.4. 

9.4.5. Use of various fracture toughness tests 

Reasons for different tests. Many different tests for fracture resistance are necessary 
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because there are many characteristics to evaluate. No single test is capable of provid-
ing all the information needed. 

When evaluating the fracture toughness of a base plate, the plate involved may be 
too thin for preparation as a proper specimen, or the fracture performance of an entire 
weldment or entire welded structure may be the concern. 

The fracture initiation characteristics or the fracture propagation characteristics 
may be the concern. 

The size and cost of the specimen can be an important factor in selecting the appro-
priate test. Sometimes a cheap and simple test, even though not an accurate simulation 
of an actual failure, will suffice. At other times a test that will accurately simulate actual 
failures is needed, however elaborate the facilities and procedural requirements. 

A fracture test of a specimen large enough to simulate an actual welded structure 
will require a large testing machine. For example, a butt weld about 10 in. wide and 18 in. 
long is needed to simulate residual stresses as high as those existing in a large welded 
structure made of 1-in. thick plate.+ The cross-section of the specimen is 10 in.2; if the 
fracture stress is 50,000 psi, 500,000 lbs are needed to fracture the specimen. 

Tensile tests are preferred when the tests need to simulate fractures in actual structures 
and when a theoretical analysis of the test data is needed. However, a tensile test requires a 
testing machine of large capacity. 

Bend tests and tear tests are often used to test fractures in relatively large specimens 
and can be carried out using a testing machine with a limited capacity. In these tests, 
however, the crack must propagate through several zones containing varying stresses, 
and this makes it difficult to analyze the experimental results. 

Explosives and projectiles are often used as a simple means of dynamic loading and 
fracturing a full-size weldment, as discussed earlier. But explosives must generally be 
placed at some distance from the specimen in explosion tests (see Fig. 9.21) and this 
for the following reasons: 

1. To provide a relatively even impact loading over a large area. 
2. To provide an impact loading without an excessively high speed. 
If explosives are placed directly against the specimen surface the results may not 

resemble closely enough an ordinary brittle fracture. 
As mentioned above the speed of brittle fracture propagation in an actual structure 

is about 20 to 30% of the speed of a sound wave in the metal and the theoretical limiting 
speed is 0.38 C0 (see Table 9.2). Consequently, we are able to assume that the mode of 
fracture may change if the loading speed is greater than the limiting speed of a brittle 
fracture. 

Use of different tests. Table 9.4 shows how different tests may be used for different 
purposes. This table has been prepared for an imaginary situation in which the structural 
reliability of a new welded structure is being evaluated. Suppose that the structure is 
being built with an entirely new material that must be evaluated from scratch. What kind 
of R & D program is appropriate ; what test should be used ? 

(a) The first objective is to develop an adequate base plate. Initial screening tests are 
made on a number of experimental metals with varying chemical compositions and heat 

The effect of specimen size on residual welding stresses is discussed in Chapter 6. 
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TABLE 9.4 Uses of various fracture tests 

1. Base plate development program 
(a) Initial screening of experimental melts—Charpy 
(b) Detailed study of selected melts—DWT or DT test 

2. Weld metal development program 
(c) Initial screening of weld metal—weld metal Charpy 
(d) Detailed study of selected weld metal—DT test 
(e) Heat-affected zone study—DT test 

3. Weldment toughness study 
(0 Initial study—Lehigh (Kinzel), Kommerell 
(g) Detailed study of weldment performance—explosion bulge 

4. Study of fracture characteristics of actual structures 
(h) Base metal fracture propagation study—Robertson SOD 
(i) Welded joints—Wells-Kihara 

5. Establishment of standard (quality control in production and procurement) 

(j) Correlation between study 4 and -* n T 

6. Prototype test 
(k) Actual structure—under static and repeated loading 

treatments. At this stage, simple tests using small specimens such as the Charpy V-notch 
test are used. 

(b) During the initial screening several promising materials are selected for further 
evaluation in order to collect fracture toughness data under realistic conditions. Fracture 
tests, for example, are conducted using full-thickness specimens and the drop-weight 
test or the dynamic tear test are suitable for this. 

(c) After several base plates have been developed, the weld metals suitable for the 
base plates are developed. Initial screening tests are made of a number of test welds 
and Charpy test specimens taken from them. 

(d) After screening, a detailed evaluation is made of the promising materials. The 
drop-weight test may be suitable for this purpose. 

(e) Tests are also made of the fracture toughness of the heat-affected zone. The drop-
weight test may again prove suitable. Charpy V-notch specimens may be taken from 
various locations near the weld. Though the heat-affected zone consists of many regions 
having many different metallurgical characteristics, it is also very narrow, making the 
evaluation of fracture toughness of the heat-affected zone a complex task. 

(f) After the evaluation of the weld metal and HAZ, the fracture performance of an 
entire weldment composed of the weld metal, HAZ, and the base plate is evaluated. At 
this stage, one would also want to study the effects of the welding procedure variables 
including the welding current, the arc travel speed, the preheat temperature, etc. Tests 
using relatively small specimens such as the Lehigh test and the Kinzel test may be 
used. One may want to evaluate fracture toughness of a weldment without an artificial 
notch having a predetermined depth. Failures of actual structures often initiate from 
weld defects and hard spots, and the Kommerell test may be used to evaluate the initia-
tion and propagation of fractures in a weldment without an artificial notch. 

(g) The performance of a reasonably large weldment is then evaluated, and the 
explosion bulge test may be used for this purpose. 

(h) After completing these basic studies the fracture characteristics of the actual 
structure are evaluated as accurately as possible. This may be done using the Robertson 
or the SOD tests. 
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(i) Then the fracture characteristics of the welded joints are evaluated, using, perhaps, 
the Wells-Kihara test. 

(j) After these large-scale tests are completed, quality-control standards in production 
and procurement must be established. If the service conditions of the structure are not 
severe and the materials to be used are similar to those on the market, the ordinary 
Charpy V-notch test may be used for quality control. But if the service conditions are 
severe, it may be necessary to use a reliable test such as the drop-weight test for the 
dynamic tear test. 

In order to use small specimens when establishing standards, it is necessary to obtain 
correlations between the data on small specimens and the data on large-scale specimens. 

(k) Before an actual structure is put into production, a prototype will probably be 
made and a series of tests conducted on this prototype. The tests may involve the simula-
tion of actual service conditions. 

In the testing of prototype structures, at least two kinds of tests should be conducted : 
1. Tests to study the normal fracture behavior. 
2. Tests to determine the lowest fracture stress. 

Though the first kind of test is routine at present, the second is not. As mentioned above, 
many ships built during World War II fractured at stresses well below the yield stress of 
their structural material, and investigators including Wells, Kihara, and Masubuchi 
have attempted an experimental demonstration of weldment fractures that occur under a 
low applied stress. This subject will be discussed in detail in Section 9.5. 

Among the over 5000 ships built during World War II only about twenty ships frac-
tured completely, although cracks developed in over 1000 ships. If we built a prototype 
structure using the brittle material used in World War II ships and conducted fracture 
tests, the probability of a complete, catastrophic failure in that prototype structure 
would be 20/5000 or 0.4%. The probability of some cracks developing would be about 
20%. In other words, the probability of the prototype structure performing perfectly 
without developing a single crack would be 80%. Yet once large-scale production 
starts, failures do happen in some structures and, from the point of view of the captain 
of a fractured vessel, the score is 100% failure. 

Consequently, it is most important to determine what adverse conditions the structure 
will face during production and service. Only then will it be possible to establish the 
necessary measures to prevent the adverse conditions from occurring. 

9.4.6 Correlation of results obtained by various tests 

The correlation of notch-toughness data collected by means of various tests has been 
the concern of many investigators. The book by Hall et al.{904) covers the correlation of 
transition-temperature data obtained by various tests. 

As mentioned above, transition temperatures obtained by different tests can be classi-
fied into three types: ductility transition temperature Td, fracture appearance transition 
temperature Tf, and crack-arrest temperature Ta. In general, there is a fairly close 
correlation between transition temperatures of the same type. 

For example, Fig. 9.32 shows a correlation between fracture appearance transition 
temperatures determined with the standard Charpy (machined) V-notch specimens, 
vTrs, and those determined with Charpy pressed V-notch specimens, pTrs.(904) A close 
correlation exists between those values which are similar. 



Fracture Toughness 373 
80 

40 

> -40 

-80 

-120 h , 

vTrs*-16.2 +1.00 pTrs 
r*0.973 

• Λ· 

ι I ι I ι I ι 
40 80 

pTrs CO 

FIG. 9.32. Correlation between fracture appearance transition temperature determined with 
Standard Charpy (machined) V-notch specimens and Charpy pressed V-notch specimens. 

The figure has been prepared from data given in Reference (904). 

Correlations are usually poor when different type transition temperatures are 
compared; for example, between Td as determined by one test and Tf as determined by 
another. 

9.5 Low Applied-stress Fracture of Welded Structures 

In order to assist the reader to better understand the material presented in this section, 
the following information, given elsewhere, is presented in summary form : 

1. Brittle fractures in welded structures often originate from small defects 
(see Fig. 9.13); the overall stress is often very low (only 10,000 psi (7.0 kg/mm2 or 
69 MN/m2) or so, which is only about one-third the yield strength of the material 
used). 

2. Based upon the fracture mechanics theory, which will be discussed in Chapter 10, 
unstable fractures occur when stresses are applied to a structure containing a 
crack longer than a given value. However, the critical crack of low-carbon steel 
at the yield stress is several inches long. 

Then why does a welded structure fail at a stress level of only one-third the yield 
strength and from a very small crack? A number of investigators, especially during the 
late 1940s to 1950s, tried to experimentally demonstrate the low applied-stress fracture 
of steel weldments. 

9.5.1 Background information 

Brittle fracture strength of notched tensile specimens. During the late 1940s and early 
1950s a number of investigators studied the fracture characteristics of a series of notched 
specimens subjected to tensile loading. By conducting fracture tests under a range of 
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FIG. 9.33. Brittle fracture strength in notched tensile specimen (Wells)/953) 

temperatures, they found that the mode of fracture changes from ductile to brittle when 
the test temperature is below a certain value, i.e. the transition temperature. They were 
delighted to be able to demonstrate brittle fractures in a laboratory. 

Their delight was short lived. They soon discovered that the fracture stress of a speci-
men in low-carbon steel was always higher than the yield stress. Figure 9.33, prepared by 
Wells,(953) shows the results obtained by several investigators.(954) Fractures always 
occurred after general yielding of the specimen took place. 

Greenes experiment with bend tests on welded plates. In 1949 Greene(955) reported 
the results of bend tests on welded plates while he was studying the effects of stress-
relieving treatments on the fracture characteristics of welded plates, as shown in Fig. 9.34. 
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FIG. 9.34. Nominal bending strength plotted against temperature for Greene's experiments 
on wide plates with notched, central longitudinal welds.(955) 
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He found that as-welded specimens tested at low temperatures fractured at a stress 
level well below the full plastic moment. 

Robertson's experiment on fracture propagation. In 1951 Robertson reported that a 
brittle fracture, once initiated, propagates at a stress well below the yield strength/948,949) 

He used the specimen shown in Fig. 9.30. A typical test result is as shown in Fig. 9.27. 

9.5.2 Early studies on low-applied-stress fracture 
using welded-and-notched wide plates 

Experiments by Wells. Wells(953) knew that a stress as high as the yield stress is needed 
to initiate a crack in structural steel, but that a crack can propagate at a low stress once it 
is initiated. He hypothesized that when a sharp notch is located in the region near the 
weld where residual stress is as high as the yield strength, a brittle fracture may initiate 
and propagate under a low applied stress. 

Wells tested the tensile strength of a series of welded specimens, each containing a 
sharp transverse notch, as shown in Fig. 9.35(a). Among the eleven specimens tested, 
one (No. H) fractured completely at an applied stress well below the yield stress (see 
Fig. 9.35(c)). Specimen F, tested at 15°C, fractured at the yield stress level. On three 
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F IG. 9.35. The effect of residual stress on the brittle fracture initiation. 
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specimens tested at low temperatures, partial fracture occurred at very low applied 
stress, and complete fracture occurred after general yielding. Wells decided that 
catastrophic failure occurs at a certain temperature and named it the "calamity 
temperature". 

Experiments by Kihara and Masubuchi. Kihara and Masubuchi,(956) though interested 
in the results obtained by Wells, felt that catastrophic fractures could occur in a broad 
temperature ranged 

They used specimens similar to those used by Wells (see Fig. 9.36). Figure 9.37 shows 
their results. Single-stage fractures at low applied-stresses indeed occurred in a number of 
specimens tested at low temperatures. Table 9.5 shows properties of steels used for the 
experiment. Figure 9.38 shows the general tendencies indicated by their experimental 
results, including the effects of a sharp notch and of residual stress on the fracture strength 
of a welded carbon-steel specimen. 

When the specimen contains no sharp notch, fracture occurs at the ultimate strength 
of the material at the test temperature, as shown by curve PQR. When a specimen con-
tains a notch (but no residual stress), fracture occurs at the stress levels shown by curve 
PQST. When the temperature is higher than the fracture transition temperature, Tf, a 
shear fracture occurs at high stress. When the temperature is below Tf, the fracture 
appearance changes, indicating cleavage, and the stress at the fracture decreases to 

TABLE 9.5 Properties of steel used by Kihara and Masubuchi{956) 

Chemical composition 

Character of steel-making 

Chemical composition, % 
(check analysis) Roll finish 

Steel Kind of temperature Ferrite Austenite 
designation C Si Mn P S steel (°C) grain size grain size 

A(e) 0.24 Trace 0.49 0.022 0.022 Rimmed 1120 6 - 6 . 5 1 
B 0.28 Trace 0.50 0.023 0.034 Rimmed 1140 6 - 6 . 5 1.5 
C 0.21 0.04 0.42 0.016 0.020 Semikilled 1030 6.5 2.5 

Mechanical properties and notch toughness 

Notch toughness 

V-Charpy test 
Mechanical properties Tipper test 

Energy 15 ft-lb Shear shear 
Yield Ultimate Elongation, absorbed transition transition transition 

Steel strength, strength % at0°C temperature temperature temperature 
designation (kg/mm2) (kg/mm2) (GL = 50mm) (kg-m/cm2) (°C) (°C) (°C) 

A 22.4 46.2 33 1.0 22 50 39 
B 23.9 46.3 36 1.1 24 55 46 
C 23.5 41.1 34 1.5 8 32 15 

Steels A and B are made from the same charge. 

f Kihara et α/.ί957) also conducted fracture tests of welded spherical containers with notches similar to that 
shown in Fig. 9.36. Catastrophic failures were also obtained. 
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FIG. 9.38. Effects of sharp notch and residual stress on fracture strength (Kihara and 
Masubuchi).(956) 

near the yield stress. When a notch is located in an area containing high residual tensile 
stresses, several types of fracture can occur: 

1. At temperatures higher than Tf, the fracture stress is not affected by residual 
stress and is the ultimate strength (curve PQ). 

2. At room temperatures lower than Tf but higher than the crack-arresting tempera-
ture, Ta, a low stress may initiate a crack, but the crack will be arrested. 

3. At temperatures lower than Ta, one of two phenomena can occur, depending 
upon the stress level at fracture initiation : 
(a) If the stress is below the critical stress, VW, the crack will be arrested after 

running a short distance. Complete fracture will occur at the yield stress (ST). 
(b) If the stress is higher than VW, complete fracture will occur. 

9.5.3 Further studies on low applied-stress fracture 

Further studies on low applied-stress fracture have been conducted by a number of 
investigators. Since it is easier to discuss this subject after discussing the general theories 
of brittle fracture, the subject will be presented in more detail in Chapter 10. 

9.6 Effects of Chemical Composition and 
Manufacturing Processes*102 9 0 2 9 5 8 ) 

The properties of a given type of steel are affected by its chemical composition as 
well as the manufacturing process variables involved such as grain size, roll finishing 
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temperature, and amount of cold working and prestraining. This section covers the 
effects of these factors on: 

1. Tensile properties. 
2. Notch toughness. 
3. Weldability. 

TABLE 9.6 Typical formulae to determine effects of chemical composition on mechanical pro-
perties and notch toughness 

1. Mechanical properties 
(a) Frazier-Boulger- Long's formulae(e)(959) 

σ^, psi = (23,000 ± 1500) + 29,200 x %C + 7200 x %Mn 
σΜί8, psi = (30,800 ± 2200) + 104,000 x %C + 13,000 x %Mn 
Elongation, % = (38.2 ± 2.4) - 32.6 x %C - 3.2 x %Mn 

(b) Kihara-Suzuki-Tamura's formulae(b)(222) 

or psi = (53,400 x %Cy + 23,900) ± 5700 
σΜ, psi = (87,000 x %Ct + 34,500) ± 5000 
Elongation, % = (55.9 - 51.2 x %Ce) ± 6400 

2. Transition temperature 
(a) Williams-EUinger's formula(c)(920) 

Trl5, °F = (70 ± 30) + 300 x %C + 1000 x %P - 100 x %Mn 
+ 300 x %Si - 5(ASTM Ferrite Grain Size Number) 

Results were obtained for carbon steel. ayu = upper yield strength, auts = ultimate tensile strength. 
Results were obtained for Mn-Si high-strength steels. Values of Cy, Ct, and Ce are given in Table 9.7. 
Formula based on experimental results on fractured ship plates. 

TABLE 9.7 Formulae for carbon equivalent for mechanical properties, notch toughness, and 
weldability 

1. Mechanical properties 

(a) Kihara-Suzuki-Tamura's formula(fl)(222) 

Cy(Y.P.)% = C + {Mn H-^Si + ±Cu + ^ N i + Zero x Cr + f Mo + 1.1 V 

Ct(T.S.)% = C + |Mn + ±Si + ±Cu + ^ N i + |Cr + | M o + ^V 

Ce (Elongation)% = C + |Mn + ^Si + ^ C u + ^ N i + ±Cr + f Mo + f V 

2. Notch toughness 
(a) Kihara-Suzuki-Tamura's formula(i,)(222) 

Ceq = C - (l/2.6)Mn + 3.9P - (l/3.7)Ni + 1.3 Mo + Zero (Si + S + Cu + Cr) 

3. Weldability 

(a) Formula in Welding Handbook (for cold cracking)*96 7) 

Ceq = C + |Mn + ^ C r - ^ M o - ^ V + ^Cu + ^Ni 

(b) Formula based on Sims-Banta's work (for cold cracking)(902) 

Ceq = C + |Mn + £ S i + ^ M o + ^ V + Zero Cr 

(c) Kihara-Suzuki-Tamura's formula (for maximum hardness)(c) 

Ceq = C + |Mn + £ S i + ^ N i - \Cx + \Uo 
{a) Results obtained for Mn-Si high-strength steels. 
(b)The formula was obtained by Kihara, Suzuki, and Tamura by analyzing results obtained by Rinebolt 

and Harris.<958> 
(c) The formula was obtained to express the effects of alloying elements on the maximum hardness of the 

weld heat-affected zone. 
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The discussion in this section will be about carbon steels and low-alloy high-strength 
steels that are used in the as-rolled condition, a relatively simple subject. This section 
does not cover quenched and tempered steels or maraging steels.f 

9.6.1 Effects of chemical composition^02" 902) 

The effects of chemical composition on mechanical properties, notch toughness, and 
weldability of steel have been studied by many investigators. Further discussions on 
the effects of chemical composition on weldability of steels are given in Chapter 14. 

Tables 9.6 and 9.7 summarize some of the formulae for determining the effects of the 
chemical composition on mechanical properties, notch toughness, and weldability. 
Included in Table 9.6 are formulae for determining the yield strength, the ultimate 
tensile strength, the elongation, and the 15 ft-lb. transition temperature. Included in 
Table 9.7 are the formulae for the carbon equivalent, a parameter which expresses the 
effect of a given alloying element on a equivalent amount of carbon. Table 9.8 has been 
prepared to show schematically the effects of major elements on the tensile strength, 
elongation, notch toughness, and subsceptibilities to hot cracking and cold cracking. 
Also shown are major effects of the elements listed. Arrows are used to explain the effects. 
Arrows pointed upward indicate that the effects are favorable : 

Increase tensile strength. 
Increase elongation. 
Improve notch toughness. 
Reduce susceptibility to cracking. 

TABLE 9.8 Effects of chemical compositions on properties of steel 

Elements 

C 

Mn 

Si 

P 

s 
Al 

Cr 

Ni 

Mo 

i Major function 

Most important element 
Increase strength, hardenability 

Increase hardenability 

Deoxidizer 

Impurity 

Impurity 

Deoxidizer 

Increase oxidation resistance, 
corrosion resistance 

Increase toughness 
Increase corrosion resistance 

Strong carbide former 
Increase hardenability 

GUTS 

High 
Î 1 

Î 0.2 of C 

î 0.15C 

î 0.1C 

î 0.05 C 

î 0.5 C 

Notch 

Weldability 

Hot 
Elongation toughness cracking 

More 

I o.ic 
i 0.8C 

i 0.25C 

i 0.05C 

Ductile 

Brittle 

î 0.4C 
— 

| 4 C 

— 

ΐ 
— 

î 0.3C 

i 1.3C 

Crack j 

î FromMn 

I 0.4C 

I 0.3C 

J3C 
— 

— 

— 

— 

Cold 
cracking 

Crack I 

1 0.15C 

i 0.1C 

I 0.05 C 

î 0.02 C 

Some discussions on chemical compositions on Q and T steels and maraging steels are given in Chapter 1. 
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The number given near an arrow indicates the significance of the effect of an element 
compared with the effect of carbon. For example, 1% increase in manganese results in 
an increase in the tensile strength to an extent comparable to an increase of 0.2 carbon. 
The concept of carbon equivalent is widely used (refer to Chapter 14). 

Figure 9.39 shows the effects of several alloying elements on the Charpy V-notch 
15 ft-lb transition temperatures. The figure was prepared by Kihara et al.{222) and was 
based upon the experimental results obtained by Reinbolt and Harris*9 58) 

In using the formulae given in Tables 9.6 and 9.7, it is important not to extrapolate 
the formulae beyond the stage of the alloy contents investigated in the experiments on 
which the formulae were based. Figure 9.39 may be used as a guide for the practical 
limits of the various alloying elements contained in structural steels. 

Carbon.il02) Carbon is the most important alloying element. Carbon added to steel 
causes an increase in strength (yield and ultimate). As carbon is added, a greater propor-
tion of carbide is apparent in the structure as observed under a microscope. However, 
the addition of carbon causes many undesirable effects including reduction in elongation, 
a reduction in notch toughness, and a reduction in weldability (an increase in the hardness 
of the heat-affected zone and an increase in susceptibility to both hot and cold cracking). 
Because of these adverse effects the carbon content of a weldable steel is normally below 
0.25%. Many weldable high-strength steels restrain the amount of carbon content 
despite the fact that carbon increases the strength significantly. 

Manganese.{l02) Manganese is added to steel because it is a fairly good deoxidizer 
and it improves notch toughness (lowers transition temperature). An increase in 
manganese up to around 1.2% results in an improvement in notch toughness, but an 
addition of manganese over about 1.6% causes a rapid deterioration in notch toughness. 
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Manganese also is known to retard the hot cracking of weld metal and in the heat-
affected zone near the fusion line by reacting with the sulfur which causes the hot 
cracking. 

Silicon.il02) Evaluation of the effect of silicon is complicated by the fact that silicon 
acts as both a deoxidizer and an alloying element. Consequently, the influence of silicon 
on the notch toughness will depend upon the concentration of other deoxidizing elements 
such as manganese and aluminum. 

For example, in the experimental study conducted by Reinbolt and Harris (see Fig. 9.39 
for summary of results), silicon up to 0.6% had little effect on notch toughness, but an 
addition of silicon over 0.6% caused an increase in the transition temperature. 

Phosphorus.{102) An increase in phosphorus causes a drastic increase in the transition 
temperature (or a loss in the notch toughness) at a rate that equals that of carbon. 
Phosphorus is also known to cause hot cracking. 

Sulfur{102) Sulfur in the form of sulfide inclusions often produces laminations in rolled 
steel plates. Laminations, whether of sulfide or oxide type, are oblate-shaped inclusions 
that have little strength when put under stress in the thickness direction. Laminated 
plates tend to act like several thin plates stacked together to form its thickness. When 
the notch toughness of a laminated plate is tested, the results tend to scatter, making 
an accurate analysis difficult. When laminations are not present, the effect of sulfur on 
notch toughness is minor. Sulfur is known to cause hot cracking, since FeS has a low 
melting point. 

Aluminum.{102) Aluminum modifies the embrittling effect of oxygen; it alters the struc-
ture of sulfide inclusions, and it tends to combine with nitrogen. Aluminum is frequently 
used as a deoxidizer during steel-making. Aluminum tends to improve notch toughness. 

Nickel{102) Nickel improves notch toughness, especially in low-alloy steels. Many 
high-strength steels including HY-80, HY-130, and HY-180 contain larger amounts of 
nickel as the strength level increases. 

Nitrogen and oxygen.ii02) The effects of nitrogen and oxygen on notch toughness are 
complex because they react with both the steel and the other elements present, but they 
have been known to have a detrimental effect on notch toughness. 

9.6.2 Effects of manufacturing processesii02,902,923) 

Effects of mill practices.il02) The deoxidation practice, the rolling operation, and the 
sizing operation affect notch toughness, and therefore are items of major concern. 

Effects of deoxidation.{102) Steels can be classified into rimmed, semi-killed, and 
killed steels, depending upon the degree of deoxidation the steel receives during steel-
making. Killing or deoxidation is ordinarily achieved by adding silicon or a combina-
tion of silicon and aluminum. 

In killed steel the deoxidation is sufficiently complete, so that during freezing there is 
essentially no evolution of carbon monoxide gas. This minimizes segregation during 
solidification, so that the rolled skelp will be more uniform in composition and properties. 
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The absence of gas evolution also causes "piping", or shrinkage voids, so a larger amount 
of steel must be cropped and discarded from the top of the ingot. Killed steels can be 
made with various carbon, manganese, or alloy contents and are generally more 
expensive than semi-killed or rimmed steels. 

Semi-killed steels are only partially deoxidized and, as a result, are not as sound as 
killed steels. They have a higher level of segregation than killed steels, and the center and 
surface may differ noticeably in composition. 

Effect of finishing temperature.{102) The hot mechanical-working range for mild 
steel, in practice, extends from approximately 1600 to 2100°F. During the hot rolling of 
the plate, the temperature at which mechanical working is finished has an influence 
on mechanical properties and notch toughness. 

It is generally agreed that a high finishing temperature results in a coarse-grain 
structure, a slight reduction in strength, and a lower notch toughness. With a low 
finishing temperature, a finer grain size and higher toughness level is more likely to be 
obtained. 

It is also well known that the yield and tensile strengths are increased by decreasing 
the grain size. Thus, as low a finishing temperature as is practical is desired from the 
standpoint of high yield and tensile strength and also for good notch toughness. 

Effect of cold work and prestraining.il02) Cold working or prestraining increases yield 
strength and transition temperature. A rule of the thumb frequently used is that a perma-
nent strain of 1% will raise the transition temperature 15 to 20°F.(923) 

Gensamer et α/.(960) found that cold work when combined with aging is more effective 
in raising the transition temperature than cold work or aging alone. Figure 9.40 shows 
the typical results of their investigation. The figure shows that when an as-rolled semi-
killed steel is subjected to various amounts of tensile strain, e.g. ε = 0% to 10% and aged 
for 1 month, the transition temperature is raised considerably. 

60 

' 50 

§ 40 

30 

J 20 
Î 

€ « 0 % . 

«■2%« 

i 

1 

/ / 
• 

/ 

' / 

U 

'' r/ 

n Π 

.^00**Z-

- € » 5 % 

.€«10% • 

-120 -80 - 4 0 0 40 80 120 

Temperature, *F 

I GO 200 

Percent 
composition '■ 

C 0.18 
Mn 0.73 
P 0 0 0 8 
S 0.030 
Si 0.07 
AI 0.015 
Ni 0.05 
Cu 0.07 
Cr 0.03 

FIG. 9.40. Effect of cold work and aging on Charpy properties.*923,960* 



384 Analysis of Welded Structures 

9.7 Notch Toughness Requirements and Fracture Control 

Although a number of tests have been proposed and used for evaluating fracture 
toughness of materials, most specifications still employ the Charpy V-notch (CVN) 
impact value as the criterion for specifying notch toughness of structural steels. The 
drop-weight test and the dynamic tear tests are also used by the Navy and other specifica-
tion societies. 

Tables 1.2, 1.3 and 1.7 in Chapter 1 show the notch toughness values specified for 
various steels, including the American Bureau of Shipping system which classifies 
ship steels of ordinary strength into six grades—A, B, D, E, DS, and CS, as shown 
in Table 1.2. Among the six grades only two grades—D and E—have notch-tough-
ness requirements. Similar requirements have been adopted for steels used in bridges, 
pressure vessels, and various other structures. 

Figure 9.41 shows the Charpy V-notch impact requirements adopted by the seven 
major ship-classification societies(925) (unified requirements). They have been grouped 
and surrounded in perimetric fashion to show general trends, particularly those concern-
ing the toughness requirements for higher-strength steels: the RI, the NV, and the ABS 
have all lowered both the testing temperature and the impact energy requirements for 
higher strength steels.f 

Lloyd's Register and Bureau Veritas have kept the same testing temperatures for 
higher-strength steels that were adopted for the Unified Requirements. Bureau Veritas 
maintains the same impact energy requirements, while Lloyd's makes the requirements 
proportional with the yield strength. 

PellinÎs study on fracture-control guideline. Pellini has developed a generalized 
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f Pellini and associates found that the NDT temperatures for high-strength steels correspond to the Charpy 
impact test temperatures at energy values considerably higher than 15 ft-lb, as shown in Fig. 9.23. 
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fracture analysis diagram (FAD), as shown in Fig. 9.25. The NDT temperature can be 
determined by either the drop-weight test or the dynamic tear test. The FAD is widely 
used by the Navy. 

Rolfe's study on fracture-control guidelines. Rolfe et α/.(925) in 1974 reported the results 
of his study on fracture-control guidelines for welded ship steel hulls. Attempts were 
made to use the fracture mechanics theory in developing practical fracture-control 
guidelines.(909) 

9.8 Notch Toughness of Weld Metals 

In order to avoid brittle fracture of welded structures, it is important that both the 
base plate and weld metal have adequate notch toughness. It is not difficult to obtain 
weld metal with notch toughness equivalent to ordinary carbon steel. However, it 
becomes a serious consideration when welding high-strength, quenched-and-tempered 
steels. These steels have both high yield strength and excellent notch toughness that is 
difficult to match in the weld metal. 

The Welding Research Council Bulletin No. I l l , prepared by Masubuchi, Monroe, 
and Martin,*961} presents results of a literature survey on the notch toughness of weld 
metals and the heat-affected zones. The survey was conducted in 1964. The base metals 
discussed include low-carbon steel and low-alloy, high-strength steels with up to 120,000 
psi (84 kg/mm2 or 827 MN/m2) yield strength. Welding processes considered include (1) 
shielded metal-arc welding, (2) submerged-arc welding, (3) gas metal-arc welding, and (4) 
electroslag and electrogas welding. The report covers the following subjects : 

1. General trends of notch toughness of weld metals deposited with various welding 
processes as evaluated by the V-notch Charpy impact test. 

2. Effects of various factors on notch toughness including: 
(a) Chemical composition and microstructure. 
(b) Factors related to welding procedures including heat input, multilayer welding 

techniques, welding position, preheating and post-weld heat treatments. 
3. Notch toughness of the heat-affected zone evaluated by the Charpy impact test. 
4. Evaluation of weld metal toughness with various tests other than the Charpy 

V-notch. 
The following pages cover primarily the first subject as discussed in the WRC Bulletin 

No. 111. Some data have been upgraded to reflect the technical advances that have 
been made since the original survey in 1964. 

It should be noted that data presented here are to show general trends in notch-
toughness values of weld metals made with certain welding processes. Even when using 
the same welding process, notch-toughness values of weld metals may vary depending 
upon chemical composition of filler wire, welding conditions, and other parameters. 

9.8.1 Requirements of various specifications for notch toughness of weld metals{102) 

Table 9.9 summarizes the requirements of various specifications for weld metal 
notch toughness in butt joints. Also, shown for comparison are the notch-toughness 
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TABLE 9.9 Notch toughness requirements of various specificationsil02,96l) 

Base metal or 
weld metal 

Base metal 

Covered-electrode-
deposited metal 

Submerged-arc-
deposited metal 

Specifications and classes 

International specification for ship steel 

Grade D* 
Grage E 

U.S. Navy HY-m steel 

Thickness 2 inches or less* 
Thickness over 2 inches* 

A WS-AST M (1964) 

E6012, E6013, E6020, E7014, E7024 
E7028* 
E6010*, E6011, E6027, E7015, E7016, E7018 
E8016-C3*, E8018-C3 
E9015-D1, E9018-D1, E10015-D2, E10016-D2,, 

E10018-D2 
E9018-M*, E10018-M, E11018-M, E12018-M 
E8016-C1*,E8018-C1 
E8016-C2*, E8018-C2 

International specification for ship steel 

Joining Grade A steel* 
Joining Grades B, C, D steels* 
Joining Grade E steel* 

/ / W Commission II 

Tensile strength 
of weld metal 
61,000 to 
67,000 psi 

Quality I*, flat position 
Quality I*, vertical position 
Quality II*, flat position 
Quality II*, vertical position 
Quality III*, flat position 

^ Quality III*, vertical position 

Tensile strength Ç Quality II, flat position 
of weld metal ) Quality I, vertical position 
74,000 to ) Quality III*, flat position 
88,000 psi ^Quality HI*, vertical position 

/ / W Commission XII 

Minimum tensile strength of weld Î42C* 
metal 60,000 psi [42D* 

Minimum tensile strength of weld f 50C 
metal 71,000 psi {50D 

Charpy 

Minimum energy 
absorption (ft-lb) 

35 
45 

60 
30 

V-notch 

Temperature 
(°F) 

32 
14 

- 1 2 0 
- 1 2 0 

Not required 
20 — 0 
20 - 2 0 
20 - 4 0 

20(a) 

20 
20(fl) 

20 

35 
35 
45 

35 
29 
46 
40 
57 
52 

46 
40 
57 
52 

20 
20 
20 
20 

- 6 0 
- 6 0 
- 7 5 

- 1 0 0 

68 
32 
14 

63 
68 
68 
68 
68 
68 

68 
68 
68 
68 

32 
- 4 
32 

- 4 

{a) Stress-relieved condition. 
* Notch-toughness values are shown in Fig. 9.42. 

requirements for some steel plates. Minimum values of Charpy V-notch absorbed 
energy at certain temperatures are specified. Figure 9.42 shows notch toughness require-
ments for entries marked in Table 9.9 with asterisks. No specification covers the notch 
toughness of weld metals in fillet joints. 

Base metal At an international conference held in London in 1959, ship-classification 
societies of the major shipbuilding countries approved an international specification 
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FIG. 9.42. Notch toughness required by various specifications/102,961) 

1. International specification for ship steel: A, D, E (AS, DS, ES are 70% of A, D, and E, res-
pectively; submerged-arc welding). 

2. AWS: E-7028, E6010, E-8016-C3, E-9018-M, E-8016-C1, E-8016-C2. 
3. IIW, Commission II: QI, QII, QUI for flat and vertical positions. 
4. IIW, Commission XII: 42C, 42D (submerged-arc welding). 

for ship steels.(962) In this specification, steels are classified into five grades, A, B, C, D, 
and E.* Charpy V-notch values of 35 ft-lb at 32°F (4.8 kg-m at 0°C) for Grade D and 
45 ft-lb at 14°F (6.2 kg-m at - 10°C) for Grade E are specified. These requirements are 
represented in Figure 9.42 by points designated D and E. 

Many specifications cover the notch toughness of high-strength structural steels. 
The U.S. Navy Specification MIL-S-16216 covers notch-toughness requirements for 
HY-80 steel, which is a low-carbon nickel-chromium-molybdenum steel. The minimum 
requirements for Charpy V-notch impact test values of steels in the quenched and 
tempered condition are 60 ft-lb (8.3 kg-m) for plates 2 in. (50 mm) thick or less and 30 
ft-lb (4.1 kg-m) for plates over 2 in. (50 mm) thick. 

Covered-electrode-deposited metals. Table 9.9 shows requirements of various specifi-
cations for the notch toughness of weld metals deposited with covered electrodes: 

1. The AWS-ASTM specification for mild-steel covered electrodes (AWS A5 1-65 T 
and ASTM A-233-64) and for low-alloy-steel covered electrodes (AWS A5-64T and 

f See Table 1.2 for ABS grade steels. 
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ASTM A316-64 T). Table 9.9 shows the notch-toughness requirements for weld 
metals made with various types of electrodes, E7028, E6010, E6011, etc. 

2. Notch-toughness values which have been proposed for weld metals made with 
covered electrodes used for joining Grades A through E steels of the international 
specification for ship steels. 

3. Notch-toughness values which have been recommended by Sub-Commission C, 
"Testing and Measuring of Weld Metal", of Commission II of the International 
Institute of Welding.(963) Notch-toughness values have been recommended depend-
ing on (1) the tensile strength of the weld metal, (2) the quality of the weld (QI, QII, 
QUI), and (3) the welding position (flat or vertical). 

Submerged-arc-deposited metals. Sub-Commission E, "Study of Weld Metal Deposi-
ted by All Processes", of Commission XII of IIW has proposed notch-toughness require-
ments for submerged-arc-deposited metals in carbon steel.(964) Values shown in Table 9.9 
are recommended, depending on (1) the minimum tensile strength of 60,000 psi 
(42 kg/mm2 or 414 MN/m2) or 71,000 psi (50 kg/mm2) and (2) the class of weld (C or D). 

Theoretically, requirements for the notch toughness of weld metal should be the same 
for all welding processes. However, several ship-classification societies currently accept 
submerged-arc-deposited weld metals with notch toughness lower than those of covered-
electrode-deposited weld metals. Apparently, this is because of the difficulty in obtaining 
submerged-arc-deposited metals which meet the requirements for covered-electrode-
deposited metals. For example, a ship classification society requires the following 
values for submerged-arc-deposited metals : 

1. 25 ft-lb at 68°F (3.5 kg-m at 20°C) for joining Grade A steel. 
2. 25 ft-lb at 32°F (35 kg-m at 0°C) for joining Grade E steel. 
3. 35 ft-lb at 14°F (4.8 kg-m at - 10°D) for joining Grade E steel. 

These values are shown in Figure 9.42 by points designated AS, DS, and ES, respectively. 
These values are about 70% of the values required for covered-electrode weld deposits 
used in joining steels of corresponding grades. 

Comparison of various specifications. To facilitate discussions in later pages of this 
textbook, the notch-toughness requirements of various specifications are divided 
arbitrarily into the following five classes, with Class 1 being the least severe and Class 5 
the most severe: 

Class 1 : QI, flat position; 42°C (35 ft-lb at 68°F: 20 ft-lb at^2°F). 
Class 2: QII, flat ; Grade D ; E6010 (46 ft-lb at 68°F; 35 ft-lb at 32°F; 20 ft-lb at - 20°F). 
Class 3: QUI, flat; Grade E; E9018-M (57 ft-lb at 68°F; 45 ft-lb at 14°F; 20 ft-lb 

at - 60°F). 
Class 4: E8016-C2 (20 ft-lb at - 100°F). 
Class 5 : HY-80 steel base metal over 2 in. (50 mm) thick (30 ft-lb at - 120°F). 

Basis for toughness requirements. It is still debatable (1) whether the Charpy V-notch 
impact test is an adequate test for evaluating notch toughness and (2) what notch-
toughness level is really needed even for base metals. Nevertheless, attempts have been 
made to establish realistic requirements for the notch toughness of the base metal by: 

1. Analysis of notch-toughness data obtained with specimens taken from fractured 
ships. 
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2. Comparison of notch-toughness data obtained with Charpy specimens and the 

fracture behavior of large-size specimens 

However, almost no information has been obtained which can be used to establish 
realistic requirements for weld-metal and heat-affected-zone notch toughness. Most 
current specifications are apparently based on the principle that the notch toughness 
required for the base metal should also be required for the weld metal deposited by a 
welding process used to join the steel. This basic principle, however, is not always obeyed. 
For example: 

1. The notch-toughness requirement for weld metals deposited with MIL-11018 
electrodes, which have been used extensively for the fabrication of submarine 
hulls from HY-80 steel, is considerably less severe than that for HY-80 base metal. 
The requirement is 20 ft-lb at - 60°F (2.8 Kg-m at - 51°C) for the weld metal 
and 60 or 30 ft-lb at - 120°F (8.3 or 4.1 kg-m at - 84°C) for the base metal. 

2. Some ship-classification societies allow lower notch toughness for submerged-arc-
deposited metals than for covered-electrode-deposited metal. 

The low toughness requirements have been set in some cases because weld metals 
with higher notch toughness are not available at the present time, not because notch 
toughness is less important in the weld metal than in the base metal. 

9.8.1 Notch toughness of covered-electrode-deposited metals 

There are abundant data on the notch toughness of weld metals deposited with 
different types of electrodes from various manufacturers. The following pages discuss 
the general trends observed in the notch toughness of weld metals deposited by a variety 
of electrodes types. 
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FIG. 9.43. Notch-toughness data of weld metals of mild-steel electrodes. 
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Mild steel electrodes E6QXX. Figure 9.43 contains V-notch Charpy transition 
data for various weld metals: 

1. A "band" which shows variation of transition curves for weld metals deposited 
with mild-steel electrodes. The band was obtained from data reported by Pellini(965) 

on E6010 electrodes and by Watkinson(966) on three types of British electrodes. 
A band for the notch toughness of ship steels used in World War II production 
is shown also. 

2. Ranges of notch-toughness values expected in the as-deposited condition at 70°F 
and - 4 0 ° F (2 PC and -40°C) given in the AW S Welding Handbook for weld 
metal deposited by E6010, E6012, E6015, and E6016 electrodes(967) 

Also shown in Figure 9.43 are some notch-toughness requirements. Figure 9.43 
shows the general trends in the notch toughness of weld metals deposited with mild-
steel-covered electrodes: 

1. E6010 electrodes: The band for Pellini's data for American E6010 electrodes 
and Watkinson's data for British mild-steel electrodes is higher at all temperatures 
than the average band for ship steels for World War II production, indicating 
superior notch toughness. Data given in the latest AW S Welding Handbook and 
the recent toughness requirement for the E6010 electrode indicate that modern 
E6010 electrodes provide weld metals with better notch toughness than provided 
by the older electrodes used by Pellini and Watkinson. 

2. Low-hydrogen electrodes: Modern E6015 and E6016 electrodes provide weld 
metals with notch toughness which almost can meet the Grade E requirement. 

3. E6012 electrodes: E6012 electrodes do not meet even the Grade A requirement. 
E6012 and E6013 electrodes are not approved for use in joining main structural 
members because of the low notch toughness of their weld metals. 

It is interesting to note that notch toughness of weld metals made by various types of 
low-carbon steel-covered electrodes is better than that of ordinary base plates. The major 
reason is that the carbon content (0.1% or lower) of the weld metal is lower than that of 
the base metal (about 0.2%). 

Low-hydrogen, low-alloy electrodes. Figure 9.44 shows a band for notch toughness 
data of weld metals obtained with modern low-hydrogen, low-alloy electrodes, E9018, 
E10016 and 18, and El 1016 and 18. These data were obtained by Sagan-Campbell(968) 

and Smith.(969) 

Also shown in Fig. 9.44 are some notch-toughness requirements as shown in Fig. 9.42. 
The figure shows that the notch toughness of weld metals deposited with modern 
low-hydrogen, low-alloy electrodes is much superior to that required of Grades D and E 
steels. However, no electrodes specification requires weld metals that meet the notch 
toughness requirements for HY-80 steel base metal. It should be noted that we are 
comparing HY-80 base plate of which excellent notch toughness has been obtained by a 
special heat treatment (quench and temper) to the weld metal in the as-welded condition. 

9.8.2 Notch toughness of submerged-arc deposited metals 

Heavy mild-steel ship plates. It has been known for some time that the notch toughness 
of two-pass submerged-arc-deposited metals decreases as the plate thickness increases. 
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FIG. 9.44. Notch-toughness of weld metals of low-hydrogen high-strength steel electrodes. 

In the fabrication of pressure vessels, which require high-quality welds of very heavy 
plates, multilayer procedures are used commonly. In the fabrication of merchant-ship 
hulls, there has been strong interest in reducing the number of passes, primarily for 
economic reasons. 

Figure 9.45 was produced in the original survey made in 1964 based upon published 
data available at that time. The notch toughness of the multilayer-weld metal was 
excellent for mild steel, passing Grade D requirements. However, the notch toughness 
of the two-pass weld metal was poor; the weld did not meet Grade A requirements. 

Since then considerable efforts have been made to improve notch toughness of weld 
metals made by the one-side submerged-arc process.* Figure 9.46 has been prepared 
to reflect recent developments/133,970) Included here are: 

1. Notch toughness of weld metals made in two-passes (one-pass each side) on 
low-carbon steel plates in two thickness: 25 mm (1 in.) and 35 mm (1.4 in.) Improved 
bonded-type flux was used. 

2. Ranges of notch-toughness values at 0, - 20, and - 40°C (32, - 4, and - 40°F) 
of weld metals made by the FCB (flux-copper backing) process. 

High-strength notch tough steel. Many research programs have been and are being 
conducted for developing submerged-arc welding processes which provide weld metals 
with high strength and good notch toughness. 

A research program was conducted for the Bureau of Ships at Battelle Memorial 
Institute*971'972) for developing fluxes and filler wires for submerged-arc welding of 
HY-80 steel. Figure 9.45 shows the Charpy V-notch transition curves of (a) the weld 
metal which had the best notch toughness and (b) a weld metal made with conventional 
wire and flux. The welds were made in |-in. (12.7 mm) thick HY-80 steel plate by the 

f Refer to Section 1.7.3. 
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FIG. 9.46. Notch toughness submerged-arc deposited metals (improved recent data). 

multilayer technique with heat inputs of 45,000 joules per inch (17.700 joules/cm) of 
weld bead. The improvement of the experimental weld metal was over 90,000 psi. 
(63 kg/mm2 or 620 MN/m2). 

The oxygen content of the experimental weld metal was less than one-half that of the 
conventional weld metal. Microscopic investigations revealed that the experimental 
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weld metal was significantly cleaner (with fewer inclusions) than the conventional 
weld metal. The investigators believed that the improvement in notch toughness was a 
result of the lower oxygen content and fewer inclusions in the experimental weld metal. 

9.8.3 Notch toughness of gas metal-arc-deposited metals 

Figure 9.47 shows two sets of data as follows:1 

1. Notch toughness data obtained by Sekiguchi et α/.(973) on weld metals using 
low-carbon steel wires shielded by 100% C0 2 gas. The base plate was low-carbon 
steel. 

2. Notch toughness of weld metals made with the Battelle Narrow-gap process 
using A-632 filler wire and shielding gas mixtures of C0 2 and argon (100, 20, and 
0% argon).(974) The base plate was HY-80 steel. The chemical composition (in 
percent) of the filler wire was: 

C Si Mn Ni Cr Mo V Zr Al 
0.04 0.57 1.36 1.22 0.13 0.45 0.15 0.005 0.013 

The figure shows that the notch toughness of weld metal deposited with C0 2 shielding 
is fairly good but not excellent. The notch toughness of weld metals improves as the 
percentage of argon increases. 
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f Although no special effort has been made to survey notch-toughness values of weld metals made with GMA 
process today, the author feels that notch-toughness values have been improved to some extent since the survey 
was made in 1964. 
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9.8.4 Notch toughness of electroslag- and electrogas-deposited metals 

Notch-toughness data for electroslag- and electrogas-deposited metals appear in a 
number of articles. Direct comparisons of test data are different, since most Russian 
investigators used 2-mm-deep U-notch Mesnagar specimens, while Charpy V-notch 
or keyhole specimens were used by American, Western European, and Japanese investi-
gators.f 

Figure 9.48 was prepared in the original survey. The notch toughness of electroslag-
deposited weld metal in the as-welded condition was very poor, although it could be 
improved by stress relieving and normalizing treatments. 

Figure 9.49 has been prepared to include data obtained recently in Japan: 

1. A notch-toughness curve of electroslag-deposited metals presented in a paper 
by Hasegawa.(975) The base plate was a high-strength steel with 75,000 psi 
(52.7 kg/mm2 or 517 MN/m2) yield strength. 

2. Ranges of notch-toughness values at 0°C (32°F) of electroslag-deposited 
metals/1 3 1 , 9 7 6 ) Base plates include low-carbon steel and high-strength steel with 
74,000 psi (52 kg/mm2 or 510 MN/m2) yield strength. 

Notch-toughness values shown in Fig. 9.49 are significantly better than those shown 
in Figure 9.48. 

9.8.5 Summary of notch toughness of weld metals up to 120,000 psi yield strength 

As a summary, Figure 9.50 illustrates the general trends in the notch toughness of 
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y See Section 9.3.2. 



Fracture Toughness 395 

140 

120 

100 

80 

60 

40 

20 

1 

-

-

-

1 

1 1 

Electroslag 
(HasegawaP 

1 1 

1 1 

4 S 
E60I0 

1 1 

1 1 1 

-

A 

Electrogas J 
(Terai and Arikawa) Ί 

i 1 
1 D iA 

1 1 1 1 
-120 -80 - 4 0 0 

Temperature, 

40 80 120 

FIG. 9.49. Notch toughness of electroslag- and electrogas-deposited metals (improved recent 
data). 

Notch-toughness level 

| Class 
Typical V-

value 

ft-lb 

Temp,*F 

Example 

Shielded metal-arc 
welding 
E60I2.E60I3 
E60I0.E60II 

E90I8-M.EII0I8-M 

E80I6-C2,E80I8-C2 

Submerged arc 
welding 

Conventional 2 pass 

Conventional multilayer 

Special technique 

Gas metal-arc 
C02, COjrOg 
Argon, argon-C02 

Electroslog, Electrogas 

I As welded 

| Normalized 

0 

Not specified 

Low « · — Notch-toughness —· ·» High | 
1 

35 

68*F 

A 

2 

35 

32*F 

D 

20 

- 2 0 T 

E60I0 

3 

45 

I4#F 

E 

20 

-60«F 

E90I8 
M 

4 

20 

-I00#F 

E80I6-C2 

5 

30 

-I20*F 

HY-80 base 
plot· j 

The areas enclosed by dotted lines indicate that there is some uncertainty whether welds 
will meet the requirements. 

FIG. 9.50. General trends in the notch-toughness of weld metals deposited by various welding 
processes (improved recent data included). 



396 Analysis of Welded Structures 

weld metals deposited by various welding processes. Figure 9.50 incorporates improved 
recent data.* 

Here, notch-toughness level is classified arbitrarily in five classes, Class 0 being the 
lowest notch toughness and Class 5 being the highest notch toughness. Notch toughness 
is not specified for Class 0. The typical notch toughness value for Class 1 is 35 ft-lb 
V-notch impact of 68°F; this corresponds to the requirement for weld metals made 
with covered electrodes for joining Grade A steel. The requirements for Class 2 corres-
pond to requirements for Grade D and E6010. The requirements for Class 3 correspond 
to Grade E and E9018-M. Values for Classes 4 and 5 correspond to E8016-C2 and HY-80 
base plate, respectively. 

This figure is prepared to provide general guidance for selecting welding processes 
when the weld needs to meet a certain notch-toughness level. 

Weld metals which meet the Class 1 requirement can be obtained with all welding 
processes listed except when using E6012 and E6013 electrodes. 

To meet the Class 2 requirement, welding procedures should be selected as follows : 
1. Shielded metal-arc welding : E6010 electrodes can be used. 
2. Submerged-arc welding: multilayer procedure with conventional wire and flux 

may be used. For two-pass welding, special wire and flux and wire also may be 
needed. 

3. Gas metal-arc welding: argon and argon-C02 (with high argon content) shielded 
processes must be used. 

Weld metals which meet the Class 4 requirement can be deposited by a limited number 
of processes, as follows: 

1. Shielded metal-arc welding: low-hydrogen nickel-steel electrodes E8016-C2 
and E8018-C2 will deposit weld metals which meet the Class 4 requirements in 
the stress-relieved condition. 

2. Gas metal-arc welding: argon and argon-C02 (with high argon content)—shielded 
processes appear to be satisfactory. 

3. Submerged-arc welding: with the use of special techniques, submerged-arc welding 
may be satisfactory. 

No welding process can be guaranteed to deposit weld metals as tough as HY-80 
steel base metal. The most promising welding process in this respect is the inert-gas 
metal-arc process. The inert-gas tungsten-arc process also deposits weld metals with a 
high notch toughness; however, the low deposition rates involved make this process 
unattractive for the fabrication of commercial structures. 

9.8.6 Notch toughness of weld metals over 120,000 psi yield strength 

Trends of notch toughness of both base plate and weld metals with yield strength 
over 120,000 psi (84.4 kg/mm2 or 827 MN/m2) are already presented in Section 1.4.3 
(see Figs. 1.9 through 1.11). Notch toughness of both base metal and weld metal decreases 
as yield strength increases. High-quality welding processes such as gas metal-arc welding 

t Figure 9.50 is different from a similar figure presented in earlier publications, namely references (102), 
(961), and (977). 
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using argon shielding and gas tungsten arc must be used to join high-quality, high-
strength steels. 
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CHAPTER 10 

Theoretical and Experimental Studies 
of the Brittle Fracture of 
Welded Structures 

10.1 Theories of Brittle Fracture 

10.1.1 The strength of an ideal solid and actual structuresil02) 

An ideal elastic solid is one that exhibits a total elastic response to all loads up to the 
point of actual atomic separation. Such a property is only theoretically possible, and 
that only in a crystalline solid containing no defects, but the ideal elastic solid has 
proven its usefulness as a working concept and has been a part of much of the thinking 
that has been done about the fracture of solids. 

The usual means of calculating the theoretical strength of an ideal elastic solid presup-
poses that all the energy of separation is used in the creation of two new surfaces; and 
that the only energy used in this way is surface energy. The theoretical strength, ath, is 
as follows: 

[ËS 

'*= V ^ 
where E = Young's modulus, 

S = surface energy per unit area, 
a = lattice parameter of crystal. 

In the case of steel, for example, in which a = 3 x 10"8 cm, E = 2x 106 kg/cm2, 
S = 10"3 kg cm/cm2, σΛ is approximately 2 x 105 kg/cm2 (2000 kg/mm2, or 3 x 106 

psi), which is about £/10. 
The strength of a real material is far less than this theoretical strength, ath, as shown 

in Fig. 10.1. Most modern commercial high-strength steels have an ultimate strength of 
approximately 3 x 105 psi (210 kg/mm2 or 690 MN/m2). For ordinary low carbon 
steel, the ultimate tensile strength is about 6 x 104 psi (42 kg/mm2 or 414 MN/m2) 
and the yield strength 3.5 x 104 psi(24.6 kg/mm2 or 241 MN/m2). 

The average stress at brittle fracture is far below the above figures. The average stress 
at the deck of the tanker 'Schenectady when it fractured was only about 104 psi, l/300th 
of the theoretical strength. 

Real materials contain atomic irregularities, microscopic and even macroscopic 
cracks, and metallic and non-metallic inclusions, and these account for the great dif-
ference between the theoretical strength and the actual strength. 

400 

(10.1) 



The Brittle Fracture of Welded Structures 401 

106 

105 

10" 

10J 

E = 30 · 10* psi 

Ideal strength of steel = E/10 = 3 · 10* 
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Brittle fracture strength 

FIG. 10.1. Strength of an ideal solid and real materials. 
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Structure-sensitive properties. Material properties can be classified as either structure-
sensitive or structure-insensitive :(1001) 

Structure-insensitive Structure-sensitive 

Mechanical 

Thermal 

Electrical 

Density, elastic moduli 

Thermal expansion, 
melting point, thermal conductivity 
specific heat 

Resistivity (metallic) 

Fracture strength, plasticity 

Resistivity (semiconductor and 
at very low temperatures) 

The structure-insensitive properties are well-defined properties of a phase of the 
material, but the structure-sensitive properties are dependent on not only the composi-
tion and crystal structure of the material but also the structural details which, in turn, 
depend upon the previous history of the sample. Properties such as notch toughness, 
yield strength, and ultimate tensile strength are structure-sensitive and can be altered 
significantly by varying the alloying elements and the heat-treatment conditions. Pro-
perties such as density and modulus of elasticity are structure-insensitive and are little 
affected by the imperfect condition of a material. 

10.1.2 The Griffith theory and its modification^^ 

In the 1920s Griffith*1002) tried to explain the observed strength of real brittle solids 
(the elastic behavior up to fracture) by proposing the existence of an array of pre-existing 
flaws in these materials. His model is the basis of many modern fracture theories, es-
pecially the fracture mechanics theory. 
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Griffith calculated the strain energy release (per unit plate thickness) resulting from a 
crack of length / = 2c in a thin plate under normal stress, σ, as follows: 

strain energy release = — nc2a2/E (10.2) 

where E = Young's modulus. 
The sign is negative because this is the energy which will be released in the propagation 

of the flaw. The surface energy associated with the crack is given by: 

surface energy = 4cS (10.3) 

where S is the surface energy per unit area. 
The size of the equilibrium crack can be calculated if the condition of net change in 

the potential energy is assumed to be zero: 

^-(4cS-nc2a2/E) = 0 (10.4) 
dc 

or 
2SE 

C = 2 · 

πσ 

The critical stress (fracture stress) for a crack of size 2c is given by 

·.-(£)'" 
As the crack extends or as c increases, the stress necessary to propagate it decreases. 

The theory predicts strengths reasonably well for bodies which behave in a brittle 
fashion, such as glass and ceramic materials. 

Orowan's modification. In the 1950s Orowan and associates tried to apply the Griffith 
theory to explain the brittle fracture of steel. It was found that when steel fractures the 
plastic flow adjacent to the fracture surface absorbs energy at the rate of at least ten 
times the surface energy level. Felbeck and Orowan(1003) accordingly proposed that 
the "S" term in eqns. (10.5) and (10.6) be replaced by "p", a term which includes both the 
surface energy and the energy of plastic deformation : 

2pE 
c = — 2 > 

(2ρΕ\'2 

10.1.3 Development of theories of brittle fracture 

Figure 10.2 shows schematically how different theories have been developed and used. 
Following the work of Griffith and Orowan, Irwin*1004'1005) and associates developed 

what is now called the fracture mechanics theory. The fracture mechanics theory is the 
one most widely used today in the study of fractures. As will be discussed later in this 
chapter, the linear fracture mechanics theory, which is based on an elastic analysis, 
works reasonably well in describing the fracture of such brittle materials as the high-

(10.7) 

(10.8) 

(10.5) 

(10.6) 
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FIG. 10.2. Development of theories of brittle fracture. 

strength steels having a yield strength of over 180 ksi (126.5 kg/mm2 or 1.240 Mn/m2) 
that are used in aerospace applications. Fundamentals of the fracture mechanics theory 
will be discussed in Section 10.2. 

Theories also have been developed by a number of investigators including Zener,(1.006) 

Cottrell,(1007) and Petch(1008) for use in the study of microscopic and atomic mechanisms 
of fracture/906'907) These theories are used primarily by academic investigators engaged 
in the basic study of fracture. 

Several investigators have attempted to explain fracture using either the classical 
theory of plasticity or stress-strain diagrams/1009) In the 1940s, for example Zener(1006) 

tried to explain the ductile-to-brittle transition using the flow-stress curve and the 
fracture-stress curve. Later Yoshiki and Kanazawa(952) extended the work by studying 
the notch toughness of structural steels. However, because the empirical nature of this 
approach militates against its giving a complete explanation of the mechanisms of 
fracture, little work has been done along these lines recently. 

The practical application of the theory of fractures is problematic. A simple theory, 
such as the linear fracture mechanics theory, can be used in describing the fracture of 
a brittle material in which the fracture occurs with a minimal amount of plastic deforma-
tion near the crack. But the theory has to become more complex if it is used to analyze the 
fracture of a more ductile material. 

It is ironic that this simple-to-understand fracture mechanics theory can only be 
used to analyze those brittle materials which the designer would seek to avoid. Few 
practicing engineers want to design structures which fail during service. Better the use 
of a ductile material that will provide good service, a material that cannot be analyzed 
by the linear fracture theory. 

The designer is usually not interested in analyzing how the structure may fail. His 
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major concern is to select materials wisely so that the structure which he is designing will 
not fail. 

To meet this practical demand, attempts have been made to generate data and develop 
guidelines for the prevention of brittle fractures in welded structures. Experimental 
data have been developed using various fracture tests including drop-weight, explosion-
bulge, and wide-plate tests. Pellini, working for the Naval Research Laboratory, has 
developed the fracture-safe design concept (refer to Section 9.7). This concept has been 
used by the Navy for the material selection and construction of naval vessels, especially 
submarines. 

Charpy V-notch impact values are still widely used in the selection of commercial 
steels. This approach, however, is hardly theoretical. 

Attempts have been made to extend the fracture mechanics theory to cover fractures 
with some amount of plastic deformation at the crack tip. The crack-opening displace-
ment (COD) concept has been developed by Wells(1010) and other investigators in the 
United Kingdom and has been used in that country to evaluate the fracture toughness of 
high-strength structural steels/101 υ In the United States, Rice(1012) has developed a 
concept based upon the J-integral, a path-independent integral which expresses the 
energy-release rate. The theory, however, is highly mathematical. 

10.2 Fracture Mechanics Theory 

A number of books have been written on the fracture mechanics theory.*901'905'908) 

The following pages present those fundamentals of the theory needed to understand 
the rest of this chapter. The material presented in this chapter is limited to the linear 
theory, because theoretical analyses of the fracture of welded structures have almost 
exclusively used this simple, linear form of the fracture mechanics theory. 

10.2.1 Fundamentals of fracture mechanics theory 

Since some of the technical terms and symbols used in the fracture mechanics theory 
are unique, they are listed in Table 10.1. 

Modes of cracking. A crack in a solid can be categorized according to its mode, as 
illustrated in Fig. 10.3.(9O8) Normal stresses give rise to the "opening mode" (Mode I) in 
which the displacements of the crack surfaces are perpendicular to the plane of the crack. 
In-plane shear stress causes the "sliding mode" (Mode II). The displacement of the crack 

£>i<?l <P\ 

mode I model l 
opening mode sliding mode 

m o d e M 
tearing mode 

FIG. 10.3. The three modes of cracking. 
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TABLE 10.1 Some technical terms used in the fracture mechanics theory 

c = Half crack length 

E = Young's modulus 

& = -öj-, eêî = Strain-energy release rate with crack extension per unit length of crack border, or, crack-
extension force; subscript J refers to opening mode of crack extension; without subscript, 
mode is unspecified 

#c, &ie = Critical value of # or (Sl at point of instability of crack extension, taken to be measure of fracture 
toughness of material 

K =yj<& E = dGy/nc, Kj = Stress-intensity factor of elastic stress field in vicinity of crack front; subscript / 
refers to opening mode of crack extension; without subscript, mode is unspecified 

Kc, KIc = Critical value of K or Kj at point of instability of crack extension, taken to be an alternative measure 
of crack toughness of material 

L = Effective length of fracture-toughness specimen 

W — Width of plate specimen or depth of rectangular section beam specimen 
v = Poisson's ratio 

σ, ÜC = Gross stress applied to specimen in tension, that is, applied load divided by WB in case of plate specimen, 
or nD2/4 in case of notched round bar; subscript c refers to the point of instability of crack extension 

anet = Average net-section stress for a symmetrical plate specimen in tension 

aYS = Uniaxial tensile yield strength 

surfaces is in the plane of the crack and perpendicular to the leading edge of the crack. 
The "tearing mode" (Mode III) is caused by out-of-plane shear stress. Crack surface 
displacements are in the plane of the crack and parallel to the leading edge of the crack. 
In the usual cracking situation, all three modes are present. Since Mode I is technically 
the most important, the discussions in this chapter are limited to Mode I. 

Stress intensity factor. Consider a very simple case of a through-the-thickness Mode I 
crack of length / = 2c in an infinite plate, as shown in Fig. 10.4. The plate is subjected 
to a uniform tensile stress, σ, at infinity. The stress components, σχ, ayi and rxy, at a point, 

1 1 I I I I I 
FIG. 10.4. Infinite plate containing a sharp crack of length 2c under uniform tensile stress σ. 
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P(r9 0), near the crack tip are expressed approximately by the following equations : 

°y-

d v ~ 

T*y = 

K 0Γ . 0 . 
cos- 1 + sin-sin 

2nr 21 2 

X 

2nr 

K 

cos 

[1 + S i n2S i nTj 

^ l - S 1 n - s i n T j (10.9) 

. 0 0 30 
sin--cos-cos — 

2πΓ 2 2 2 

where K is designated the "stress intensity factor", expressed as follows: 

K = Gy/nc, 

Along the x-axis, (0 = 0), the stress components are: 

K 
σ = σ = 

x y 

τ = 0 . 

2nr 

(10.10) 

(10.11) 

When a crack exists in a practical specimen with finite dimensions, the expression of 
the stress intensity factor, K, becomes more complex than that of eqn. (10.10), and can be 
expressed as follows: 

(10.12) K = a Gyjnc. 

The expression of the correction factor, a, varies depending upon the geometry of the 
specimen and the location of the crack, or cracks. 

A simple example would be the through-the-thickness crack of length / = 2c existing 
in the central section of the specimen with width W and thickness i, shown in Fig. 10.5(a). 
After the specimen is subjected to a uniform tensile load P, the gross stress, σ, becomes: 

σ = Wt 
(10.13) 

♦ ♦ t ♦ t t t t t t t 

-^2Cl · - c :̂ - ^ £ = y 

-w-

HUH 
a. Central crack of length 2c b. Side cracks of length c 

FIG. 10.5. Tensile tests of specimens containing cracks. 
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The net stress at the cross-section containing the crack, anel, is: 

P 
net (W-2c)t 

The stress intensity factor, K9 is approximately: 

(10.14) 

/ " W 
K = ojnc 

,nc Hw) 
or 

W nc\ 

The above expression is valid only when the value of σ is less than 80% of the yield 
stress of the material. 

Corresponding values of a and 2cIW are given in Table 10.2. The value of a is only 
1.02 when the length of the crack is about 20% of the width. This means that the simplest 
expression given by eqn. (10.10) may be used even when specimen is of a finite size as 
long as the crack is not very long as compared to the width of the specimen. 

Figure 10.5(b) shows a specimen containing two side cracks of length c. When the 
gross tensile stress, σ, is applied to the specimen, K is expressed : 

(w\ — 
\nc) 

/ n c \ „ . . (2nc\~\ 
tan — +0.1 sin -— 

L \wj \w)j 
K = ^ c V U J L t a n U J + 0 1 s i n U J J (10·16) 

Strain energy release rate. Once X-value is determined, the rate of the elastic strain 
energy release due to crack extension, ^ = δϋ/δΐ, is expressed: 

ÔU K2 

Ύ = * = Ύ 00.17) 

or from eqn. (10.12): 

= ̂ Vc. (10.18) 

The strain-energy-release rate is proportional to the crack length and the square of 
stress. 

TABLE 10.2 Values of correction factor a for different 
values of 2cIW 

2c 
W •-MH*) 
0.074 1.00 

0.207 1.02 

0.337 1.05 

0.466 1.11 

0.592 1.20 

(10.15) 
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MM 

4 = 2c 

7 TTC =KC 

* (CRACK HALF-LENGTH) 

FIG. 10.6. Effect of crack length on fracture strength. 

Critical stress intensity factor. Figure 10.6 shows the typical results when a series of 
fracture tests are conducted using specimens made of high-strength material and cracks 
of different lengths/1013) If the length of the initial crack is long enough, and if the fracture 
occurs before general yielding, the relationship between the initial crack length, 2c, and 
the average fracture stress, σ, can be expressed by: 

~~ (10.19) K = Gyjnc = const. 

Consequently, fracture occurs when the K value reaches a certain critical value Kc 

for that material. Kc is designated the "critical stress intensity factor", or, more often, 
simply the "fracture toughness". 

When the fracture stress increases and exceeds approximately 80% of the yield 
stress, the experimental fracture stresses deviate from the K = constant curve, and 
fracture occurs in a ductile manner. As illustrated in Fig. 10.6, the fracture mechanics 
theory should be used only when fracture occurs before general yielding. 

Fracture toughness, Kc, has the following physical meanings: 

1. Relative to the locally elevated stress field at the leading edge of a crack Kc represents 
the intensity of local tensile stress necessary for unstable crack propagation. 
For a crack of length 2c in a large sheet, the Kc -value permits estimation of the 
membrane tensile stress σ necessary for unstable crack propagation through the 
relationship: 

K 
σ = (10.20) 

7TC 

3. Relative to the modified Griffith theory, the strain-energy-release rate Qc for 
unstable crack propagation may be directly expressed in terms of Kc by the re-
lationship: 

Kc = ßfc- (10.21) 

When further tests are conducted with specimens of different thicknesses, the Kc 

changes as shown schematically in Fig. 10.7. As the thickness increases, the K required to 
produce failure decreases and approaches a lower limit which is the critical stress 
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PLANE STRESS (Kc) 
CONDITIONS 

TRANSITION REGION 

PLANE STRAIN (KIc) 
CONDITIONS 

THICKNESS 

FIG. 10.7. Behavior of stress intensity required to produce failure as a function of material 
thickness. 

intensity under plane-strain condition, KIc. From the engineering viewpoint, plane-
strain fracture toughness, KIc, is considered a material constant. 

10.2.2 Fracture toughness tests 

The ASTM Committee on Fracture Testing of High-strength Sheet Materials*1014) 

has described techniques of determining the fracture toughness of high-strength sheet 
materials. Their interest has been limited to materials, both ferrous and non-ferrous, 
having a strength-to-density ratio of more than 700,000 in.f 

rffis 
-4W/3 M/3-

Note (a) 
-)l2^ —£>r 

7 ^ A 

( i ) Symmetrical center-cracked plate. 

For çc tests For Qlc tests 

16<W/B<45 5<W/B<10 
E Ç - E Ç C - I ( 2 E Ç « E Ç I c - ( l - v 2 ) K { c 

E<?C E*Ic 
a ■ am ♦ —ar- a ■ am ♦ — 5 ~ m 2m\s

 m 6 i roÇ s 

A - Surfaces must be symmetric to 
specimen centerline within 
W/1000 

r ^ P2 Γ* *■ Λ , . 2 i r a l 
^ ' W B ^ L

 w ♦°·1*ιηΤΒ\Ι 
(b) Symmetrical edge-cracked plate. 

FIG. 10.8. Practical fracture toughness specimen types. Specimens for general use. (The factor 
(1 - v2) is an approximation.)(912) Note (a): see fig. 10.10 for details of the notch preparation. 

t/b/in2 

/b/in3 
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Figure 10.8 shows practical fracture toughness specimen types for general use, while 
Fig. 10.9 shows specimens used in determining KIc.

{912) Figure 10.10 shows details of 
fatigue crack starter notches for center-cracked and edge-notched flat specimens. 

Also shown in Figs. 10.8 and 10.9 are formulae for determining Kc and KIc. 

(a) Single-edge-notched plate (tension). A-Surfaces must be true to specimen 
centerllne within W/IOOO 

A. 
Note (a) VW/5 

JJ—1 ί 
w.^7 t - L?4W—·*! 

(b) Notch bend specimen (three-point loaded) 

2<W/B<8 

B^cs(f) | j [3 l .7^ -648(^2 l l φ ] 

^c-'d-^Kê 

Ρ/2γ*—2 W "^ P/2 

, à o_ 
N o t e ( a ) _ ^ _ °ozW5 

I I I 

2<W/B<8 

<Ic B y S T W W W 

—— L=4W ■+■ L=< 

(c) Notch bend specimen (four-point loaded) 

^ ο ϊ ( | - · " Κ Ι ο 

, . y 2 - K I c - w 2 B 2 

*^s&A 

Φ ■P i-SLSffriAd· 

W/B>6 
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(d) Surface-cracked plate 

P ^ 7 V D 

röj_ 

30T60* 
A- Surfaces must be concentric 

to within D/IOOO 

«§^s ^.i^D[0.,72-ae(ayD-a65)2 ] 

A A (E^ ) 

3*σ; y* 

FIG. 10.9. Practical fracture toughness specimen types. Plane-strain tests. (For all specimens, 
a = a0 + Ε/6πσ\, and the factor (1 - v2) is an approximation./912) Note (a): See Fig. 10.10 for 

details of the notch preparation. 
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Specimen loading hole Ç_ 

v90±2^ ,0.005-in.rad.max 
/ (see text) 

A«B within O.OIO in. 

411 

(a)Fatigue crack starter for center-cracked plate specimens (W^2 in . ) 

O.005- in rod. max (tee text ) 

^-Fatigue crock 

Single edge notch W>0.6in. 
Notch bend W>I.Oin 

( b ) Fatigue crack starter for edge-notched plate specimens 

FIG. 10.10. Fatigue-crack starter notches for center-cracked and edge-notched plate specimens. 

10.2.3 Analysis of crack opening displacement and plastic zone size at the crack tip 

The discussion presented here is based upon the work by Wells.(1010) 

Crack opening displacement. When an infinite plate containing a sharp crack of 
length / = 2c is under uniform tensile stress σ, the stress components in areas near the 
crack are expressed by eqns. (10.9), see Fig. 10.4 and 10.11(a). Irwin(1015) has shown that 
the precise expression for the normal stress, ay, along the x-axis is: 

ay = c-

By taking r as the distance from the crack tip: 

x = c + r = c(l + p) 

where p = - . 

x> c. (10.22) 

(10.23) 

When p<$ 1, 

Φ+Ρ) l+P 
x/x2 - c 2 c v / l + 2 p + p 2 - l Jlp + p2 y/lp 

Then the stress σ can be approximately expressed as: 

°'-°7% = σ ]2r" 2nr 
(10.24) 
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In a similar way, the precise expression for the normal displacement, η, within the 
slit: 

2σ 7?^ x <c (10.25) 

may be expressed as: 

where r is now measured in the opposite direction, or x = c 
displacement (COD) is: 

COD = 2η = 4 

r. Then the crack opening 

(10.26) 

The above analysis assumes that the material is perfectly elastic. 

Crack tip plastic zone. When the applied load is increased, plastic deformation 
takes place in small areas near the crack t ip / 9 0 8 , 1 0 1 0 ) the shaded area in Fig. 10.11 (b). 

As a first approximation, it is assumed that the distribution of normal stress ay 

along the x-axis is as shown by curve ABC. Within the yielded zone, ay does not exceed 
the yield stress of the material aYS. The stress distribution in the elastic zone, BC, may 
be assumed to be the same as the elastic stress distribution for an imaginary, extended 
crack of length 2c1? which is expressed by curve ABC. 

The value of cx can be determined from the condition that the total loads for curve 
ABC and curve A'BC must be the same, or: 

2rYaYS = σά. (10.27) 

The integration in the right-hand side is the elastic stress distribution, eqn. (10.22), 

(a) (b) 

FIG. 10.11. Analysis of crack opening displacement and plastic zone size at the crack tip. 
(a) Crack opening in an elastic field, (b) Crack opening with plastic deformation near the 

crack tip. 
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of the imaginary crack of length 2c t : 

cx=c + rY. (10.28) 
Then, 

Then eqn. (10.27) can be expressed: 

2ry<rys = o^/lcx rY, (10.30) 

•-(u'i-iZ)***'* (,0JI) 

- \ 2 
(10.32) 

rv= w 
''YS/ * \UYS 

v2 

c + rY
 2\GYS 

i. = 2^Y-l. (10.33) 

This approximate solution is assumed to be valid for stress levels up to σ/σγ < 0.8. 
For example, when er = 0.5 aYS 

C = (8) — 1 = 7 or rY = ±c. (10.34) 
r 

From eqn. (10.31), 

^ = (̂ -1 i 00.35) 
aYSJ In 

where Kx = σχ/πο1 for a crack of length 2 c r 

Or, 

R = 2r„ = ( ^ - ) - . (10.36) 
*' V<W π 

The above equation is assumed to be valid up to a/aYS < 0.8. Equation (10.36) can 
provide a rough estimate of the plastic zone size at the crack tip. 

It can be assumed that the crack-tip-opening displacement (CTOD), <5, is the same as 
the elastic crack opening for an imaginary crack of length 2c l, or δ = 2η for r = — ry of 
eqn. (10.25): 

CTOD = δ = %^2cx rY. (10.37) 

From eqn. (10.31), 

4σ r—- o 
£ ^ s V 2 

4σ2 

Cl (10.38) ΕσΚ5 

πσ YS 

(10.29) 
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where Qx is due to the crack extension of a crack of length 2cλ, or 

Qx=\aYS6. (10.39) 

10.3 Values of Fracture Toughness and Critical Crack 
Length of Various Materials 

10.3.1 Fracture toughness values 

Many experimental programs have been carried out to determine the fracture-tough-
ness values of various materials. The results have appeared in several publica-
tions/903'905,908) Table 10.3, from one such publication, shows the typical values 
of Kc for various high-strength sheet materials/102,1016) 

Figure 10.12 shows how the KIc values of different steels decrease as the yield strength 
increases.(1017) For steels with a yield strength of over 180 ksi (126.5 kg/mm2 or 1,240 
MN/m2) the KIc value is usually low enough that the linear fracture mechanics approach 
can be used. However, when the yield strength falls below 180 ksi, the KIc value increases 
drastically, and the fracture mechanics approach cannot be used. 

10.3.2 Critical crack length and microflaws 

It is generally believed that the critical crack length of steel decreases as the tensile 
strength increases. 

Martin experiment. The Martin Company (Baltimore) (1018>1019> conducted burst 
tests on welded cylinders fabricated of a hot-work die steel, Vascojet 1000 (0.40C, 0.35Mn, 

TABLE 10.3 Typical values ofKJor various materials{102'i0l6) 

Yield strength Kc-value 
Material (1000 psi) (1000 psi/^/in.) 

AISI 4340 steel (air melt) 

Tempered at 350° F 
Tempered at 425° F 
Tempered at 500° F 
Tempered at 700° F 

AMS 6434 (vacuum melt) 
Longitudinal 
Transverse 

Ti-6A1-4V 
Longitudinal 
Transverse 

208.3 
203.9 
197.9 
181.6 

190 
190 

159 
164 

192 
204 
174 
204.5 

205 
195.5 

114 
113 

Chemical composition (%) of AISI 4340 and AMS 6434 steels: 

C Mn Si Ni Cr Mo V 

AISI 4340 0.40 0.70 0.30 1.75 0.80 0.25 — 

AMS 6434 0.33 0.70 0.30 1.75 0.80 0.35 0.20 
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TEST DATA 
^QUESTIONABLE ESTIMATES OF"UPPER BOUND" 

«BEST FOR VARIOUS CLASSES 

OF j " - I " STEEL PLATES) 

CRITICAL FLAW SIZE-INCHES 
DEPTH-LENGTH (I TO 10) 
0.07"x0.7 0 YS 

V0.35"*3.5"0.5rS 

1 / EXPECT DECREASE WITH INCREASED THICKNESS 

EXPECT DECREASE IN PRESENCE OF MOISTURE 

(STRESS CORROSION CRACKING) 

T20 140 160 180 200 220 240 260 280 300 
YIELD STRENGTH (KSI) 

FIG. 10.12. Upper bound, best value, limits of plane strain fracture toughness (KIC) for \ to 
1-in. plates of high-strength steels, as reported by various qualified laboratories/1017) 

0.90Si, 5.00Cr, 1.30Mo, 0.50V). After fabrication, the cylinders were austenitized, 
quenched, and then tempered at various temperatures to change the ultimate strength 
of the base plate. The relationship between the tensile strength of the base metal and the 
calculated hoop stress of the cylinders at actual bursting pressure is shown in Fig. 10.13. 

"iöö §ο7Γ 

Ultimate tensile strength of base plate , 1000 psi 

FIG. 10.13. Relationship between ultimate tensile strength of base plate and calculated hoop 
stress at fracture of welded cylinders in ultrahigh strength steels. 
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When the ultimate strength of the base plate was less than 260,000 psi (182.8 kg/mm2 

or 1.792 MN/m2) the calculated hoop stress increased as the strength of the base metal 
increased, as shown by curve PP. The strength of the cylinders exceeded the yield strength 
of the base plate (curve BE) and came close to the ultimate strength of the base metal 
exceeding 260,000 psi; however, the strength of the cylinder decreased greatly, as shown 
by curve PQ. Fractures occurred at stresses well below the yield strength of the base 
plate. 

When the ultimate strength was below 260,000 psi the critical crack length was longer 
than the lengths of the microflaws that existed in the cylinders. When the ultimate 
strength was over 260,000 psi, the critical crack length was shorter than the lengths of 
the microflaws. 

Battelle experiment on ultrahigh-strength steel Randall et α/.(1020) investigated the 
influence of microcracks in the fracture of ultrahigh-strength steels (basically modifica-
tions of the AISI4340 composition). The critical crack length of the materials was about 
0.1 in. (2.5 mm). In fracture tests of longitudinal welded specimens 0.1 in. (2.5 mm) 
thick, it was observed through the use of a replica technique that fractures did occur 
from microcracks. Figures 10.14(a) through 10.14(e) are x 75 photographs of a series of 
replicas from an area of the specimen surface at varying stress levels. The encircled areas 
contain microcracks in the weld metal. The weld was made using the electron-beam 
process. An enlargement of the cracks as the stress increases is apparent. The specimen 
failed at a nominal stress of 250,000 psi (176 kg/mm2 or 1724 MN/m2), considerably 
below the expected 290,000 psi 204 kg/mm2 or 2000 MN/m2) failure stress, the fracture 
having been initiated from the 0.01 in. (0.25-mm) long microcrack. 

Battelle experiment on mild steel The effect of the initial crack length on the fracture 
stress of mild steel was investigated at the Battelle Memorial Institute for the Ship 
Structure Committee/1021'1022) The test apparatus was a 9-ft diameter sphere made of 

& 

8 10 12 

Length of flaw, inches 

FIG. 10.15. Relationship of average stress for initiation of brittle fracture with length of initial 
flaw.(1022> 
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| in. (19 mm) high-yield-strength low-alloy steel with good notch toughness. The test 
plate was a f in. (19 mm) thick by 23-in. (584 mm) diameter circular curved disk, which 
was welded into the wall to the sphere. 

The load was applied by hydraulic pressure. Figure 10.15 shows the relationship 
between the length of the flaw and the normal stress at fracture. The applied fracture 
stress decreased as the flaw or crack length increased. This relationship can be explained 
by the fracture mechanics theory (see Fig. 10.6). The magnitude of Çc for the material 
used was estimated to be about 150 in.-lb/in2 (2.7 kg-mm/mm2). The critical crack 
length at the yield-strength level (30,700 psi) was 3.1 in. (79 mm). Fractures did not initiate 
from 1-in. (25.4-mm) flaws. 

10.4 Catastrophic Failures of Welded Structures from Subcritical 
Cracks. 

From the material presented earlier in this chapter it can be stated that brittle fractures 
have the following characteristics: 

1. A crack will grow under stress if its size exceeds the critical size as determined by 
the material properties and the given stress. 

2. The critical crack length of steel decreases as the yield strength increases. 
However, there is evidence that fractures have occurred in actual structures from flaws 
smaller than critical size (see Fig. 9.13). Fractures in welded ships originate in flaws of 
various kinds, most of which are of a length shorter than the critical crack length estimat-
ed from fracture tests. For example, in an experiment on ultrahigh-strength steel weld-
ments conducted by Randall et α/.,(1020) a fracture originated in a microcrack that was 
much shorter in length than the critical crack length of the material (0.1 in.). Additional 
factors cause a subcritical crack to grow to critical size. Boyd(1023) has discussed the 
effects of these additional factors on the initiation of brittle fracture. Various mechanical 
and metallurgical factors may affect the initiation of brittle fractures. They do this in 
three ways: 

1. Supply additional energy (especially through residual stress). 
2. Cause local embrittlement of the material. 
3. Cause fatigue, stress-corrosion cracking, and other mechanisms. 

10.4.1 The Kihara-Masubuchi study of low applied-stress fractures in welded structures 

Using a welded-and-notched wide plate specimen, as shown in Fig. 9.36, Kihara and 
Masubuchi(956,1024) demonstrated experimentally how low applied-stress fractures 
originate in subctitical cracks. The experimental results showed that when a crack is 
located in areas where high tensile residual stresses exist the crack can grow even though 
the level of applied stress is low. They explained the experimental results on the basis of 
fracture mechanics. 

Figure 10.16 shows schematically the mechanisms of the low applied-stress fracture of 
weldments.(1016,10Ä4) Shown here are the relationships between the crack length, 
Z = 2c, and the rate of release of strain energy, ̂ , for both specimens with residual stresses 
and specimens without. 
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'« Crack Length /« 2c 

FIG. 10.16. Schematic diagram showing mechanisms of low-applied-stress fracture of 
weldments. 

When a crack of length / = 2c exists in the center of a large plate containing no residual 
stress, the relationship between / and ^ is (see eqns. (10.10) and (10.17)) : 

^ = | Λ = | σ ^ (10.40) 

The ^-value increases proportionally with the crack length as shown in broken lines 
OA and OA2. As stress σ increases, the ^-value increases rapidly in proportion to the 
square of σ. When σ is low, a relatively long crack must exist to cause an unstable frac-
ture. When the critical Ç-value of the material is Çc, the critical crack length is lcl under 
the applied stress of σν From eqn. (10.40), one can expect that the lva lue will be 
significantly higher if cracks exist in an area containing high tensile residual stresses. 
Curves OR0B0, ORlB1 and OR2B2 show schematically &-1 relationships under residual 
stresses only, σ = σχ and σ = σ2, respectively. It is important to note that the Ç-value 
exceeds &c when the crack is longer than /rl which is much shorter than lel. This ex-
plains why an unstable, catastrophic failure can originate in a crack much shorter 
than the critical size, lcl, if the crack is located in an area containing high tensile residual 
stresses. 

A crack may even occur when all the stress is residual. In such cases, however, the 
crack will be stopped at the end of length /0. 

Experimental and analytical studies have been made to determine the exact shapes of 
curves OR0B0, ORxBl9 and OR2B2. The results are given in Section 10.5. 

The chain reaction of unfortunate events. In order for a small defect in a structure 
subjected to stresses much lower than the yield stress to grow sufficiently to cause the 
catastrophic brittle fracture of a large welded structure (the complete fracture of a ship, 
for example), a particular chain reaction of unfortunate events must take place, as 
Fig. 10.16 indicates. In the case of the weldment in that figure, 



420 Analysis of Welded Structures 

1. If the defect is located in an area with no residual stress or only a low residual stress, 
a crack will not grow from the defect. 

2. If the defect is located in an area with a high residual stress, a crack may grow 
from the defect; but it will not propagate as an unstable fracture unless there are 
enough other stresses in large sections of the structure. 

This explains why only a small percentage of the welded ships built during World War II 
suffered complete fracture. 

Understanding low applied-stress fracture is of critical importance when designing a 
fracture-test prototype structure. The prototype must make it possible to examine the 
many factors that contribute to low applied-stress fracture and must make it possible to 
examine the way such fractures affect the service performance. This subject was examined 
in some detail in Section 9.5. 

10.4.2 Further investigations of the low applied-stress fracture of weldments 

The work done on low applied-stress fractures by Wells, Kihara, and Masubuchi has 
been continued by a number of investigators. It has been found that a low-applied-stress 
fracture can be obtained experimentally from a notch located in an area containing high 
residual tensile stress. A book published in 1967 by Hall, Kihara, Soete, and Wells(904) 

summarizes the results of studies conducted in the United States (primarily at the 
University of Illinois), Japan, Belgium, and Great Britain. A report published in 1972 
by Kihara summarizes the results obtained in Japan/954) 

1. Effects of mechanical and thermal stress relieving. Brittle fracture characteristics 
change when residual stress is removed. There are two ways to reduce or remove residual 
stress: the mechanical preloading method and the metallurgical thermal-stress-relieving 
method. 

When an external load is applied to a weldment, residual stresses are redistributed due 
to local plastic deformation (see Fig. 8.1), and when the load is removed, the residual 
stresses are significantly reduced. This is called mechanical stress relieving. Figure 10.17 
shows the results obtained by Kihara et α/.(1026) They used welded-and-notched wide-
plate specimens in carbon steel, as shown in Fig. 9.36. In a series of tests, they applied 
external loads at 20°C (68°F), which was above the critical temperature for crack initia-
tion, Tc, to different stress levels : 5,10,15,20, and 23 kg/mm2 (7.1,14.2,21.3,28.4, and 32.7 
ksi). They then reduced the load. After these mechanical stress-relieving treatments, they 
cooled the specimens and applied tensile loads again at temperatures below — 30°C 
(— 22°F). As shown in Fig. 10.17(a), fractures occurred after the preloaded stresses were 
exceeded. 

In another series of tests, stresses were relieved by heating the specimens in a furnace 
for 1 hour at 320, 420, 520, and 620° C (608, 788, 968, and 1148°F). Results of fracture 
tests conducted on these specimens are shown in Fig. 10.17(b). The fracture stresses were 
higher when the welds were heat treated at higher temperatures, indicating that the 
higher the temperature, the more residual stresses were relieved. These experiments all 
show that the fracture stress of welded structures can be increased by relieving residual 
stresses. 

The results shown in Fig. 10.17(a) are very important from a practical standpoint. 
Proof tests are often used as acceptance tests of pressure vessels, pipelines, etc. In these 
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tests, welded structures are loaded to a stress level considerably higher than that expected 
during service. According to the results shown in Fig. 10.17, the proof test itself will 
relieve residual stresses and thus favorably affect the service behavior of the welded 
structure. t 

2. Effect of notch length and location. According to the fracture mechanics theory, 
the fracture strength of a notched plate with no residual stresses should decrease as 
the crack length increases (see Fig. 10.6). In an actual weldment, however, the effect of 
the crack length becomes complicated by other factors, including residual stress (which 
greatly affects brittle fracture), and the different mechanical and metallurgical character-
istics of the base plate, the heat-affected zone, and the weld metal. All of these exist 
in a narrow range, and when a crack is introduced in the weldment, their effect is compli-
cated. 

Figure 10.18(1O27) shows the effect of the crack length in terms of fracture stress. 
Materials used in the tests are semi-killed steels. Yield strength and tensile strength of 
A-1 are 24.4 kg/mm2 (34.7 ksi or 239 MN/m2 ) and 27.0 kg/mm2 (38.4 ksi or 265 MN/m2 ), 
and those of A-2 are 43.9 kg/mm2 (62.4 ksi or 430 MN/m2) and 48 kg/mm2 (68.3 ksi 
or 471 MN/m2), respectively. As shown in the figure, the fracture stress takes a minimum 
value when the crack length is 36 mm (1.4 in.). In this particular case, the effects of both 
residual stress and embrittlement of the material are very severe. Thus, the crack length 
or the position of the crack tip in the weldment has a large effect on brittle fracture 
initiation. 

3. The effect of structural discontinuities. In welded structures, structural disconti-
f The pros and cons of proof testing are discussed further in Chapter 16. 
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FIG. 10.18. Effect of notch length on brittle-fracture strength of welded joint and base plate. 

Note: Notch radius 0.1 mm. 

nuities are often unavoidable because of the structural complexities involved. When a 
structural discontinuity exists, stress concentration occurs near it. Thus, if a crack is 
introduced at that region, the crack may grow even if the level of applied stress 
is moderate. 

Kihara, Iida, and Narita(1028) studied this subject using the structural model specimen 

20 

y 80 
-1-20 

μ - 2 1 0 - ^ H U r - 3 4 0 — 1 
L£U— 400 

800+ d 

80 
20 

r20 

' 5 0 0 -

NOTCH DETAIL 

-*— 

- A 

z 
( r_ 

35 

1 
i 

-4SM 
! NOTCH 

1 20 
: 2 
c 

- 500 -

. — —-Ξ 3 j 

35 
2 

—** 

V . 

__̂  

-36-

DIMENSIONS OF b AND d 

DESIG-
NATION 

ps< 
36 

72 

144 

180 

ES 

30 

O 

o 
o 
o 

4 0 

o 

EW ER 

30 · 

o 
o 
O 
O 

O 

o 
o 
Q 

FIG. 10.19a. Details of structural specimens. 



The Brittle Fracture of Welded Structures 

25h 

o— 

20 U 

h-YIELD POINT 
BREADTH OF DOUBLING PLATE» 144mm 
SPACE OF DOUBLING PLATE * 30 mm 

5 
8* is! 

S 
3 ioh 

0 MEAN STRESS 15 kg/mm* 

'X 
V ^ MEAN STRESS 10kg/mm2 

MEAN STRESS 5kg/mrïT 

^ ^ E D G E OF DOUBLING PLATE 

V/////////V/7/1 L I 
50 100 150 200 250 

t TRANSVERSE Dl STANCE FROM PLATE <£. mm 

FIG. 10.19 b. Transverse distributions of longitudinal stresses in ES-144-30 specimen (without a 
notch at the center of the main plate). 

30 

E 

52 0 

·& 
ID 
or 
1 -

UJ 

a 
tr 

o 

Ί (-63) 

- λ 

-
_ 2 

2 

" 

,2 (-64) 
/ I (-60) 
H (-59) 

• K-53) 

Js2(-59) 

( - 6 0 ) \ 

IK-59) > 

-i 53) L 
10 

/: 

M(-63) 

-61) 

M(-65) 

1 
i 

1 

Ml (-67) 

1 

8 
8 
1 

• ER-SERIES ( STRESS- J 
RELIEVED) 

Λ EW-SERIES (AS-WELDED) H 

♦ EB- SERIES (CENTER H 
NOTCHED PLATE) 

THE0RE 

• 

_ ^ 

-j 
J 
H 
-i 

TICAL CURVE 1 

^̂ ^ , 
>l(-66) " " ^ ^ 

-1 

* K-65) 

l . ■ ■ ■ ' 
2 3 

STRESS CONCENTRATION RATIO 

FIG. 10.20. Relation between brittle fracture stress and stress concentration ratio. 

423 



424 Analysis of Welded Structures 

shown in Fig. 10.19(a). In this specimen, there is a doubling plate and a stiffener plate on 
both sides that are not continuous at the middle of the specimen. A notch is machined 
in the center of a non-continuous part. The notations for the specimen series indicated 
in the figure (ES, ER, and EW) represent the unnotched specimen, the stress relieved 
structural specimen, and the as-welded structural specimen, respectively. The test 
measures the stress concentration in the structural specimen. Figure 10.19(b) is an 
example of one such test, showing a stress concentration ratio of about 1.4. The stress 
concentration ratio is defined as: 

Stress concentration ratio = Local stress 
Mean stress* 

FIG. 10.21. Specimen configuration and geometry. 
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FIG. 10.22. Effect of notch depth on fracture stress in notched wide plate specimen. 



The Brittle Fracture of Welded Structures 425 

Using these tests, the intensity of the stress concentration near the notch in Fig. 10.20 
can be measured. The stress concentration ratio is a function of the dimensions of b and d 
in Fig. 10.19(a). The ratio increases as b is increased and/or d decreased. The experiment 
on the notched structural specimen was conducted at about — 60°C ( — 76°F), the 
results of which are shown in Fig. 10.20. In stress-relieved specimens, the fracture stress 
decreased as the stress concentration ratio increased. When residual stress was added 
to the stress concentrated part, the fracture stress was lowered even more, as can be seen 
when comparing the fracture-stress data of the ER and EW test series. 

Consequently, in order to prevent brittle fracture initiation in a welded structure, 
structural discontinuities must be avoided. 

4. The effect of angular distortion. Distortion often occurs during welding fabrication. 
For example, the angular distortion shown in Fig. 10.21 was created by thermal, plastic 
distortion during the welding of a butt joint. If a crack or other defect such as an under-
cut are introduced at the toe of the weld metal, or along the heat-affected zone, low 
applied-stress brittle fracture may result. Figure 10.21 is a schematic representation of a 
toe crack in which stress concentrations at the root of the bead, bending stress caused 
by the angular distortion, tensile stress under the application of the load and residual 
stress all played a part. Such brittle fractures are more likely to occur as the angular 

Heat input 
(J/cm) 

-80 - 6 0 - 4 0 

Temperature (°C) 

FIG. 10.23. Effect of angular distortion on fracture stress in notched wide specimen. 
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distortion increases. Displacement e or angle Θ in Fig. 10.21 is generally used as a para-
meter representing the degree of angular distortion. 

The first task is to determine the fracture strength of the specimen without angular 
distortion. Figure 10.22 shows the test results of a transversely welded notched plate 
(heat input: 15,000-25,000 J/cm) of quenched and tempered steel with an ultimate 
tensile strength of 60 kg/mm2 (85.3 ksi or 588 MN/m2) HT-60, by Kihara et al.{i029) 

Here the parameter is the notch depth. As the depth of the notch is increased, the fracture 
stress is lowered and the transition temperature is shifted to the higher side. 

Figure 10.23 shows the results of testing specimens made of the same material, but 
having an angular distortion. A comparison of Fig. 10.23 and 10.22 shows that the angu-
lar distortion greatly lowered the fracture stress even though the notch depths in Fig. 
10.23 were smaller than those in Fig. 10.22. Though Fig. 10.23 also presents the effect 
of heat input, this subject will not be pursued any further at this time. 

Figure 10.24 shows the effects of residual stress on the fracture strength of cross-
welded specimens. Cross-welded specimens are employed in order to produce high 
tensile residual stresses normal to the notch plane. A comparison of Figs. 10.24 and 
10.23 shows that residual stress greatly affects brittle fracture initiation. As shown above, 
angular distortion affects the brittle fracture of a welded structure, and it is therefore 
important to make every effort to avoid it during welding. 

-100 - 8 0 -60 -40 -20 
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20 

FIG. 10.24. Effect of residual stress on fracture strength of cross-welded specimens. 
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5. Fracture tests of the I-shaped model. Akita et α/.( 1030) studied the fracture character-
istics of the I-shaped model shown in Fig. 10.25 which simulates the typical members of a 
ship structure. Discontinuity was introduced by using unconnected flange plates. 
There were no artificially made cracks to initiate brittle fracture. The magnitude of 
residual stresses along the center line of the specimen was changed by varying the width of 
the web plate. 

Figure 10.26 shows the results of measuring residual stress, and provides data on 
specimens having two different web depths, 150 mm and 300 mm (6 and 12 in.). The 
maximum tensile residual stresses were the same in both cases, that is, about 30 kg/mm2 

(42.7 ksi or 294 MN/m2). But compressive residual stresses in the middle were different; 
the narrower the web, the higher the absolute value of compressive stress. 

Figure 10.27 shows the test results. In this series of tests, the flange width is constant 
and the only varying parameter is the web width, that is, the distribution of residual 
stress. The figure suggests that web width affects brittle fracture initiation. From the 
point of view of linear fracture mechanics, it is possible that fracture stress may depend 
completely on the local stress near the crack ; there may be no difference in the fracture 
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stresses of specimens with different web widths because the same magnitude of tensile 
stress is present in both specimens. But the test results show that the fracture stress is 
dependent not only on the stress near a crack but also on the pattern of its distribution. 
This implies that the effects of plasticity are involved. 

10.5 Analytical Studies of the Brittle Fracture of Weldments 

The results of experimentation on the brittle fracture of weldments have been analyzed 
from the point of view of the fracture mechanics theory. 

10.5.1 The analysis of strain energy release in an arbitrary stress field 

In order to analyze the effects of residual stress on the brittle fracture of weldments, 
it is first necessary to analyze the rate of the strain energy released when a crack occurs 
in a solid containing residual stress. Although there is more than one way to conduct the 
analysis, the following pages will describe only the analysis developed by 
Masubuchi.(1024'1031) 

The analysis developed by Masubuchi has already been discussed at some length in 
Section 3.2. Table 3.6 shows the analytical relationship between residual stress before 
cracking, ay0, and dislocation (crack opening), [u], when a straight crack of length 
Z = 2c occurs along the x-axis of the infinite plate (see Fig. 10.28). This relationship 
between a 0 and [v] is: 

^ίί,Μη^ (10.41) 

a. Crack opening or dislocation [v] 

(-c,o) (c,o) 

b. Coordinate system 

FIG. 10.28. Dislocation [t;] produced by opening a straight crack in an arbitrary stress field. 
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The above equation can be satisfied, when ay0 and [v~\ are expressed as follows: 

[ι?]= ΣΑηϊΊηηθ (10.42) 
n = l 

E " , sinrcfl 
σ.. Σ "Λ~ (1 0·4 3) y0 4c „f i""" sinö 

where 
x = c cos 0 

Both ends of the crack can be expressed by: 

x = c or 0 = 0, 

x = — c or Θ = n. 

When 0 = 0 and π, sin ηθ = 0; or the crack opening is zero at both ends. 
Often the distribution of residual stresses, ay0, is known. When this is the case, the 

value of coefficient Am can be determined as follows: 

4/ 1 Γπ 

-ml'-" 

(10.45) 

sin nö sin Θ do. (10.44) 

The value of the elastic strain energy released due to the formation of the crack, U 
(per unit plate thickness), is: 

= f j ( Σ nAnsmne\( £ Amsmno\de 

The next step is to determine the rate of the strain-energy-release that takes place 
when the crack is extended. When the crack increases from Z to / + dl, the value of the 
strain energy-release rate [dU/dQ is shown by the following equation: 

dU\ Επδί™ Λ 

In performing the above differentiation, note that the value of dislocation [v]9 and 
therefore the values of coefficient An, change as the crack length changes. This relation 
is shown schematically in Fig. 10.29. 

The result is shown in the following: 

(dU\ En(f>A dAx A ÔA2 ^ A dAn \ ίίίΛΑ^ 

(10.46) 
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DISLOCATION 

-CRACK LENGTH I 

FIG. 10.29. Change of dislocation due to the increase in crack length (schematic figure). 

Therefore, the value of dislocation [t?], strain energy U and strain-energy-release rate 
(317/3/) can be calculated if the stress distribution prior to cracking is known. 

This analysis is not restricted to the analysis of cracking in a residual stress field. It 
can also be used to analyze cracking in a solid containing stresses in an arbitrary distribu-
tion. 

Comparison to cracking under uniform stresses. The analysis of the strain-energy 
release that takes place when a crack occurs in a solid under uniform tensile stresses 
is the simplest application of the above analysis. When the stress that existed before 
cracking is uniform: 

(10.48) 

(10.49) 

This means, 

or 

and 

Then, crack 

or 

in eqn. 

opening 

(10.43), 

A2 = A. 

[v] is: 

M = 

M 
Ac 

V = <V 

E . 

A 4 C 

, = A^... = An = ... = 0. 

= ̂ osm0 = f^l-(£f 

-®fW-

(10.50) 

(10.51) 

(10.52) 

From eqn. (10.45), the value of elastic energy released, U, is: 

E π , , 

E 7ü/4c 

8 2 \ £ σ ° 

ne -, (10.53) 
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The result is the same as that of eqn. (10.2) The strain-energy-release rate, dU/dl= Ç 
is: 

ÔU E [Ac 

-οϊ=τιπΥΕσ» 

=Τσ»' (10.54) 

This result is the same as that of eqn. (10.40). 

10.5.2 Determination of strain-energy-release rate in weldments 

Figure 10.16 is a schematic diagram showing the mechanisms involved in the low 
applied-stress fracture of weldments. Studies have been made to determine quantitatively 
the rate of strain energy release. 

Studies by Wells and Masubuchi. Masubuchi(1031) analyzed the changes that take 
place in the Q -values when a transverse crack in a butt weld grows due to the action of 
residual stress. This is the same as the exact determination of curve OR0B0 in Fig. 10.16. 
Masubuchi used the experimental data obtained by Wells(1032) for the numerical analy-
sis. The analytical method used has been described in Section 10.5.1. 

The results are shown in Fig. 10.30,10.31, and 10.32. Figure 10.30 shows the distribu-
tion of longitudinal stresses in a butt weld.* The solid line shows the measured stress 
distribution determined by Wells, while the broken line shows the estimated distribution 
by Masubuchi. 

Figure 10.31 shows the elastic slot opening caused by longitudinal residual stresses. 
The slot opening increases as the length of the slot increases. The slot-opening distribu-

MEASURED(WELLS) 

ESTIMATED 
(MASUBUCHI) 

• GUNNERT 

o Δ MATHAR SOETE 

TRANSVERSE DISTANCE 
FROM WELD £ In. 

FIG. 10.30. Distribution of residual stress (longitudinal stress due to welding). 

The specimen geometry is shown in Fig. 9.35(a). 
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FIG. 10.31. Elastic slot openings arising from longitudinal residual stress. 
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FIG. 10 32. Strain energy release rate for spontaneous fracture caused by longitudinal residual 
stress. 
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tions measured by Wells(1032) coincided with those calculated by Masubuchi.(1031) 

The figure also shows some of the calculations by Wells. When the slot was short (̂  in.), 
the measured distribution was similar to the calculated slot distribution for the uniform 
stress. When the slot was 8 in. (203 mm) long, the measured slot opening was less than 
the calculated distribution of the concentrated force in the center of the slot and was 
much larger than the calculated distribution of the uniform pressure. 

Figure 10.32 shows the relationship between the crack length and the rate of release 
of residual stress energy. 

Further study by Kihara et al Kihara et α/.(1033) conducted a rather comprehensive 
study on the strain-energy-release rate of weldments and the effects of mechanical 
stress-relieving. The specimen geometry was similar to that shown in Fig. 9.36. 
There was one as-welded specimen, and two specimens assigned to each of 5 degrees of 
prestraining, ranging from 5 kg/mm2 (7.1 ksi or 49 MN/m2) to 25 kg/mm2 (35.6 ksi 
or 245 MN/m2). Transverse distributions of the residual stresses in the longitudinal 
direction (parallel to the weld line), and the elastic opening of the central slit extending 
symmetrically in the transverse direction were measured. Examples of these measure-
ments are shown in Figs. 10.33 and 10.34. 

Figure 10.35 shows the measured rate of strain-energy release in the as-welded and 
the mechanically stress-relieved condition. 

Figure 10.36 shows the measured rate of strain energy release in the as-welded speci-
men under various loading conditions. This figure shows actual values of Q in the sche-
matic diagram (Fig. 10.16). 

Utilizing the results shown in Fig. 10.36, a study was made to determine analytically 
the fracture stress of mechanically stress-relieved specimens. The results are shown 
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FIG. 10.33. Transverse distributions of longitudinal residual stress in as-welded and mechani-
cally stress-relieved specimens (half of plane with longitudinal weld on center line). 
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TRANSVERSE DISTANCE FROM WELD <L mm 

FIG. 10.34. Distributions of elastic slot opening in mechanically stress-relieved specimen 
loaded up to 5 kg/mm2 (half of plane with longitudinal weld on center line). 

HALF SLOT LENGTH mm 

FIG. 10.35. Measured strain energy release rate in as-welded and mechanically stress-relieved 
specimens. 

in Fig. 10.37. According to the analysis, the fracture stress of a mechanically stress-
relieved specimen should be slightly higher than the preapplied stress. The calculated 
values of the fracture stress agreed closely with the experimental data, shown in Fig. 10.17. 

10.5.3 Calculation of the stress-intensity factor in a residual-stress field 

The stress-intensity factor of a crack in a residual-stress field can be calculated using 
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FIG. 10.36. Strain energy release rate in as-welded specimen under various loading conditions. 
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FIG. 10.37. Relation between fracture stress and pre-applied stress. 

the analysis described in Section 10.5.1. However, it can also be determined from eqn. 
(10.10) by utilizing the principle of superposition. 

Shown in Fig. 3.12 in Chapter 3 are three different cases as follows: 
Figure 3.12(a): A plate with a crack under uniform stress, σ. 
Figure 3.12(b): A plate with no crack under uniform stress, σ. 
Figure 3.12(c): Uniform stress σ applied along both edges of the crack. 

Since there is no stress concentration in Fig. 3.12(b), the stress intensity factor in 
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FIG. 10.38. Crack in an infinite plate subjected to symmetrical splitting forces P. 

Fig. 3.12(a) is the same as that in Fig. 3.12(c). The problem can thus be reduced to that 
of a crack opened by internal pressure, the magnitude of which equals the applied 
stress. When the applied load has an arbitrary distribution, the internal pressure is a 
function of the position. 

In a residual-stress problem, residual stress can be considered an arbitrarily distribut-
ed applied stress. The stress intensity factor of a cracked plate subjected to an arbitrarily 
distributed internal pressure symmetrical to the y-axis must be calculated. Assume 
that a pair of symmetrical splitting forces p are applied as shown in Fig. 10.38. K in 
this case is: 

K = 
c + ζ 

+ c-ξ ^c+ξ 

]ο-ξ (10.55) 

If p is a function of ξ, the expression is changed to 

where / is the width of the region being acted on by the internal pressure. If one sets 
p(x) equal to the residual stress ay(x) at an arbitrary location ξ and integrates over 
the range of the crack length, then K is calculated as a function of c. Furthermore, 
when applied stress q(x) is added to the residual stress, p(x) is replaced by q(x) + σν(χ). 

By using eqn. (10.56), it is possible to determine the K-value when the crack is located 
in an area containing residual stresses and the amount of external stress is known.T 

f This analysis, however, does not take into consideration changes in the residual stress due to localized 
plastic deformation caused by external loading. 

(10.56) 
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Example. Shown here is the calculation of K for the following conditions : 

crack length = 2c, 

residual stress distribution:1 ay = σ0 1 — I — j , 

applies stress: σ(uniform), 

-τ-ΓΓ' 
•Jnc Jo L 

(σ + σ 0 ) - σ 0 
2c 

x = c cos 0,dx= —c sin Θ do; 

(10.57) 

K = 
J>t/2 (. 

(σ + σ 0 ) - σ 0 Ι ^ ) cos20, . 

2 

2c 
(-csinÖ)dÖ 

2c Ff + <To)-"o|y l cos20!-d0 

=y/nc<l + %-ffl (10.58) 

This example, though rather academic, shows that such a calculation is possible. 
The practical application of this approach will be given in Section 10.5.4 and 10.5.5. 

10.5.4 Analytical studies of the effect of angular distortion on 
the brittle fracture ofweldments 

Ito and Tanaka(1034) conducted an analytical study to explain the experimental 
results shown in Figs. 10.22, 10.23, and 10.24. The geometry of the specimen used is 
shown in Fig. 10.21. Because the specimen is welded transversely, there is no high residual 
stress perpendicular to the crack surface. Embrittlement does not need to be considered 
since the notch is located at the same position in every specimen. The author will 
therefore discuss the brittle fracture characteristics of the bond between the base metal 
and the deposited metal. Since an exact analysis of the stress-intensity factor for this 
particular case has not yet been completed, this analysis will be approximate. When a 
plate of width 2B exhibits a through-thickness crack of length 2c, the stress intensity 
factor under uniform tensile stress σ is expressed as follows: 

where 

K=f[ — \a^/nc 

c = half-length crack, 
B — half width of specimen, 

(10.59) 

/ 
IB 7TC 
— tan —-. 
TIC 2B 

f This equation is often used to calculate the approximate distribution of residual stresses in areas extremely 
close to the weld. See Fig. 12.8 for further information. 
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The stress intensity factor at the deepest point of the surface crack can be approximated 
using the following: 

p t 

=/(^)σ^Τ" (ια60) 

where t = plate thickness, 
tx = crack depth. 

On the other hand, the stress intensity factor of the bending stress caused by angular 
distortion, KB, can be approximated by using the following calculations. 

When there is a side-crack of depth tx in a specimen of width t, the stress intensity 
factor is expressed as follows (Gross et α/.).(1035) 

^ = V B A (10.61) 
M t _ 6e 
T2"T 

M = bending moment, 
YB = correction factor 

= 1.99-2.47(M+12.97(M - 2 3 . π ( Μ +24.8θ(Μ. (10.62) 

The stress-intensity factor of the same specimen under a uniform stress σ is 

Κρ=ί{^Ασ^Γν (10.63) 

where σΒ = bending skin stress = — - = — σ, 

Suppose 

*„ = §% (10.64) 

KB = *>TÏTliYB-A<>Jc· (10.65) 
then 

■J(clB)Y et, 
>f(tl/t)

 Bt t 

Consequently, the stress intensity factor of the specimen is expressed: 

J\BJ t v f(tjt) Bt t v 

Figures 10.39, 10.40, and 10.41 show the effects of notch length, notch depth and 
angular distortion on brittle fracture initiation. Figure 10.42 shows KIc vs. temperature 
of those test results where eqn. (10.66) is used in calculating KIc. From this figure we can 
see that KJc depends only on the temperature. 

The validity of eqn. (10.66) is thus confirmed. In other words, the fracture stress of an 
actual welded joint can be predicted using eqn. (10.66). 

(10.66) 
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FIG. 10.39. Effect of surface notch length on the fracture stress transition characteristics 
of weld bonds (as-welded). 
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FIG. 10.40. Effect of notch depth on the fracture stress transition characteristics of weld 
bond (as-welded). 

There are many assumptions in the above calculation. Though it is desirable to calcu-
late a stress-intensity factor on an exact basis, approximate methods are useful in practi-
cal engineering. 

10.5.5 The analysis of brittle fractures in an I-shaped structural model 

The results of the brittle fracture experiments on the I-shaped model have been 
analyzed/1030'1034) 

Assumption. An accurate analysis of brittle fracture in an I-shaped model must be 
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FIG. 10.41. Effect of angular distortion on the fracture stress transition characteristics of weld 
bonds (as-welded). 
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FIG. 10.42. Relation between reciprocal of absolute temperature and critical stress intensity 
factor. 

three-dimensional. But a two-dimensional analysis was attempted in order to provide an 
approximation. Figure 10.43 shows the procedure. The pair of flanges is treated as a 
notch-effects case. On the basis of test results, the notch length, / , is assumed to be as 
follows: 

f=f'i (10.67) 
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where / = equivalent notch length, 
/ ' = width of flange, 

t = plate thickness of web, 
t' = plate thickness of flange. 

This relationship has been confirmed as valid within a given range of flange widths. 
To simplify the calculation, the residual stress distribution is assumed to be rectangular, 

as shown in Fig. 10.44. Consequently, after the welded part has yielded due to applied 

M M t t t t l t t t 

h-f-H 

H ♦ M \ 
2b —f-H 

f - f (γ) 

FIG. 10.43. Equivalent two-dimensional model of longitudinally welded "Γ-shaped specimen. 

1 ! I I I t 

I 1 I I M 
FIG. 10.44. Assumption of residual stress distribution. 
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stress σ , the stress distribution of the specimen can be written as follows: 

1, 

(10.68) 

where at = the stress over the range of tensile residual stress before loading, 
GC = the stress over the range of compressive residual stress before loading. 

If a crack is introduced into the stress field mentioned above, the size of the plastic zone 
may no longer be negligible, and a correction may be needed. As Wells(1010) has shown 
(see Fig. 10.11), the stress distribution outside the plastic zone will coincide with the 
measured stress distribution if the real crack length/is corrected to the imaginary crack 
length c, that is, 

c=f + r2 (10.69) 

where r2 = plastic zone correction length. r2 is determined as shown in Fig. 10.45 by the 
following expressions: 

a y d r = aydr, 
J-r2 JO 

K) r = r i = ^ (10.70) 

where cy = elastic stress distribution outside the imaginary crack, c. 
If the stress distribution near the crack tip can be expressed as eqn. (10.71), and if the 

point splitting force P can be applied at x as shown in Fig. 10.46(a), then the stress distri-
butions corresponding to Figs. 10.46(b) and 10.46(c) respectively can be expressed as 

FIG. 10.45. Yielded-zone-size correction to elastic stress distribution at the tip of a crack. 
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FIG. 10.46. Elastic stress distribution at the tip of a crack subjected to partially distributed 
internal pressure. 

eqns. (10.72) and (10.73). 

y ν / 2^ν π / 

(10.71) 

(10.72) 

(10.73) 

where λ = è/c. 

Calculation of the stress intensity factor. Using three different cases, the relationship 
between the imaginary crack length c and the range of the tensile residual stress distribu-
tion will now be examined. 

(Case I) 

c <f+ b, and σΜ<*=/+,"> < σγ (cf. Fig. 10.47(a)). 

From eqn. (10.70): 

{c-ff 
2(b1+f-c) •c |_ \ σγ/π c _\ 

(10.74) 

where σ /σγ is equal to expression (10.72), consequently 

«,.„,- i m ^ ^ - ^ ^ l l "(' -'φ™'1?}] <10·75» 
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FIG. 10.47. Relation between imaginary crack length and residual stress distribution extent. 

(Case II) 
c <f+ bi and σΜ<*=/+»Ι> > σγ (cf. Fig. 10.47(a)). 

Similarly, the following expressions are deduced : 

c-f 

1 - ^ 
(f+bl-c) = ±c 

1 -
σ π c 

- | 2 

*v=c)=v*7ff* 
(Case III) 

c - / c 

i-i 2 

1 

oZ+ft^cf. Fig. 10.47(b)), 

- r i + ^ s i n - ' ^ - s i n - 1 ^ -

Κ(*-ο=νπ/σ* [-[-äH 

(10.76) 

^ { - ( - ^ i - ' - W <10·77» 

(10.78) 

■ -ifi ■ -if+b 
sm l —— sin -

c c 
m 

(10.79) 
Comparison between experimental results and calculations. Figure 10.48 shows the 

results of calculations in which residual stresses and specimen sizes are determined 
from actual data. On the other hand, the fracture toughness of material K is experi-
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FIG. 10.48. Calculated values of stress intensity factor according to various specimen sizes. 
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mentally determined as follows: 

Kc = Koexp|~--£l (10.80) 

where Ko, k = material constants, 

Ko is determined from —c— = 1.06 when 
y/nfaY 

T= 230°K ( - 43° C),/ ' = 120 mm, σγ = 35 kg/mm2, 
fc = 300°K, 
T= absolute test temperature. 

Fracture stress can be predicted from the above Kc data and the calculated K. Figure 
10.49 compares the measured fracture stress with the predicted fracture stress. In spite 
of its many assumptions, the calculated curve compares well with the measured fracture 
stresses and, if accurate calculations were substituted for these assumptions, the dif-
ference between predicted and measured values would be even less. 
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CHAPTER 11 

The Fatigue Fracture of Weldments 
as it Relates to Residual Stress 

THIS chapter discusses the fatigue fracture of weldments as it relates to residual stress. 
Although the question of how residual stresses affect the fatigue strength of a welded 
structure is even now, after many years of research, not fully understood, and although 
the experts still disagree some comments on this subject can still be made.(1101) 

Some people blame residual stresses whenever the cause of a failure in a welded 
structure cannot be explained in some other way. Others believe residual stress effects 
are wiped out after the structure is subjected to repeated loading and therefore do not 
affect the fatigue strength. It is the author's opinion that under certain conditions the 
residual stresses do affect the fatigue strength of a welded structure, though in many 
other cases the residual stresses present have only negligible effects on the fatigue 
strength. 

Discussions in this chapter are short, because only limited studies have been made 
of the analysis of effects of residual stresses on the fatigue strength of welded structures. 
Major difficulties come from the following two reasons: 

1. Residual stresses change by the application of repeated loading 
2. Stress distributions around a crack change as the crack grows due to repeated 

loading. 

In this chapter brief discussions on basics of fatigue fracture are presented first. 
To those who need further information references (905), (1101), and (1102) are recom-
mended. Much of the information presented here comes from references (102). Then 
discussions are given on : 

Fatigue strength of weldments. 
Effect of residual stresses. 
Some methods of improving the fatigue strength of weldments. 

Until recently almost all information on fatigue fracture was developed based upon 
data generated by fatigue testing. Most of the information generated so far is of an 
empirical nature. Recently there have been significant developments in the application 
of fracture mechanics theories to fatigue fracture. It is hoped that this new analytical 
approach can be further extended to solve some practical problems related to the 
fatigue fracture of welded structures. 

11.1 Introduction to Fatigue Fracture(102) 

When a material is subjected to repeated loading, fracture takes place after a certain 
449 
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number of cycles. The lower the applied stress, the larger the number of cycles before 
fracture takes place. 

As far as fatigue fractures of engineering structures are concerned, the following two 
types of fractures are important: 

1. High-cycle, low-stress fatigue. 
2. Low cycle, high-stress fatigue. 

In high-cycle fatigue, the endurance limit of a material after several million cycles or 
more is usually the consideration. In low-cycle fatigue, on the other hand, fracture 
after repeated loading of less than 105 cycles is usually considered. For example, when 
the frequency of loading is 100 cycles per minute, then after: 

1 hour: 6,000 cycles 
1 day : 144,000 cycles 

10 days : 1.44 x 106 cycles 

11.1.1 Fatigue failures of structures 

High-cycle fatigue is a problem in those portions of a structure subjected to fast, 
repeated loads, such as areas close to propellers, rotating machinery, and areas under 
constant vibrations. In such areas several million stress cycles can be achieved in a rela-
tively short period of time. For example, in the design of modern aircraft the fail-safe 
design concept has been developed and applied/905'1103) 

There are many structural components in which low-cycle fatigue, rather than 
high-cycle fatigue, is usually the problem. For example, cracks frequently found in the 
hull structure of a ship are caused by low-cycle fatigue/1104-1109) Reference (102) dis-
cusses fatigue fractures in ship structures. 

When structural members are exposed to water and other corrosive environments, 
corrosion fatigue often becomes a serious problem/102) 

11.1.2 Characteristics of fatigue fracture{102) 

A fatigue fracture goes through the following three stages: 
1. The initiation of the crack. 
2. The slow growth of the crack. 
3. The onset of the unstable fracture. 
During the early stages, a fatigue fracture exhibits several characteristics that enable 

the engineer to distinguish it from other types of fracture. 
Initiation of fatigue crack. In most cases, fatigue cracks originate at the surface. 

The surface must be smooth if the fatigue strength is to be high. We will elaborate on 
this later. 

But brittle fractures, on the other hand, can initiate at subsurface defects where the 
triaxiality of stress is great. 

Growth of a fatigue crack. A small crack initiated grows slowly as stress cycles are 



Origin 

FIG. 11.1. Diagrammatic representation of a typical fatigue fracture surface/102, ! 101) 

FIG. 11.2. Fracture surface of a specimen in which fatigue cracking was followed by brittle 
fracture/1101) 
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repeated. A fatigue crack is transgranular; propagating within grains rather than along 
grain boundaries. 

Onset of unstable fracture. As the crack progresses, the stress on the residual cross-
section increases so that there is a corresponding increase in the rate of crack propaga-
tion. Ultimately, a stage is reached when the remaining area is unable to support the 
applied load and final rupture occurs. The fracture surface of the final rupture area may 
be either crystalline or fibrous depending upon whether the fracture is brittle or ductile. 

Fracture appearance. The above characteristics of fatigue fracture can be observed 
on fracture surfaces. 

Figure 11.1 is a diagramatic representation of a typical fatigue fracture surface.(102) 

The region surrounding the origin of a fatigue fracture has a smooth, silky appearance 
that extends to the limit of the fatigue fracture proper. 

In the immediate vicinity of the crack's origin the surface may appear extremely 

FIG. 11.3. Fracture surface of a specimen in which fatigue cracking was followed by a ductile 
fracture/1101) 
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smooth, a feature that is probably accentuated by a rubbing of the surface as the crack 
propagates. There is often a tendency for this smooth region to grow slightly, but 
progressively, rougher in texture as the distance from the origin increases. Careful 
examination of this smooth part frequently reveals the existence of concentric rings 
or beach markings around the fracture nucleus and radial lines emanating from it. The 
beach markings or striations are more evident under an electron-microscope as dis-
cussed in a later part of this chapter. 

Figure 11.2 and 11.3 show typical specimens in which the initial cracking was due 
to fatigue, but in which the final fractures were brittle and ductile, respectively/102) 

11.2 High-cycle Fatigue 

This section is primarily concerned with high-cycle fatigue. However, the general 
discussion of fatigue including the definitions of stress cycle, S-N curve, and fatigue-
crack-growth mechanisms can also be applied to low-cycle fatigue. 

11.2.1 Fatigue testing-stress cycles 

Most of our knowledge about the fatigue behaviour of materials has come from 
laboratory tests on relatively simple specimens. 

There are four basic parameters that can be used in defining the stress cycles to which 
fatigue specimens are subjected. They are:(1101) 

The minimum stress in cycle: S. . 
J min 

The maximum stress in cycle: S . 
J max 

The mean stress: Sm = USLin + S). 
tn zv min max7 

The stress range : Sr = S v - S. . 
σ r max min 

The stress cycle is fully defined when any two of the above four quantities are given. 
Figure 11.4 shows typical stress cycles used in fatigue tests. In the cycle shown in Fig. 

11.4(a), the stress is varied from zero to tension ("pulsating tension" cycle). This type of 
cycle is most commonly used for the fatigue testing of plates and welded joints. A fairly 
large amount of data also exists for the case shown in Fig. 11.4(b), where Smin = — Smax 
("alternating" cycle). 

In the cycle shown in Fig. 11.4(c), both the maximum and minimum stresses are tensile. 
The particular case in which Smin = 0.5Smax is often called a "half tensile" cycle. Other 
cycles involving unequal tensile and compressive stresses, or wholly compressive stresses, 
also may be used. 

The S-N curve and fatigue strength. In order to determine the fatigue strength of a 
particular material under a given load condition, it is necessary to test several similar 
specimens. Each of these specimens is subjected to a given cyclic stress and the number of 
loading cycles required to produce failure in each specimen is recorded. The relationship 
between the applied stress, 5, and the number of cycles to failure, N, is thus obtained. 

Figure 11.5 shows the S-N curve which represents the relationship between maximum 
stress and cycles to failure/1102) 

Figure 11.6 shows the relationship between the logarithms of both stress and the 
number of cycles, log S — log jv.(1102) Because log S — log N relationships for many 
materials are approximately linear, most fatigue data are presented on the basis of 
log-log relationships. 
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FIG. 11.4. Typical stress cycles used in fatigue tests.*1101) 
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FIG. 11.5. Representation of relationship between maximum stress and cycles to failure 
(Wohler or S-N curve)/1102) 

For plain ferrous metal specimens it has been found that the curve is almost parallel 
to the N-axis after about 2 to 5 million cycles, indicating that if the stress were slightly 
less, the specimen would have an infinite life. This limiting stress is called the endurance 
limit of the material. Most other materials do not exhibit an endurance limit, although 
the S-N curve becomes substantially horizontal as N increases. 
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FIG. 11.6. S-N curve presented on a log-log scale/1102) 

The sloping line of Fig. 11.6 can be expressed by the relationship 

Fn = S(N/n)K (11.1) 

where Fn = the fatigue strength computed for failure at n cycles, 
S = the stress which produced failure in N cycles, 

K = the slope of the best-fit straight line representing the data.(1102) 

In such a relationship, the fatigue strength can be computed over the range covered 
by the sloping line for any selected number of cycles of the same type of stress cycle, 
if the slope of the line and one point on the line are known/1102) 

Only one type of stress cycle is represented on each S-N curve. Therefore, in order to 
understand the general fatigue behavior of a material or joint, it is necessary to have one 
S-N curve for each type of stress cycle. 

The data for the various S-N curves can be summarized in a Goodman diagram. 
Figure 11.7 is a Goodman diagram for an as-rolled flat plate. It provides a composite 

FIG. 11.7. Goodman diagram—a composite representation of the effects of various types of 
stress cycles on fatigue life.(1102) 
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representation of the effects of various types of stress cycles, including those ranging 
from static tension, through zero-to-tension, to complete reversal. 

The range of stress is shown by the vertical distance between the two heavy sloping 
lines. For example, at the extreme left side of the diagram, the stress range is a complete 
reversal from a compressive stress to a numerically equal tensile stress. At the extreme 
right side of the diagram, the maximum stress line intersects the minimum stress line 
at the level of the ultimate tensile strength, and the range of stress is zero. At an inter-
mediate point, the minimum stress line intersects the line of zero stress; the maximum 
stress represents the fatigue strength under a pulsating load (0 to tension). Unless a 
finite life is stated as the basis for the Goodman diagram, it usually pertains to the fatigue 
limit.(1102) There are several modifications of the Goodman diagram. 

11.2.2 How material strength, stress concentration, and environment 
effect the endurance limit 

Materials.(l02) Figure 11.8 shows the relationship between the endurance limit and 
the ultimate tensile strength of various steels/1102) As Fig. 11.8 illustrates, the fatigue 
strength of materials increases as the strength of the material itself increases at a ratio of 
about 50%. This relationship is true, however, only when the specimen is polished and 
the surface is very smooth. If the material is severely notched, the endurance limit will 

ULTIMATE TENSILE STRENGTH IN IOOO LB PER SQ IN. 

FIG. 11.8. Relationship between the endurance limit and ultimate tensile strength of various 
steels/1102) 
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be reduced drastically. The change is even greater when a corroding specimen is involved. 
These latter effects—a reduction in the endurance limit due to a severely notched surface 
or a corroding material—are most severe when the material is a high-strength steel.(1102) 

Stress Concentration^^ The most deleterious factor affecting the fatigue life of 
metals is the localized concentration of stress by geometric discontinuities including 
cracks, notches, fillets, holes, surface imperfections, etc. The shape and size of a dis-
continuity determine how much stress will be concentrated at the point. Cracks con-
centrate the highest amount of stress, and generous fillets with a smooth, polished surface 
concentrate the lowest/1102) 

A surface notch affects the endurance limit of a material much more than a notch in the 
interior of the same material. 

In most materials, the notch sensitivity tends to increase with increasing strength. 
When sharp notches are present, therefore, it is not unusual to find little or no fatigue 
strength advantage in using high-strength materials. 

The presence of weld defects, especially those on or near the surface, reduces fatigue 
strength. This subject is discussed in detail in Chapter 15. 

Corrosion. As shown in Fig. 11.8 when a material is subjected to a corrosive environ-
ment its fatigue strength is lowered. "Corrosion fatigue" is one of the most serious factors 
in the lowering of fatigue strength. 

Many structures in the sea fail because the sea water accelerates the fatigue 
process. A common solution is to design with a low-strength alloy at a low working 
stress, say below 5000 psi, making the marine structure big and bulky. Within recent 
years, with the demand for higher performance, attempts have been made to use higher 
strength materials, but it has been found that the effect of the marine environment more 
than cancels out the useful increase in strength. The material's reaction with the environ-
ment accelerates the rate of crack propagation across the component. In fact, the advances 
made with AISI 4340 steels and other high-strength materials in aerospace structures 
are often lost when these materials are submerged in sea water. 

Figure 11.9 shows how notch and sea water affect the flexural fatigue strengths of 

10 10 

CYCLES TO FAILURE - N 

10 

FIG. 11.9. Flexural fatigue curves for HY-130/150 steel and special grade Ti-6A1-4V.(122) 

Note: KT is theoretical stress concentration factor. 
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HY-130/150 steel and special grade Ti-6A1-4V.(122) The figure shows the fatigue stren-
gth of HY-130/150 to be more severely damaged by notch and sea water than that of 
TÎ-6A1-4V. 

11.3 Low-cycle Fatigue 

11.3.1 Characteristics of low-cycle fatigue(1 ll0~111^ 

During loading and unloading cycles, many metals exhibit low-cycle fatigue failure 
involving plastic deformation. Under such conditions, true stresses cannot be calculated 
using elastic theory, and plastic theory is not developed enough to handle such problems. 
The control and analysis of low-cycle fatigue, therefore, is easier if determined on the 
basis of strain rather than stress. 

Cyclic stress and strain. Figure 11.10 illustrates the stress-strain relationships likely 
to develop under cyclic loading conditions. The relationship shown in Fig. 11—10(a) 
occurs when the applied force or moment is completely reversed within the elastic region ; 
at is the total stress range and et is the total strain range. Figure 11.10(b) shows the rela-
tionship that develops when the reversed loading involves the plastic region. The stress-
strain relationship is no longer linear and follows the hysteresis loop BCDEB during 
each cycle. at is the total stress range but in this instance may be nominal or true. et, the 
total strain range, involves two parts: (1) the elastic strain range ee and (2) the plastic 
strain range, ερ, where et = ερ + se. 

11.3.2 S-N relationships 

High-cycle fatigue results are usually presented in the form of S-N diagrams, such as 
Fig. 11.5. Since the cyclic stresses needed for failure in the high-cycle region are well 
within the elastic region (see Fig. 11.10(a)) it is not important whether we use stress 
or strain as the independent variable. 

With low-cycle fatigue, however, this is not the case. Most of the evidence collected 
over the last 10 years indicates that the strain becomes the dominant factor with decreas-
ing fatigue life.(1110) 
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(a ) Elastic range ( b) Straining into plastic range 

FIG. 11.10. Stress-strain relationships under cyclic loading/1110) 
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FIG. 11.11. Total strain range vs. cycles to failure for steels in air.(1110) 

Figure 11.11 shows the low-cycle fatigue results obtained for unnotched (smooth) 
specimens by the U.S. Navy Marine Engineering Laboratory. The yield strength of the 
steels ranges from 41,000 to 230,000 psi (28.8 kg/mm2 or 237 MN/m2 to 161.7 kg/mm2 

or 1586 MN/m2); total strain range versus cycles to failure is plotted. The similarity of 
behavior irrespective of yield strength is important to note. Perhaps even more significant 
is the fact that the behavior appears to be independent of the material as illustrated in 
Fig. 11.12. It seems that when strain is the controlling factor in low-cycle fatigue, the 
strength or type of material used makes little difference. Recent tests on pressure vessels 
tend to support this view for steels with yield strength from 30,000 to 90,000 psi.(1110) 

However, the high-cycle fatigue strength of materials varying in strength level are 
markedly different as shown in Fig. 11.8. Consequently the relationships shown seem to 
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FIG. 11.13. Fatigue relationships for steels (completely reversed strain)/122, l*10) 

be valid only in the restricted range of 100 to 10,000 cycles. Divergence from the relation-
ship is apparent for the HY-230 steel shown in Fig. 11.13. 

In Fig. 11.13 three steels with markedly different yield strengths are shown. Above 
1000 cycles, the advantages of using high-yield strength materials are apparent. How-
ever, for a given cycle life greater than 1000, the relationship shows that the high-yield 
strength materials can suffer low-cycle fatigue failure while apparently being cycled 
elastically. This actually has happened in tests of HY-230 steel and certain aluminum 
alloys. 

11.4 Studies on Fatigue Crack Growth 

In recent years many studies have been made of fatigue crack growth. The use of 
electron-microscope fractography, the observation under an electron microscope of 
fracture surfaces (inmost cases plastic replicas of fracture surfaces), is a research technique 
that has become increasingly common. It has been established that a fatigue fracture 
surface is characterized by patterns called "striations", as shown in Fig. 11.14 for 
T i - 8 A l - l M o - l V alloy. It is believed that a striation is formed during each loading 
cycle. 

Figure 11.15 shows that a reasonable agreement exists between: 

1. The crack growth rate d//dn determined macroscopically from the number of 
cycles N and the length of crack / observed on a specimen subjected to repeated 
loading. 

2. The striation spacings μ observed microscopically on the fracture surface/1103) 

The results shown here were obtained with a specimen in 2024-T3 aluminum alloy. 
A number of investigators have applied the fracture mechanics theory (introduced in 
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6000X 

FIG. 11.14. Electron microscopic fractograph of a T1-8AI-IM0-IV alloy (from an un-
published work at Battelle).(102) 

Note: The generally horizontal parallel lines are fatigue striations which indicate the location 
of the crack tip on successive stress cycles. An inclusion which influenced the growth of 
the fatigue crack is visible near the center of the field view. Net mean stress, 25,000 psi ; 
net maximum stress, 43,500 psi, and crack length, about 0.1 inch. 

Chapter 10) to fatigue fracture/9051103) For example, the relationship between the 
crack-growth rate and the stress-intensity factor has been obtained. Figure 11.16 shows 
data on 7075-T6 aluminum-alloy. 

Information was obtained by periodically measuring the length of a crack artificially 
initiated from a sharp saw cut. After knowing the crack length, 2a, and the maximum 
stress, ag, the stress intensity factor for Case (a) was computed using+ 

* W = a v / ^ (11.2) 

f Equations (11.2) and (11.3) are the same as eqns. (10.12) and (10.15), respectively, except the crack length is 
expressed as la instead of 2c. 
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dl/dn Ιμ/t) 

FIG. 11.15. Crack-growth-striation spacing versus crack-growth rates in 2024-T3 aluminum 
alloy.(1103) 
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where a is the correction factor for a finite panel of width w = 2b 
1 w na 

a = / — tan — 
na w 

(11.3) 

Other equations must be used for computing the K-values for other cases. 
Each crack growth rate measurement, A2a/AN, was obtained by dividing the dif-

ference in the crack length reading, A2a, by the cyclic number change, AN. 



The Fatigue Fracture of Weldments 463 

Figure 11.17 shows similar bending results in medium strength steels for both centrally 
cracked panels and notched beams.(1103) 

Figures 11.16 and 11.17 show that the crack growth rate depends upon the stress-
intensity factor. As a fatigue crack grows, AK and d(2a)/dN increase. Diagrams of 
AK vs. d(2a)/dN show the relative crack-growth resistance of various materials. The 
ability to correlate data from one configuration to another makes it possible to correlate 
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TABLE 11.1. Formulas on fatigue crack growth proposed 
by different investigators{620) 

Reference 

Yang 

McClintock 

Krafft 

McEvily 

Pearson 

Forman 

Throop-Miller 

da/dn=f(K) 

. IA 7.5 (ΔΧ)4 

aa/an - - — 16 EsE
r^r 

da/du= A 
(ΔΧ)4 

(^™)^»«, 
d a / d n = M3^10!(K)3,6 

da/an= 
(ΔΚ)" 

( 1 - ^ > « J K , - A K 

m = 3.5 S.D. ofm = 0.65 

(1114) 

(1115) 

(1116) 

(1117) 

(1118) 

(1119) 

(1120) 
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data from simple laboratory test configurations to more complex structural 
situations/905'1107) 

The application of fracture mechanics theories to fatigue crack growth has received a 
considerable amount of attention on the part of a number of investigators. For example, 
Table 11.1 shows the relationships between da/dn and K or ΔΧ as proposed by several 
different investigators. Much experimental data on fatigue crack growth has been 
generated recently. 

11.5 Fatigue Strength of Welded Joints 

Table 11.2 lists the fatigue strengths of several different welded joints in ordering 
structural steels.*1121) The data shown includes the fatigue strength at 100,000 cycles 
and 2,000,000 cycles for pulsating (0 to tension) and alternating (reversed) stresses. 
Figure 11.18 shows some of the welded specimens referred to in Table 11.2. 

Specimens with transverse butt welds and with the reinforcements machined or ground 
off show fatigue strengths almost as high as those for plain unwelded plates. Therefore, 
when a joint with a high fatigue strength is needed, it is important to remove the butt 
weld reinforcement. Further discussion on this subject is given in Chapter 15 (Section 
15.5.3). 
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TABLE 11.2 Fatigue strengths of various types of welded joints in ASTM-A1 structural steelill2l) 

0 to tension Reversed 

47.8 
34.9 
37.5(a) 

31.7 
23.2 
28.7(a) 

26.8 
22.4 
27.4(b) 

17.5 
14.9 
16.0(b) 

30.3 

27.2 

28.3 

19.1 
46.8 

18.5 + 

19.7 

20.5 

9.6 
26.5 

16.2 

15.2 

13.1 

13.3 
26.6 

11.3 

10.7 

8.9 

6.2 
17.3 

Type of joint F 100,000 F2,000,000 F 100,000 F2,000,000 

Fatigue strengths of flat-plate specimens with and without butt welds, as-welded and with reinforcement 
removed flush 

Plain plate (A-7 steel)(e) 

Transverse butt-welded joint (single-Vee)—as-welded 
Transverse butt-welded joint (a) single-Vee—(b) 

single-U—reinforcement off 
Longitudinal butt-welded joint (single-Vee)—as- 39.6 26.0 — — 

welded 
Longitudinal butt-welded joint (a) single-Vee, (b) 47.1 (a) 30.5(a) 21.0(b) 15.6(b) 

double-Vee—reinforcement off. 

Fatigue strengths of fillet welds of various arrangements in specimens designed for failure in the welds 

(a) Fillet-welded lap joints—^-in. transverse welds. 30.3 
Failure in welds 

(b) Fillet-welded lap joints—^-in. longitudinal 
welds. Failure in welds 

(c) Fillet-welded lap joints—^-in. transverse and 
longitudinal welds. Failure in welds 

(d) Tee joints—^-in. fillet welds. Failure in welds. 
(e) Moment connectors—^-in. vertical fillet welds. 

Failure in welds 

Fatigue strengths of rolled beams with lateral connection plates attached to the tension flanges 

(f) Beams with welded attachments. Longitudinal 24.4 13.6 — — 
welds 

(g) Beams with welded attachments. Transverse 19.2 12.2 — — 
welds 

Fatigue strengths of welded beams and girders 

(h) Rolled beams, 12-in., 31.8-lb I, with continuously 22.8 12.0 — — 
welded, partial-length cover plates, 4 x ^-in., 
and |-in. transverse fillet welds across square 
ends of cover plates 

(i) Rolled beams, 12-in., 31.8-lb I, with continuously 41.1 22.8 — — 
welded, full-length cover plates 4 x ^-in. top 
plate and 6 x f-in. bottom plate, ^-in. fillet 
welds 

(j) Built-up girders with continuous web-to-flange .46.7 17.6 — — 
fillet welds and with middle stiffeners welded 
only to compression flange and upper half of 
web 

Fatigue strengths of plug- and slot-welded joints (stresses given are those in welds) 

(k) Plug welds—weld failure 23.1 12.6 11.3 6.5 
(1) Slot welds—transverse (balanced design for 20.0 10.2 10.0 5.3 

weld and plate failure) 
(m) Slot welds—longitudinal (balanced design for 27.9 11.1 16.1 6.1 

weld and plate failure) 

(cont.) 
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TABLE 11.2 (cont.) 

Type of joint 

0 to tension 

F 100,000 

Fatigue strength of plug-welded lap joint designed to fail in plate 
material) 

(n) Plug-welded lap joint—plate failure 26.3 
24.1 

F2,000,000 

Reversed 

F 100,000 

material (stresses given are 

10.1 
11.7 

14.2 
14.1 

F2,000,000 

those in plate 

5.3 
6.6 

Test specimens consisted of plates approximately 5 x 7 inches. 

NOTE: Recent fatigue tests in Belgium of larger built-up girders subjected to ratios of minimum to maxi-
mum stress similar to those encountered in highway bridge have revealed no detrimental effect of welding 
ends of stiffeners to tension flanges. These tests involved one million cycles of loading. The University of 
Illinois tests showed a very substantial detrimental effect of welding the load-bearing stiffeners to the tension 
areas of the rolled beams, for approximately 2 million cycles of loading, zero to maximum tension. 

FIG. 11.19. Lines of stress flow in a butt weld and lap welds. 

Lap welds have a fatigue strength considerably lower than that of butt welds. This is 
because lap welds disturb the flow of stresses more than do butt welds, as shown in 
Fig. 11.19. 

The data in Table 11.2 suggest several general rules for improving the fatigue strength 
of a welded structure: 

1. Use butt joints rather than lap joints. 
2. Avoid intermittent fillet welds. 
3. Avoid the use of joints that are inconsistent in their ability to deform locally. 
4. Do not specify excessively large fillet welds. 
5. Avoid joints at points where fatigue conditions are severe. 

11.6 Effects of Residual Stresses on Fatigue Fracture 

When compressive residual stresses exist in regions near the surface of a plate, the 
fatigue strength may be increased. An example of this is a drive shaft that has been 
induction hardened with a scanning coil covering all of the deep grooves. Fatigue 
problems with drive shafts have been reduced drastically by using this technique. 
LaBelle(1122) conducted a series of fatigue tests on actual shafts that had been processed 
to introduce compressive stresses at the stress raisers. 
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"The original shaft, made of AISI 5046 steel, was hardened and tempered to Bhn 
226 to 269.. . rolling the fillets increased the shaft's endurance limit from 40,000 to 
about 55,000 psi (28.1 kg/mm2 or 276 MN/m2 to about 38.7 kg/mm2 379 MN/m2), 
induction hardening raised it to nearly 80,000 psi (56.2 kg/mm2 or 552 MN/m2), and 
nitriding to a depth of 0.0101 in. (0.25 mm) elevated it to 118,000 psi, three times the load 
carrying capacity of the original shaft. Although the nitrided shaft was made of a different 
steel (VCM, containing 0.35 C, 1.00 Cr, 1.00 Mo, 0.65 Ni), it was hardened and tempered 
to about the same hardness as the production shaft(1 *22) and would have been expected to 
behave similarly. This large increase in endurance was brought about by nitriding the 
metal to a depth of only 0.010 in. (0.25 mm). 

How residual stresses actually affect the fatigue strength of a welded structure is still 
a matter of debate. Though some investigators have reported that the fatigue strength 
increased when specimens had compressive residual stresses, especially on the specimen 
surfaces, others believe that the residual stress has only a negligible effect on the fatigue 
strength of weldments. Ross,(1 x 23) for example, has suggested that in a good weld residual 
stresses can be ignored/1123) Hebrant(1124) has suggested that geometry affects fatigue 
behavior much more than residual stresses. But others(1125) feel that there is significant 
evidence that residual stresses affect the fatigue strength. 

In the textbook entitled Fatigue of Welded Structures, Munse(1102) summarizes as 
follows: 

"On the basis of the available data it is believed that the effects of residual stresses may differ from one 
instance to another, depending upon the materials and geometry of the members, the state of stress, the 
magnitude of applied stress, the type of stress cycle and perhaps other factors. Many of the investigations 
designed to evaluate the effects of residual stress have included tests of members that have been subjected 
to various stress-relief heat treatments. The changes in fatigue behavior resulting from these heat treat-
ments, in some cases, have been negligible, while in other investigations, the various stress-relief treatments 
have produced an increase in fatigue strength of as much as twenty percent. Since it is impossible to carry 
out a heat treatment for stress relief without altering the metallurgical and mechanical properties of 
weldment, the question always arises as to whether benefits are derived from the reduction of residual 
stresses or from the improved properties in other respects." 

Our knowledge of the relationship between residual stress and fatigue strength is 
confused because: 

1. The fatigue strength depends greatly on the condition of the surface. The effect of 
residual stress is secondary and is overshadowed by such major factors as weld 
geometry and surface irregularities. 

2. Residual stresses change during repeated loading, as will be discussed later in this 
chapter. 

3. A fatigue crack may initiate in a region containing tensile residual stresses. The 
rate of crack growth may be increased due to the existence of tensile residual 
stresses. However, when the crack grows and enters regions containing compressive 
residual stresses, the rate of crack growth may be reduced. As a result, the total 
effect of the residual stresses present on the overall crack growth may be insigni-
ficant. 

4. When residual stresses are altered by a heat treatment or peening, the metallurgical 
and mechanical properties of the metal are also changed. 

Section 8.2 briefly discusses how residual stresses in a weldment change when an 
external load is applied. Figure 8.1 shows a simple case of a longitudinal butt weld under 
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uniform tensile loading. Curve 0 shows the lateral distribution of longitudinal residual 
stress in the as-welded condition. When a uniform stress σ = σχ is applied, the stresses 
increase to those values shown by curve 1. When the load is released, residual stresses 
change to those shown by curve Γ. Curve 2' shows the distribution of residual-stresses 
that remain when the tensile stress σ = σ2, (σ2 > σ^ is released. 

What is important here is that the residual-stress distribution after this kind of cyclic 
loading is more even than the original residual-stress distribution (curve 0). As the level 
of loading increases, the residual stress distribution after each cycle becomes more even, 
that is, the effect of welding residual stress on the stress distribution decreases. 

The above is concerned with the amount of residual-stress reduction that takes place 
during one cycle of loading and unloading. The stress changes during a number of cycles 
of repeated loading are more complex, especially if a fatigue crack is formed, causing a 
stress concentration near the crack tip. 

In most of the experimental programs conducted thus far, fatigue tests have been 
made on specimens under as-welded and stress-relieved conditions, and data were 
evaluated on the basis of the S-N curve. It has been very difficult to separate the effects 
of the various factors described above. So far little information has been obtained on : 

1. How residual stresses affect the growth of a fatigue crack. 
2. How residual stresses are redistributed during repeated loading. 

With the recent development of the use of the fracture-mechanics theory to predict 
fatigue crack growth, it is hoped that more exact information can be obtained on how 
residual stresses affect the fatigue strength of weldments. 

Despite the fact that how residual stresses affect fatigue strength is still a question 
being debated by scientists, several attempts have been made to use the alternation of 
residual stress as a means of improving the fatigue strength of a weldment. These are 
discussed next. 

11.7 Some Methods of Improving the Fatigue Strength of Weldments 

The fatigue strength of weldments can be improved in a number of ways. Some 
general rules for achieving this are discussed earlier in relation to Table 11.2. Textbooks 
by Gurney(1101) and Munse(1102) discuss the subject in detail. The following pages 
discuss the use of a preferable distribution of residual stresses to improve the fatigue 
strength of weldments. It is possible to improve fatigue strength by creating residual 
compressive stresses at locations where fatigue cracks are likely to initiate (perhaps 
near notches). The following pages discuss how prior overloading, peening, local 
compression, and spot heating can affect the fatigue strength of some welded specimens. 
The information is taken primarily from the book by Gurney.(1101) 

11.7.1 Prior overloading^110l) 

If a specimen containing a stress concentration is loaded until yielding occurs at the 
notch, and the load is then removed, residual stresses will be left in the specimen. The 
sign of residual stress adjacent to a notch is opposite to that of the overload. In order to 
create compressive residual stresses adjacent to a notch it is necessary to apply a tensile 
overload. 
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(a) The fo rmat ion of 
residual stresses. 

(b) The effect of tensi le 
load on a specimen 
conta in ing residual 
stresses. 

(c) The effect of a l ternat ing 
loads on a specimen 
containing residual 
stresses. 

FIG. 11.20. The formation of residual stresses by prior overloading and the effect of subsequent 
external loading (Gurney).(1101) 

The way in which residual stresses are formed is illustrated qualitatively in Fig. 11.20. 
Suppose that, ignoring yielding, the elastic stress distribution can be represented by 
curve 1. But the actual stress distribution will be shown by curve 2 since yielding takes 
place in regions near the notch. When the load is removed, the whole specimen will 
unload elastically to leave the residual-stress distribution represented by curve 3, 
this being the result of subtracting curve 1 from curve 2. 

The behavior of such a specimen during subsequent fatigue testing under a lower 
tensile load is shown in Fig. 11.20(b). If the elastic stress distribution due to the load by 
itself can be expressed by curve 4, the final distribution is given by adding these stresses 
to the residual stress (curve 3) and is of the form shown by curve 5. During a fatigue test, 
the stress will pulsate between curves 3 and 5. 

If the specimen is subjected to an alternating load of the same range as shown in Fig. 
11.20(c), the stress changes will be between curves 5 and 5A. Stresses in regions near the 
notch remain compressive during the fatigue testing. 

Several investigators(1128) have reported that fatigue strength increased when they 
applied tensile prior loading. Figure 11.21 shows the results obtained by Harrison, 
who studied how the fatigue strength of fillet-welded steel specimens could be increased 
by prior tensile overloading. He found that the S-log N curves for specimens preloaded 
at various levels of overload stress were approximately parallel to each other. If we 
assume they are straight lines, the equation of the "as-welded" S-log N curve can be 
written 

S + K1logN = Al 

and for the preloaded S-log N curve: 
S-hX2logiV = A2. 

(11.4) 

(11.5) 



470 Analysis of Welded Structures 

30 

28 

26 

24 

20 

18 

16 

1-4 

12 

10 
10 12 1-4 16 18 20 

s,/s0 

FIG. 11.21. The effect of prior overloading on the fatigue strength of steel specimens with 
non-load-carrying fillet welds under pulsating tension loading (Gurney).(1101) 

Since K19 K2, and Αγ are constant for a given type of specimen, and A2 depends on the 
preload stress (Sl ), it follows that 

S0\K2 Kj SM2) V 
where S0 and S2 are respectively the as-welded and preloaded fatigue strengths. Hence a 
linear relationship should exist between SJS0 and S2/S0 passing through the point 
given by S1 = S2 = S0. This was approximately confirmed by Harrison's results, which 
are shown in Fig. 11.21. 

11.7.2 Peening 

Peening is a cold-working process that consists of battering the surface of the compo-
nent (usually either with a high-velocity stream of metal particles or with a tool operated 
by a pneumatic hammer), with the object of inducing compressive residual stresses in the 
surface layer. 

Nacher(1129) studied how peening affects the fatigue strength of butt and fillet welds. 
Gurney(1101) prepared Table 11.3, which summarizes the fatigue strengths of non-load-
carrying fillet welds recorded by several investigators. The results show that peening 
increases the fatigue strength of transverse and longitudinal welds. Peening with a 
pneumatic hammer fitted with a solid tool (the method that produces the most severe 
deformation) gives a substantially greater improvement than either shot peening or 

Specimens with 
longitudinal gussets 

Specimens with 
transverse gussets 

(11.6) 



T
A

B
L

E
 1

1.
3 

C
om

pa
ri

so
n 

of
 fa

tig
ue

 s
tr

en
gt

h 
(t

on
s/

in
.2 ) 

at
 2

 x
 1

06  c
yc

le
s 

fo
r 

st
ee

l 
sp

ec
im

en
s 

w
ith

 n
on

-l
oa

d-
ca

rr
yi

ng
 f

ill
et

 w
el

ds
 

af
te

r 
pe

en
in

g 
by

 v
ar

io
us

 m
et

ho
ds

 
(G

ur
ne

y)
ili

0l
) 

P
ee

ni
ng

 m
et

ho
d 

Sh
ot

 p
ee

ni
ng

 

M
ul

ti
pl

e-
w

ir
e 

ai
r 

ha
m

m
er

 

So
lid

 to
ol

 a
ir

 h
am

m
er

 

In
ve

st
ig

at
io

n 

B
ra

it
h

w
ai

te
(l

l3
0)

 

G
ur

ne
y<

11
31

) 

N
ac

h
er

(1
12

9)
 

H
ar

ri
so

n«
11

32
> 

T
ra

ns
ve

rs
e 

w
el

ds
 

F
at

ig
ue

 s
tr

en
gt

h 

A
s-

w
el

de
d 

0-
6.

5 
0-

7.
0 

0-
12

.7
 

±
9

.5
 

0-
6.

75
 

P
ee

ne
d 

0-
9.

0 
0-

9.
5 

0-
15

.3
 

±
10

.8
 

0-
12

.5
 

In
cr

ea
se

 
(%

) 
In

ve
st

ig
at

io
n 

39
 

36
 

20
 

14
 

85
 

B
ra

it
h

w
ai

te
(1

13
0)

 

G
u

rn
ey

(U
3

1
) 

N
ac

h
er

(1
1

2
9

) 

G
u

ra
ey

(U
3

3
) 

L
on

gi
tu

di
na

l 
w

el
ds

 

F
at

ig
ue

 s
tr

en
gt

h 

A
s-

w
el

de
d 

0-
7.

5 
0-

5.
5 

0-
8.

2 

0-
7.

1 

0-
5.

75
 

P
ee

ne
d 

0-
8.

75
 

0-
6.

75
 

0-
9.

9 

0-
10

.8
 

0-
11

 

In
cr

ea
se

 
(%

) 

17
 

22
 

20
 

52
 

91
 

The Fatigue Fracture of Weldments 471 



472 Analysis of Welded Structures 

1 1 ' ' ' ' 

H — 

1 "̂ * 

l L 1 1 1 1 

\ 
\ NA 

\ 

\ 
! 

vj 

1 1 1 1 1 

V lX 

ί 

I 

— 

\ X1 

ι·ν 

1 \ 
1 
i i \ 

Peened 

\ , 

i ! A · 
As welded 

! 

_J _ _ .. 

7^~L 
™ir 
__ H: 1 1 1_1_U 

• — 

1 
I 

1 

I 
— 

<K-

1 ! 

1 ' 

! J J 
M 

■ M l l l l I ' ' I I i ■ i i I 

105 106 

FIG. 11.22. The effect of hammer peening on the fatigue strength of mild steel with non-load-
carrying transverse fillet welds (Gurney).(1101) 

peening with a multiple-wire hammer. There is insufScient evidence to determine which 
is the more benefical of these latter two processes. 

Gurney(1101) stated that peening would increase the strength in a way similar to that 
found in non-load-carrying fillet-welded joints, at least for failures initiating at the weld 
toe. 

Figure 11.22 shows examples of the test data in Table 11.3. In his work on transverse 
fillet-welded specimens Harrison0132) tested a few specimens that had been peened and 
subsequently stress relieved. These gave a fatigue strength at 2 x 106 cycles of about 
8^ tons/in. (13.0 kg/mm2 or 127 MN/m2) which represents a 20% increase in strength as 
compared with the 85% increase due to the peening without subsequent stress relief 
shown in Fig. 11.22. The fact that the S-N curves that he obtained for as-welded and 
peened specimens tend to coincide near the yield stress of the material can be interpreted 
as evidence that the increase in the fatigue strength is largely the result of beneficial 
residual stresses. 

11.7.3 Local compression and spot heating 

Residual stresses can be produced using local compression and spot heating. Figure 
11.23(a) shows the principle of local compression. When the dies are put under a com-
pression load, the material between the dies expands in the lateral direction causing 
residual stresses as shown in Fig. 11.23(b). 
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FIG. 11.23. Local compression technique (Gurney)(110l) 

In spot heating, the structure is heated locally, usually with a gas torch, so as to 
produce local yielding resulting in compressive thermal stresses. When the locally 
heated metal cools it shrinks, causing residual stresses as shown in Fig. 11.24. This 
residual stress distribution is very similar to that caused by spot welding (see Fig. 6.12). 
The stress distributions shown in Figs. 11.23 and 11.24 are reversed. 

These residual stresses can be used for improving the fatigue strength of a weldment. 
The basic principle is to produce compressive residual stresses in those local areas, 
especially near notches, where fatigue cracks are likely to initiate. Several investigators, 
including Puchner(1134'1135) and Gurney and Trepka,(1136'1137) have conducted ex-

a. 
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FIG. 11.24. Qualitative residual stress distribution due to spot heating. 
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FIG. 11.25. Results of fatigue tests carried out to demonstrate that the increase in strength 
resulting from spot heating is due to the influence of residual stress (Gurney).(1101) 
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tensive studies on this subject.(1101) As an example, Fig. 11.25 shows experimental results 
on spot heating. Several locations near the ends of a vertical plate fillet welded to a 
plate were spot heated. 

By spot heating in the positions indicated in Fig. 11.25(b) compressive residual stresses 
were induced at the notches at the ends of the weld and a 53% increase in strength was 
obtained. But when spot heating was done at the center line of the specimen 
(Fig. 11.25(a)), even though the distance from the notch was the same and the same 
metallurgical effect produced, the residual stresses were tensile, and the fatigue strength 
measured was the same as for an untreated specimen.1 This indicates that the strength 
increase is due to residual stresses. 

11.7.4 Comparison of improvement techniques 

Figures 11.26 and 11.27 compare how various improvement techniques affect the 
fatigue strength of transverse and longitudinal fillet welds, respectively. The mild steel 
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FIG. 11.26. Comparison of improvement methods for mild steel specimens with transverse 
non-load-carrying fillet welds (Gurney).(1101) 

f In the practical application of these techniques, sometimes they work and at other times they do not, as 
shown in Fig. 11.25. The designer or fabricator must know under what conditions the techniques work and 
must know how to control the practical procedures. Using fracture-mechanics theories, Nakamura(1138) 

analyzed how residual stresses affect fatigue-crack growth. His results, because they have not been verified by 
experiments, are not presented here. 
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FIG. 11.27. Comparison of improvement methods for mild steel specimens with longitudinal 
non-load-carrying fillet welds (Gurney).(1101) 

specimens were tested at the British Welding Research Association. After being subjected 
to prior overloading the specimens were stressed at 15 tons/in.2 before fatigue testing. 
The main conclusions were drawn as follows: 

1. The fatigue strength can be significantly improved using these techniques, especially 
when the applied stresses and the number of cycles are high. 

2. If the stress is high and the endurance is relatively short, grinding is likely to prove 
more satisfactory than any other techniques. 
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CHAPTER 12 

The Role of Residual Stress in 
Stress Corrosion Cracking and 
Hydrogen Embrittlement 

WELDED structures are often exposed to environments which cause material 
embrittlement. Various technical terms are used to describe embrittlement caused by 
different environments as follows/102,905) 

1. Stress corrosion cracking which occurs in materials under static or slowly increasing 
load in the presence of certain corrosive environments.(905) 

2. Hydrogen embrittlement which occurs in certain materials containing 
hydrogen/905* 

3. Liquid metal embrittlement which occurs in materials under static or slowly 
increasing load, in the presence of particular liquids/905) For example, certain 
aluminum alloys become brittle when they are wetted by mercury and certain 
steels become brittle when they are exposed to liquid lithium/1201) 

4. Neutron irradiation embrittlement which occurs in certain materials after exposure 
to neutron irradiation. The nature of the embrittlement varies from one class of 
materials to another/905) 

There are a number of books which discuss the above subjects/201'905'1202'1203) When 
the material is severely embrittled, fracture may even occur by residual stresses alone. 
This chapter first presents brief discussions on stress corrosion cracking and hydrogen 
embrittlement. Then discussions are given on the role of residual stresses in stress cor-
rosion cracking and hydrogen embrittlement of weldments. No further discussions are 
given on liquid metal embrittlement and neutron irradiation embrittlement which are 
much less common. The analyses presented in Section 12.4 should be applicable in the 
study of effects of residual stresses in weldments embrittlement by the existence of certain 
liquid metals or neutron irradiation. 

12.1 Stress Corrosion Cracking(102) 

Stress corrosion cracking differs from other types of metal attacks in that it is a form of 
localized failure that is more severe. This is due to the combined action of stress and 
corrosion, an effect greater than would be expected from the sum of the individual 
effects of stress and corrosion acting alone. Stress corrosion cracking is the brittle 
fracture of a material that is otherwise ductile. The surface direction of the cracks is 
perpendicular to the direction of the load/1203) Stress corrosion cracking should not be 
confused with other types of localized attack, such as pitting, galvanic attack, intergranu-
lar corrosion, impingement, or cavitation. 

478 
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TABLE 12.1 Materials and environment which cause stress corrosion cracking1102'1203) 

Material Environment 

Aluminum Air, sea water, sodium chloride solutions 

Copper-base alloys Ammonia, steam 

Steel Alkalies, nitrates, hydrogen cyanide, hydrogen sulfate, anhydrous 
liquid ammonia, sodium chloride solutions, marine atmosphere 

Stainless steels Caustic, chloride solutions 

PH stainless steels Chloride solutions, marine atmosphere 

Magnesium-base alloys Chloride-chromate mixture, moisture 

Nickel (commercial purity) Aqueous or fused caustic at elevated temperature 

Monel, Inconel HF vapors 

Titanium alloys Red fuming nitric acid, HC1, dry molten chloride salts, salt water 

Alloys. Pure metals, it is generally believed, do not crack as a result of stress corrosion. 
However, alloys prepared from pure metal can crack. In recent studies, cracking resistan-
ce has been improved through the use of extremely pure metals in the alloy. Some 
alloys in a particular base-metal system are more resistant to cracking than others. 
Such metals include aluminum, copper, and magnesium-base alloys. In these cases, 
cracking resistance improves as the alloy content is reduced and the composition appro-
aches that of a pure metal.(1203) 

Environment. The corrosivity of a chemical medium cannot be used as an indication 
of how much it will promote corrosion cracking. Many rather corrosive solutions do not 
cause cracking. In fact, the environments that are most conducive to stress-corrosion 
cracking in some of the more common metals and alloys are shown in Table 12.1. 

12.2 Hydrogen Embrittlement 

Hydrogen embrittlement is one of the most common and serious types of time-
dependent fracture.(905) In laboratory testing, the presence of hydrogen results in a 
decrease in the ductility of unnotched tensile specimens and hence a decrease in the 
tensile strength of notched specimens. In service, failure can occur without warning 
minutes to years after a static load has been applied to a structure containing hydrogen. 

The most spectacular and expensive failures have occurred in the petroleum industry, 
particularly in sour gas wells (containing H2S) producing natural gas. Numerous 
failures of cadmium-plated, high-strength steel parts (hydrogen being introduced during 
electroplating) have plagued the aircraft industry. 

Besides steels, which have a body centered cubic (BCC) crystal structure, titanium and 
zirconium and their alloys also are susceptible to hydrogen embrittlement. The hydrogen 
can be introduced into these materials during processing, cleaning (acid pickling), 
and electroplating operations. 

There are two characteristics of hydrogen embrittlement. First, it is not a form of 
stress corrosion cracking. In fact, fracture often occurs when the metal serves, or has 
served, as a cathode during electroplating or in a cathodic "protection" operation. 
Second, embrittlement results from hydrogen contents that are greater than the equili-
brium solubility limit (about 10" 3 ppm by weight in iron and 20-30 ppm in Ti and Zr at 
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FIG. 12.1. Hydrogen-induced delayed-fracture characteristics of various steels (Masubuchi 
and Martin).(442) 

Note: Curves are estimated from results obtained by Simcoe, et α/.(1204) The commercial 
high-strength structural steel is identified above as Steel T. Table 12.2 contains approxi-

mate tensile strengths of these steels. 

room temperature at one atmosphere hydrogen pressure). The excess hydrogen that 
causes embrittlement can be as low as 1 ppm in high-strength steel, and 35 ppm in Ti 
and Zr. 

Figure 12.1 shows the hydrogen-induced delayed-fracture characteristics of various 
steels.(442) Curves in the figure were estimated by Martin and Masubuchi(442) from 
experimental results conducted by Simcoe and others(1204) on SAE 4340 steel quenched 
and tempered at high-strength levels. 

Figure 12.1 shows steels general tendency to become more susceptible to hydrogen 
cracking as the strength level increases. For example, SAE 4340 steel oil quenched and 
tempered at 500° F (260° C) has the tensile strength of about 260,000 psi (183 kg/mm2 

or 1792 MN/m2). If hydrogen is charged to this steel while it is being subjected to a tensile 
stress of 80,000 psi (56.2 kg/mm2 or 276 MN/m2) it takes about 15 minutes before it 
fractures. When the steel subjected to stress and hydrogen is at a lower strength level 
it takes a, longer time before it fractures. For example, when HY-80 steel is subjected to a 
tensile stress of 80,000 psi (56.2 kg/mm2 or 55 MN/m2) it takes about 400 minutes 
before it fractures. 

12.3 Role of Residual Stresses in the Stress Corrosion Cracking and 
the Hydrogen-induced Cracking of Weldments 

As stated in Section 8.2, residual stress significantly affects those phenomena that 
occur under a low applied stress. Since stress corrosion cracking and hydrogen-induced 
cracking of a weldment can occur without any external loading, residual stresses signi-
ficantly affect stress corrosion cracking and hydrogen-induced cracking. 
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Stress corrosion cracks can occur in weldments in various materials and in different 

environments. Stress corrosion cracks due to H2S have been found in a number of 
welded petroleum products storage tanks made of high-strength steels.*905) 

McKinsey(443) found a system of transverse cracks in a steel butt weld located in a 
boiling concentrated nitrate solution. Toy and Phillips*1205) reported the stress corro-
sion cracking of maraging steel weldments in air and pentaborane. Stress corrosion 
cracks also occur during the heat treatment of titanium weldments in the presence of 
chlorinated hydrocarbons, often found in cleaning agents/1206) 

It is well known that hydrogen causes delayed cracking in steel weldments, especially 
in those made in high-strength steel. Hydrogen-induced cracking also occurs in titanium 
welds. 

Some investigators have even used stress corrosion cracks and hydrogen-induced 
cracks to study the residual stresses in weldments, as described in Section 4.5. 
Radeker(444) studied the use of stress corrosion cracking as a method to prove the 
existence of residual stresses in a steel weldment. 

A study was made at Battelle Memorial Institute of the hydrogen-induced cracking 
and stress corrosion cracking of steel weldments.(442) The primary objective of the study 
was to determine whether a hydrogen-cracking technique could be used to determine 
residual-stress distributions in weldments, especially complex weldments. In addition to 
experiments, analytical studies were done of the relationship between residual stresses 
and crack patterns. The analytical technique that was developed should prove useful 
in the study of various types of weld cracking. 

The Battelle technique has been described briefly in an earlier part of this text (Section 
4.5.1). The following pages present additional information on the experimental results. 
The results of the analytical study are presented in Section 12.5. 

Experimental hydrogen-induced cracking tests were done on forty-five weldments in 
mild steel, HY-80 steel, a commercial high-strength structural steel, and SAE 4340 steel. 
Table 12.2 summarizes the experimental results, which can be stated as follows : 

1. Mild steel was immune to hydrogen embrittlement. Of the six specimens that were 
charged with hydrogen up to 379 hours, only very small cracks were observed and 
then only in two specimens. No cracks were observed in the other four specimens 
which had been hydrogen charged up to 126^ hours. 

2. As the strength level of the steel increased, the weldments became more susceptible 
to hydrogen embrittlement. 

3. Weldments made in SAE 4340 steel quenched and tempered at a very high strength 
level were very susceptible to hydrogen embrittlement. Extensive cracks were 
obtained in all specimens except the one that had been mechanically stress relieved. 
Cracks were found after only a few hours of hydrogen charging. 

4. Cracks were also found in weldments exposed to a boiling aqueous solution 
consisting of 60% Ca (N03)2 and 4% NH4N03. 

Figures 4.16, 4.17, and 4.18 show crack patterns obtained in some specimens. 
Figure 4.16 is a typical crack pattern in a simple butt weld. A system of transverse 

cracks has been obtained. The transverse cracks have apparently been caused by the 
high-tensile residual stresses that are present in the vicinity of the weld. The lengths of 
the cracks are uniform in the central portion of the weld but gradually decrease in length 
in regions several inches from the edge of the plate and no cracks are found near the 
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TABLE 12.2 Summary of results of hydrogen-induced-cracking tests on welded specimens made 
from various materials 

Approx. 
tensile Number of Plate Hydrogen 

strength specimens thickness charging 
Base plate and heat treatment (psi) tested (in.) period (hr) Summary of test results 

1. Mild steel 75,000 

2. HY-80 (quenched and tempered) 100,000 

| to 2 Up to 379 Very small cracks in the 
heat-affected zone of two 
specimens, but no cracks 
in four other specimens 
hydrogen charged up to 
126fhr 

\ to 2 Up to 216 Small cracks in two 
specimens, but no cracks 
in two other specimens 

3. Commercial high-strength 
structural steel water quenched 
and tempered at 1150° F 

4. Commercial high-strength 
structural steel water quenched 
and tempered at 350° F 

5. SAE 4340 steel (as rolled) 

6. SAE 4340 steel (oil quenched 
and tempered at 1100°F) 

7. SAE 4340 steel (oil quenched 
and tempered at 750° F) 

8. SAE 4340 steel (oil quenched 
and tempered at 600° F) 

9. SAE 4340 steel (oil quenched 
and tempered at 500° F) 

120,000 

150,000 

150,000 

175,000 

220,000 

240,000 

260,000 

1 

5 

1 
1 

1 

1 

25 

3 
4 

1 3 
2 ' 4 

3 
4 
1(a) 
2 

1(e) 
2 

3 
4 

> ! 

4 

Up 

14 

6| 

6 

1 

Up 

to 24 

to 16 

No cracking 

Several cracks were 
found in three specimens 

No cracking 

Several transverse cracks 

Fairly systematic cracks 

Systematic cracks 

Extensive cracks in all 
specimens except one 
which had been mechani-
cally stress relieved ; 
cracks were found after 
hydrogen charging for a 
few hours or less 

(a) Ground from f to \ in. thick. 

plate edge. The results indicate that longitudinal residual stresses are less significant in 
regions near the plate edge. 

Tests have also been made on various complex weldments. Systematic crack patterns 
that can be related to residual stress distributions have been obtained in specimens 
made in SAE 4330 steel oil quenched and tempered at 500° F (260 °C). Figure 4.17 
shows the crack pattern obtained on a specimen that simulated a panel structure compos-
ed of longitudinal and transverse frames fillet welded to a bottom plate. 

12.4 Analysis of Crack Pattern 

Masubuchi and Martin(442) have developed a mathematical analysis based upon the 
fracture mechanics theory to determine the relationship between the residual stress 
distribution and the crack pattern. 
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12.4.1 General theory of crack pattern 

A study has been made to develop a general crack-pattern theory produced in a solid 
containing residual stress by modifying the Griffith-Irwin fracture mechanics theory. 
However, there is a basic difference between subjects discussed in this crack-pattern 
theory and ordinary fracture-mechanics theory. In the crack-pattern theory, the major 
concern is to determine the crack pattern that is stable. In fracture-mechanics theory, 
on the other hand, the major concern is to determine what conditions produce unstable 
fractures. Another important problem in the crack-pattern theory is that it is essential to 
assume that residual stresses are not uniformly distributed in the solid. The crack may 
be curved, and there may be more than one crack. 

When a crack occurs in a solid containing residual stresses, new surfaces appear and 
the residual stresses that existed in regions near the crack are partially released. If the 
decrease in residual stress-strain energy due to the strain release is greater than the 
energy required to produce the new surfaces, a crack will form since the total energy of the 
solid decreases due to the occurrence of the crack. 

The increase of surface energy depends on the properties of the material and is con-
sidered proportional to the surface area of the crack. When a crack of length / (between 
A and B in Fig. 12.2) occurs in a plate of uniform thickness, the increase of surface energy 
per unit plate thickness, Ws, is given by: 

Ws = 2pl 

= 2p I ds (12.1) 

where Ws = energy required to produce the new surface, 
p = amount of energy required to produce a surface of unit area 

as = yjdx2 + dy2 = line element. 

The major characteristics of the residual stress changes that take place during the 
formation of the crack are: 

1. Since residual stresses are released due to cracking, the stress changes are consi-

General view 

FIG. 12.2. Occurrence of a crack in a body containing residual stress. 
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dered elastic even when the pre-existing residual stresses are caused by plastic 
deformation 

2. If the crack surface remains free from stress after cracking, the normal and shearing 
stresses that were acting along the crack will be fully released. 

Consequently, the decrease in elastic-strain energy of residual stresses per unit thickness 
due to the occurrence of the crack, We, can be determined from knowing (1) the residual 
stresses that were acting along the crack before cracking and (2) the relative displacement 
of both sides of the crack or the crack opening, as follows. 

re 
W = ïKfrJ+Φ,]}* (12.2) 

where We = decrease in elastic strain energy, 
ση,τ = normal and shearing residual stresses, respectively, that were acting 

along the crack, 
[un], [vt~\ = relative displacements of both sides of the crack in the normal 

and tangential directions, respectively. 

The decrease in the total energy of the system, U, is: 
U = We - Ws. (12.3) 

Since the stress changes due to cracking are considered elastic, the relationship between 
the residual stress along the crack, (ση, τ), and the crack opening, ([u„], [tfj), can be 
determined analytically as a problem of the theory of elasticity. Masubuchi and 
Martin(1207) have conducted an analysis of stress changes due to crack formation. Conse-
quently, the decrease in total energy, U, can be calculated when the path of the crack 
and the residual stresses that were acting along the crack are known. 

The stability of a crack is now considered. First of all, the value of U must be positive if 
a crack is to form. However, there may be many different crack paths between two points, 
A and J5, as shown by Lx, L^ ..., in Fig. 12.3(a), that can satisfy this condition. Different 
values of the energy decrease Ul,U2,... will be produced by these different crack paths. 
One crack path may result in a larger value of U than another crack path does. The 
crack path that produces the largest decrease in total energy is likely to be the preferred 
path between A and B. The crack also will extend as long as U is increased by the increase 
in crack length [(dU/dl) > 0]. The crack will stop when dU/dl = 0. The above-mentioned 
conditions are shown schematically in Fig. 12.3(b). Relationships between the length of 
crack and energy decrease, (/, are shown for different crack paths. The crack path 
(including crack length) that corresponds to point X is more stable than other paths. 

The discussion thus far has been about a crack between A and B. The analysis can be 
extended to a group of cracks. The crack pattern that produces the maximum value of U 
is the one that is most likely to occur. Further analyses have been made of the following 
simple crack patterns: 

1. Transverse cracks as shown in Fig. 4.16. 
2. Circular and radial cracks in radially symmetric stress fields. 

The following pages describe the analysis of transverse cracks in welds. 

Even when a material is in the plastic state, the strain change during unloading is elastic. 



Corrosion Cracking and Hydrogen Embrittlement 485 

a. Different Crack Paths 
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b. Changes of Energy Decrease Due to Cracking, U, for Cracks 
Which Have Different Paths and Different Lengths 

FIG. 12.3. Determination of the most stable crack. 

12.4.2 Analysis of transverse cracks in welds 

It was found in the experimental investigation that typical hydrogen-induced cracks 
are short, transverse, and adjacent to the weld, as shown in Fig. 4.16. It was also found 
that the properties of the material affected that crack pattern. When the material was 
embrittled severely by hydrogen charging, extensive cracks formed. When the material 
was embrittled less the cracks were less predominant or shorter and more widely spaced. 
When the material was tough beyond a certain limit, no cracks were produced during 
or after hydrogen charging. 

The typical transverse cracks observed in most weldments were short, parallel, of 
about equal length, and spaced at about equal intervals. The results indicate that the 
distribution of longitudinal residual stresses has the following characteristics: 

1. High tensile stresses exist in narrow regions on both sides of the weld. 
2. The distribution of residual stresses along the weld is uniform except in regions 

near the end of the weld. 

These characteristics have been proven in actual residual stress measurements (see 
Figs. 6.25 and 6.26). 

On the basis of the experimental findings, analyses have been made for cracks in an 
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Curve AA '· Arbitrary distribution 2 

Curve Β Β · . σ ο . < τ ο { , - ( . ϊ . ) 2 } β - ^ ) 

a. Distributions of Longitudinal Residual Stress <ry0 

b. Straight Single Crack c. Parallel Cracks 

FIG. 12.4. Residual stresses ay0 =f(x) and transverse cracks. 

infinite plate caused by the residual stresses as shown by curve A A in Fig. 12.4(a). 
It is assumed that residual stresses in the ̂ -direction σγ0 =f(x) vary along the x-direction 
but are uniform in the y-direction. Two types of transverse cracks were analyzed: 

1. A straight single crack, as shown in Fig. 12.4(b). 
2. Parallel cracks with equal length and equal spacing, as shown in Fig. 12.4(c). 
A straight, single crack can be analyzed as described in Section 10.5.1. The analysis 

of parallel cracks is described in the following pages. 
Analysis of parallel cracks. First, the residual stresses that exist along the crack before 

cracking are expressed by a modified series as follows: 

r, , E £ „ sin nö 
n — l 

where E = Young's modulus, 
l = 2c = crack length, 
Θ = parameter which expresses the position x, cos Θ = x/c. 

(12.4) 

B = coefficient 
41 1 f" 

sin ηθ sin Θ dö. (12.5) 
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For a given stress distribution, ay0, and crack length, /, a series of coefficients 
Bi9 B2, B3,...can be determined by conducting the integrations given in eqn. (12.5) 
from Θ = 0(x = c) to Θ = π(χ = - c). 

The opening of the crack in the y-direction, [u], also can be expressed in a Fourier 
series as follows: 

[»]= fXsinnf l . (12.6) 

Equation (12.6) satisfies the condition that the crack must be closed at both ends of the 
crack; i.e. [v~\ = 0 at x = ± c or Θ = 0 and π. 

Equations (12.4) and (12.6) are essentially the same as eqns. (10.43) and (10.42), res-
pectively. In the case of a single crack: 

4 , = BB. (12.7) 
Then eqns. (12.4) and (12.6) become identical with eqns. (10.43) and (10.42), respectively, 
or the analysis described in Section 10.6.1 can be used. 

In the case of a system of parallel cracks, as shown in Fig. 12.4(c), the following rela-
tionship exists between coefficients Bn and An : 

An=îynJBj 

where v . is an inverse matrix of matrix ß . : 
' nj ' nj 

ß . = a . + δ ., 
/ n i m ' n i ' 

«-.; = - ) ( - ) sin Θ sin ηθ rfÖ cosjff (cos ff - cos Θ). 

TT212 d ö ' > 
Ä (cosfl'-cosÖ)2 + 3w2A 

L=i {(cos θ' -cos ö)2 + m2 A2 } 2 (12.10) 

δ =ί1(η=Λ 
ni \θ(ηφ]). 

In order to determine values of A t, A2, A3,... for given values of Bt, B2, B3,... values of 
<xnJ and ynj must be known. Numerical computations of ccnj and ynj have been done for 
several combinations of the crack interval-to-crack length ratio, λ = p/l. 

The strain energy released by each of the parallel cracks, Wei,is given by: 

The decrease in total energy caused by the occurrence of each crack, U1,is given by : 

Ul = Wtl - 2pl. (12.12) 

(12.8) 

(12.9) 

(12.11) 
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The energy decrease per unit length in the y-direction, £7, is given by: 

Ü = -U1. (12.13) 

The combination of / and p that gives the maximum value of Ü determines the crack 
pattern. 

Numerical analyses. Numerical analyses have been made of stress distributions 
mathematically expressed by the two following equations: 

(1) Modified parabolic stress distribution 

V = ^ l - ( y ) 2 } e - ( 1 / 2 , W / ) 2 (12.14) 

(2) Parabolic stress distribution 

V = * o { l - ( f ) 2 } (12-15) 

where σ0 = maximum stress at the weld center, 
b = 2f= width of the tension zone of residual stress. 

The stress distribution given by eqn. (12.14) is shown by curve BB in Fig. 12.4(a), which 
represents the residual-distortion in a weld with reasonable accuracy.* Curve CC in 
Fig. 12.4(a) shows the stress distribution given by eqn. (12.15); the parabolic stress 
distribution was used in an analysis of short transverse cracks, and the modified 
parabolic-stress distribution was used in an analysis of a crack that extended into the 
region where residual stresses were originally compressive. 

A dimensionless parameter, μ, the "relative toughness of a weldment (against trans-
verse cracking)", has been introduced to characterize the hydrogen-induced cracking 
tendency of a weldment. The parameter is determined by the residual-stress distribution 
and the properties of the material as follows : 

"-(e)" (1116) 
where Kc = critical stress intensity factor of the material, see eqn. (10.20), 

σ0 = maximum longitudinal residual stress at the weld center, 
b = 2f = width of the tension zone of longitudinal residual stresses. 

Kw is a parameter determined by the residual-stress distribution Masubuchi and 
Martin designated Kw the "effective stress intensity factor of the weldment". When the 
material has a greater fracture toughness, the value of μ increases; therefore 
μ may be called the "relative toughness of the weldment". 

fThe stress distribution given by eqn. (12.14) satisfies the following equilibrium conditions required for 
residual stresses : 

ayOdx = 0, I σγΟχάχ = 0. 
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TABLE 12.3 Summary of results of residual-stress measurements 

Specimen 
code Type of 

number steel 

OM1 ' 

TM1 

3CM , 

Rl 

SI 

S2 

T41 

3C41 

> Mild steel 

► SAE 4340 

Joint type (specimen size) 

Buttjoint(a) 

j x 12 x 16 in. 

Buttjoint(d) 

| x 24 x 38 in. 

Complex welded structure 
(bottom plate: ^ x 16 x 24 

Buttjoint(a) 

| x 12 x 16 in. 

Buttjoint(c) 

| x 12 x 16 in. 

Buttjoint(<0 

| x 18 x 32 in. 

Buttjoint(<,) 

| x 24 x 38 in. 

Complex welded structure 
(bottom plate: -fa x 16 x 
24 in.) 

Maximum stress 
in or near the 

weld, σ0 

(approximately) 
(psi) 

60,000 

50,000 

45,000(e) 

n.) 

51,000 

52,000 

45,000(/) 

61,000 

75,000(e) 

Width of 
residual-

stress 
tension 

zone b (in.) 

4 

3 

3(e) 

3 

3 

3 

6 

2.5(e) 

Kw = Jîa0^b 

151,000 

109,000 

98,000 

111,000 

113,000 

98,000 

188,000 

149,000 

Notes: (a)The specimens were ground for f in to \ in. thick. 
{b) Weld reinforcements were ground to form flash specimen surfaces. 
(c) Weld reinforcement was not ground. 
id) Weld reinforcements were ground partially. 
{e) Values for the transverse section through the center of the longitudinal frame. 
( / ) Estimated value. 

The following results have been obtained: 

1. A series of cracks result when the /x-value of a weldment is smaller than approxi-
mately 0.02. 

2. No crack results when the μ-value is larger than about 0.3. The critical value of μ 
is 0.29 for the parabolic stress distribution and 0.25 for the modified parabolic stress 
distribution. 

3. The length of the stable serial cracks is approximately the same as the width of the 
tension zone. 

4. When a weldment is extremely brittle, with a μ-value of approximately 0.01, 
one or a few cracks of a series of cracks can easily penetrate into the region where 
residual stresses were originally compressive. 

The results indicate that there are limitations on the properties of the material to be 
used in the hydrogen-induced-cracking test. The μ-value of a weldment before hydrogen 
charging must be larger than approximately 0.3, otherwise cracking may occur without 
hydrogen charging. The μ-value of the weldment, however, must decrease to about 0.02 
during hydrogen charging in order for systematic cracks to occur. After the hydrogen 
cracks begin to form, it is best not to charge for too long a time, since cracks may grow 
beyond the stable crack length. 
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Analysis of experimental results. Masubuchi and Martin(442) analyzed the experimen-
tal results. 

First, the values of Kc before and after hydrogen charging were determined. On the 
basis of existing data, the Kc value of the SAE 4340 steel, oil-quenched and tempered at 
500° F (260 °C) without hydrogen embrittlement, was estimated to be approximately 
175,000 psiv/ïiL (620 kgv/mm/mm2).(442·1014) In a separate experiment the Kc value of 
the material after hydrogen charging was found to be 16,800 psi>/irT.(59kg^/mm/mm2). 

Table 12.3 summarizes the results of residual-stress measurements^ The Kw values of 
SAE 4340 steel welds \ to f in. (12 to 16 mm) thick were about 100,000 to 200,000 psi 
^/in. (354 to 709 kg ̂ mm/min2). Then, μ values of the weldments were determined 
as follows : 

As-welded Hydrogen-embrittled 
Kw, psi Vin. (Kc = 175,000 psi ̂ /ïn.) (Kc = 16,800 psi ̂ /in.) 

100,000 3.1 0.028 
150,000 1.4 0.013 
200,000 0.77 0.007 

The μ-values were larger than 0.3 in the as-welded condition and about 0.02 or lower 
in the hydrogen-induced-cracking technique. The results show that the hydrogen 
cracking technique should work effectively on weldments made in SAE 4340 steel oil 
quenched and tempered at 500° F (260° C). 
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CHAPTER 13 

Effects of Distortion and 
Residual Stresses on Buckling 
Strength of Welded Structures 

FAILURES due to instability, or buckling, sometimes occur in metal structures 
composed of slender bars and/or thin plates when they are subjected to compressive 
axial loading, bending, and/or torsional loading. It is known that residual compressive 
stresses decrease the buckling strength of a metal structure. Initial distortions caused by 
residual stresses also decrease the buckling strength. Presented in Section 8.4 are pre-
liminary discussions on effects of initial distortion and residual stresses on buckling. 
The following pages discuss briefly: 

1. Columns under compressive loading. 
2. Plates and plate structures under compressive loading. 
3. Corrugation damage of welded ships and allowable distortion of ship bottom 

plating. 
4. Spherical and cylindrical shells subjected to external pressure. 

Numerous studies have been made on the general subject of effects of initial distortion 
and residual stresses on buckling; however, only a small portion of these studies is 
concerned specifically with the effects of distortion and residual stresses on the buckling 
strength of welded structures. 

This chapter discusses effects of distortion and residual stresses on buckling strengths 
of welded structures. We face a problem, however. The analysis of buckling strength of a 
structure, especially beyond yielding, is very complex by itself. The inclusion of effects 
of initial distortion and residual stresses on plastic buckling of a welded structure 
requires very extensive mathematical analyses. To avoid too lengthy analyses, this 
chapter provides a summary of pertinent experimental and analytical studies with 
limited analytical derivations. The WRC Bulletin 174 written by Masubuchi(501) is 
frequently used as a reference. 

For those who need more detailed information on the general subject of buckling, 
references (1301)—(1303) are recommended. References (1304) through (1308) contain 
detailed information on buckling strength of welded structures. 

Many publications discuss effects of initial distortion and residual stresses, not 
necessarily caused by welding, on buckling. They are also listed as references. References 
(1309) through (1322) cover columns and bars, references (1323) through (1339) cover 
plates and plate structures, and references (1340) through (1368) cover cylindrical 
and spherical shells. 

491 
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13.1 Columns under Compressive Loading*50n 

Instability of built-up columns has been studied by a number of investigators 
analytically, as well as experimentally. As shown in Fig. 8.8, compressive residual 
stresses decrease, under certain conditions, the proportional limit of a fabricated column. 

The effects of residual stresses on buckling strength of straight columns, mostly 
made of steel, have been studied by Osgood,(804'1304) Tall et α/,(1369) Horne(1370) 

Kihara and Fujita,(1371) and other investigators/1372) It has been found that residual 
stresses can significantly reduce the buckling strength of columns. 

If the column also has initial distortion, its buckling strength will be reduced further. 
Fujita(1373) conducted a mathematical analysis of the buckling strength of a column 
having both residual stresses and initial distortion. 

The following pages discuss buckling strength of welded straight columns (no distor-
tion) in steel and aluminum. Discussions on welded columns in heat-treated aluminum 
alloy are complicated, because we must consider the effects of partial annealing of the 
material in the vicinity of the weld, as well as residual stresses. 

13.1.1 Welded steel columns 

Figure 13.1 shows buckling strengths of steel I-beams built up by welding under 
compressive axial loading. It shows the relationship between the slenderness ratio of 
specimen, L/r (L is the specimen length and r is the radius of gyration), and the ratio of 
the critical stress to the yield strength of the material. Curves PQR and ST show distri-
butions in the flange and web plate, respectively, of residual stresses in the longitudinal 
direction of an as-welded column. Welded joints between the web and flange plates 
caused residual tensile stresses in areas near the weld and compressive stresses in outer 
areas of the flanges and in the web plate. Curve AB shows the buckling strengths of 
as-welded columns, while curve CDE shows the buckling strengths of stress-relieved 

40 60 80 100 120 
SLENDERNESS RATIO, L/r 

160 

FIG. 13.1. Effects of residual stresses on buckling strength of columns (Kihara and Fujita).( 
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specimens and specimens with tensile residual stresses in the outer areas of the flange. 
Curves AB and CDE are obtained by theoretical analysis; DE is the so-called Euler 
curve* and AB is obtained by considering the effect of residual stress on buckling strength. 
Buckling occurred in the weak axis of the columns. As-welded specimens had consider-
ably lower critical buckling strength than did the other type of specimens indicating 
that an unfavorable residual stress distribution can cause a substantial decrease in the 
buckling strength. A good agreement was obtained between the experimental data 
and the theoretical values, as shown in Fig. 13.1. 

13.1.2 Welded aluminum columns 

Brungraber and Clark(1374) studied buckling strength of welded columns in aluminum 
alloys types 5456-H321, 5154-H34, and 6061-T6. 

The mechanical properties in the vicinity of a weld vary from a minimum at or near 
the weld center to unaffected parent metal properties at some distances away from the 
weld. As an example, Fig. 13.2 shows a typical distribution of yield strength in the 
vicinity of a weld. 

Figure 13.3 shows buckling strength of longitudinally welded columns of 6061-T6. 
Column strengths are given for different values of AJA, where Ar is the sum of the reduced 
strength areas and A is the total cross-sectional area of the column. The column strength 
decreases as AJA increases. For the case AJA = 0.29, the figure shows columns strengths 
neglecting residual stresses and including residual stresses. In the particular case shown 
here, the effect of residual stresses was minor. Residual stresses even caused some 
increase in buckling strength for the effective slenderness ratio of about 60. The effective 
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fSeeeqn. (8.1). 
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FIG. 13.3. Buckling strength of longitudinally welded columns of 6061-T6 aluminum. 

slenderness ratio (KL/r) is defined as follows: 

KL 
r 

■ = π 
EhIr/I+E0(I-lr)/I (13.1) 

where lr = sum of the moment of inertia of the reduced strength area, 
I — Ir = moment of inertia of the rest of the cross-section, 

Eh = tangent modulus of the reduced strength area, 
E0 = tangent modulus of the unaffected base metal, 
ac = average stress corresponding to the buckling load. 

Brungraber and Clark also studied buckling strengths of transversely welded columns. 

13.2 Plates and Plate Structures Under Compressée Loading 

13.2.1 Elastic instability of plates with residual stresses 

Yoshiki, Fugita, and Kawai(1375) studied the elastic buckling of a simply supported 
rectangular plate welded along the center line, as shown in Fig. 13.4. As a result of 
analytical and experimental studies, they found that such residual stresses may even 
result in a slight increase, under certain conditions, in the buckling load of the plate. 

The equilibrium equation of elasic buckling of plates with residual stresses may be 
given from the small deflection theory of plates as follows :(1306) 

Ô2 
w DAAW + (Nx + nx)^ + 2(N 

d2w 
*y + n*y>dxdy 

w + (^ + « ^ = 0 (13.2) 

where Njh, N /h, Ny/h are components of stresses in the plate induced by applied 
loads, and njh,nxy/h,ny/h are components of residual stresses. 

Assuming that a given rectangular plate is simply supported along the edges, the 
buckled plate deflection can be expressed by the following double Fourier sine series: 

W(x,y)= Σ Σ<Χ«,«Φη,«(Χ^) (13.3) 
m = l n = l 
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where 
2 . mn( 

mn Jab*™ 

(13.5) 

nnf a\ . ηπί b\ 

τ{χ+2Γτν+2)· 
Substituting eqn. (13.3) into eqn (13.2) and utilizing the orthogonality condition of 
0mw(x,y) the following simultaneous equations for unknown constants amn can be 
obtained: 

oo GO Γ / Γ7Γ \ 2 

+2(™)(? ) ( B — + M — > + ( T ) 2 ( C — + N — > ] ( 1 3 · 4 ) 

ία/2 rb/2 

Νχ(ξ,η)φ„(ξ,η)φηα(ξ,η)άξάη, 
-a/2 J-b/2 

Λα/2 Λ*/2 

J-a/2 J-b/2 

Î fl/2 p/2 

-a/2 J-*/2 

ίο/2 ffc/2 

η,(ξ,η)φ„(ξ,η)φιηα(ξ,η)άξάη, 
-a/2 J-b/2 

Eliminating amn from eqn. (13.4), the characteristic equation for determination of 
the plate-buckling load can be obtained. Assuming the distribution of residual stresses 
as shown in Fig. 13.4 and uniaxial compression, i.e. Nx = N, Nxy = Ny = 0, the following 
first approximate characteristic equation is obtained: 

. 2πδ 

b 
er/aVfl d à 1/, 2nd\] „ , _ 

where the compressive stress is taken positive. 
The second and third terms on the right-hand side of eqn. (13.7) represent the influence 

of residual stresses ηχ and r\y, and they are generally positive, resulting in slight increase of 
the buckling load of the plate. 

I (13.6) 
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FIG. 13.4. Assumed distribution of residual stresses in a butt-welded rectangular plate. 

Using four square plates of 6 mm (0.24 in.) thick and 500 mm (20 in.) long, two of 
which were welded along the center line, and the other two were not welded, the compres-
sion test was carried out. From the test results, it was revealed that two welded plates 
were buckled at 35.5 t, while the other two plates at 34.5 t. Theoretical production of the 
increase of the buckling load by residual stress was 1.8 t, from eqn. (13.7), which is the 
first approximate solution of the problem. 

13.2.2 Plastic buckling of welded plates 

Fujita and Yoshida(1376) further expanded the study of compressive strength of 
welded plates to cover plastic buckling, using the deformation theory of plasticity. 
Figure 13.5 shows the three types of specimens used in the experiments : 

V-type specimens with no residual stress, 
E-type specimens with welds along the edges, 
C-type specimens with a weld along the centerline. 

Specimens were 1200 mm (47 in.) long, 600 mm (23 in) wide, and 8 to 14 mm (0.3 to 
0.55 in.) thick, and they were made in steel. Figure 13.5 also shows two stress-strain 
diagrams used in the analysis. Efforts were made to reduce initial distortion due to weld-
ing to a minimum; therefore, the initial distortion at the center of the panel was only 
about 1 to 2% of the plate thickness. Buckling tests were conducted with the plates 
being simply supported. 
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FIG. 13.5. Test specimens and assumed stress-strain diagram. 

In the analysis of the buckling strength, simple distributions as shown in Figs. 13.6(a) 
and (b) were used to express the distributions of residual stresses in test specimens. It 
was also assumed that residual stresses are uniform in the welding direction. 

Figure 13.6 summarizes results obtained on welded specimens. Shown here are experi-
mental results and calculated values of the critical buckling strength. Calculations were 
made using the two stress-strain diagrams. Details of the mathematical analysis are given 
in reference (1306). 

Figure 13.7 is prepared from data shown in Figs. 13.6(a) and (b) to illustrate 
how residual stresses affect the buckling strength. Shown here is the reduction of critical 
load due to residual stresses. For E-type specimens, which have compressive residual 
stresses in the central regions of the panel, the reduction of buckling strength due to 
residual stresses increases as the ratio of breadth to thickness, b/t, increases. 

The effects of residual stresses on C-type specimens are rather complicated. When 
the b/t ratio is large (b/t > 70) and the plate buckles elastically, the buckling load even 
increases. When the b/t ratio is between 50 and 70, residual stresses reduce the buckling 
strength, but the effect of residual stresses decreases as the b/t ratio further decreases. 

13.2.3 Buckling strength of panel structures 

Many investigators have studied buckling strength of panel structures/1372"1379) 

By summarizing data obtained by several investigators, Faulkner( *3 80 ,13 8 * ) has prepared 
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Fig. 13.8 showing effects of residual stresses on the buckling strength of panel 
structures/1308) 

In the analysis, Faulkner used estimated residual stress distributions as shown in 
Fig. 13.9. It is assumed that: 

1. Tensile residual stresses in areas near the weld are as high as the yield stress, ays, 
and they extend into the area with the width of τ/ί, where t is plate thickness, in both 
sides of the weld. 

2. Compresive residual stresses in areas away from the weld are constant and ar. 

FIG. 13.9. Panel and assumed residual stress distribution. 
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Then, 
(ο-2ηήστ = 2ηίσνΛ, 

2η 

(13.8) 

(13.9) 

Curves in Fig. 13.8 show values oiaJays9 where au is the buckling strength, for η = 0 
(no residual stress), η = 3, and η = 4.5. Also shown here are values of Δσυ/σ , where 
ΔσΜ is reduction in buckling strength due to residual stresses; Et is tangent modulus. 

Figure 13.8 can be used by designers in estimating the buckling strength of welded 
panels. 

13.3 Corrugation Damage of Welded Ships and Allowable 
Distortion of Ship Bottom Plating 

13.3.1 Corrugation damage of welded ships and studies on buckling 
strength of ship bottom plating 

The corrugation damage of bottom shell plating occurred in some ships having 
transverse framed bottoms of welded construction. The first examples of this damage 
were noticed in 1946, as discussed in a paper by Murray/1382) Corrugation damages 
also occurred in some welded ships built in Japan.· For example, a report from the 
Nippon Kaiji Kyokai(1383) discusses corrugation damages which occurred in twenty-two 
ships built from 1951 to 1953. 

Figure 13.10 shows an example of the corrugation damage. In general terms, the 

EXTENSION OVER 
KEEL SEAMS TO 
CENTRE KEELSON 

FRAME SPACING = 30 

FIG. 13.10. Corrugation damage of ship bottom plating (Murray)/1382) 
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corrugations noted in these ships were distributed throughout the midship half-length 
and were generally in an upwards direction between the floors. The depth of indentations 
at the maximum point was about 1̂  in. (38 mm);(1382) however, in some extreme cases 
the maximum indentation was over 3 in (76 mm).(1383) 

The corrugation damages occurred most frequently in all-welded, transversely 
framed ships, especially those with floor plates fillet-welded to the bottom plate. 

Mechanisms of the corrugation damage have been studied by several investigators 
including Murray,(1382) Akita and Yoshimoto.(1384,1385) It has been found that the 
initial distortion and residual stresses produced in the bottom plate due to fillet welds 
between floor plates and the bottom plate are major reasons for the corrugation damage. 

Figure 13.11 shows a typical distortion of the bottom plate. This type of distortion is 
often called "hungry horse", since the outside appearance of the ship hull resembles 
that of a body of a hungry horse. The initial distortion and residual stresses decrease the 
buckling strength of the bottom plate which is subjected to water pressure, p, and axial 
compressive stress, ab. The compressive stresses are produced in the bottom structure 
when the ship is on the crest of a long wave or under the hogging condition. 

Extensive research has been done on: 

1. fabrication procedures for reducing the initial distortions and residual stresses ; 
2. the effects of the initial distortions and residual stresses on the buckling strength of 

the bottom structure. 

DOUBLE BOTTOM 

■a H WATER PRESSURE , P A-51607 
BOTTOM SHELL PLATING 

FIG. 13.11. Bottom shell plating of a transversely framed, welded cargo ship. 
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FIG. 13.12. Change in skin stress distribution and deflection curve of bottom shell. 
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Figure 13.12 illustrates how stresses and plate deformation change when compressive 
stresses are applied to a structure with irregular distortion. It has been recognized 
that the structure with irregular distortion is easier to buckle than the structure with 
regular distortion.(1385) When compressive stresses are applied to a structure with 
irregular distortion, the following phenomena happen: 

1. While the external compressive stresses are low, distortions in all spans increase. 
2. As the external compressive stresses increase, the span with small distortion 

tends to buckle outward, while the span with large distortion tends to bend further 
inward. This results in an S-shaped buckling. 

Yoshiki et α/.(1386) conducted an extensive experimental and analytical study on the 
buckling strength of ship-bottom plating. On the basis of the buckling strength, pro-
posals have been made of the maximum distortion allowable in the ship-bottom plate, 
as shown in Fig. 13.13. 

Shown here are values of δ0/α as a function of the panel aspect ratio, a = a/b and 

0.4 

ASPECT RATIO 

FIG. 13.13. Relationship among allowable initial distortion, δ0/α, aspect ratio of panel, 
a = a/b> and in-plane compressive stress, ab. (Δ<5 = difference between distortion ài and öi+i.) 

Note: Shown here are calculations by Masubuchi et aPll) based upon the original research by 
Yoshiki etal{l286) 
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FIG. 13.14. Symbols used in buckling analysis. 

compressive stresses, ah, where (see Fig. 13-14): 
δ0 = allowable deflection at panel center, 
a = spacing of transverse frames, 
b = spacing of longitudinal girders, 

ah = compressive stresses applied to the bottom plate. 
The allowable initial distortion was determined from the condition of yielding at 

the most stressed fiber. The yield stress of the material was assumed to be 40,000 psi 
(28 kg/mm2). The allowable initial distortion decreases (1) as the external compressive 
stress, ab9 increases, and (2) as the value of a decreases by increasing a or by decreasing i>. 

Figure 13.13 shows the allowable initial distortion under the following two conditions : 

1. Initial distortion is regular, or the amount of distortion is the same for every span, 
as shown in Fig. 13.12 (Δδ = 0). 

2. Initial distortion is irregular, or the amount of distortion varies, say Δδ = l/2<50, 
as shown in Fig. 13.12. 

13.3.2 Parametric study of out-of plane distortion and its effect on 
buckling strength of welded panel structures 

Many distortion problems are created in the design stage. Or, stated differently, dis-
tortion problems are often caused by design engineering and welding engineers are 
forced to solve them. At the same time, many distortion problems which may occur in 
later stages of fabrication could be prevented through a proper parametric study at 
the design stage. 

Investigators at M.I.T. and the University of Sao Paulo, Brazil, have conducted a 
parametric study of out-of-plane distortion and its effect on buckling strength of welded 
panel structures by combining the analysis of weld distortion (discussed in Chapter 7.7) 
and the analysis of buckling (see Fig. 13.13). 

Figure 13.15 shows a simplified flow chart of the computer program developed in this 
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FIG. 13.15. Simplified flow chart of the computer program for parametric study of out-of-plane 
distortion and its effect on buckling strength of welded panel structures. 

study. The first part of the program is to calculate values of allowable initial distortion, 
δ0, for a given set of structural parameters, including plate thickness, frame spacing, 
aspect ratio of panel, and compressive in-plane stresses, while the second part is to 
calculate the amount of weld needed to produce the distortion <50. 

Table 13.1 gives some details of mathematical derivations. 
Computations were first made on low-carbon steel structures under the following 

conditions: 
Plate thickness, t = 12, 18, 24 mm (0.5, 0.7 and 0.9 in.). 
Spacing of transverse frames, a = 0.5,0.7,1.0,1.25,1.5 m (20,27.5,40, 50 and 60 in.). 
Aspect ratio of panel, a = a/b = 0.5, 1.0, 1.5. 
In-plane compressive stress panel is subjected to, ab = 6, 8, 10 kg/mm2 (8.5, 11.4 and 

14.2 ksi or 59, 78, and 98 MN/m2), 
while the following values were kept unchanged: 

Allowable stress in plate, σα1ι = 28 kg/mm2 (40 ksi or 275 MN/m2). 
Lateral pressure due to water, P = 0.01 kg/mm2 (14.3 psi or 0.1 MN/m2). The allow-

able stress σα1ι = 28 kg/mm2 corresponds to the yield stress of steel. The lateral pressure 
of 0.01 kg/mm2 corresponds to the water head of approximately 10 m (33 ft). 

As described in Table 13.1, the allowable distortion is determined from the condition 
of yielding at the most stressed fiber. The total stress is calculated as a summation of: 

Initial stress associated with weld distortion. 
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TABLE 13.1 Details of the parametric analysis of out-of-plane distortion and its effect on buckling 

strength of welded panel structures 

The analysis of the buckling strength of a welded panel described here was originally developed by Yoshiki 
et Û/ . ( 1 3 8 6 ) However, descriptions given in this table come from the work by Masubuchi(211) to provide better 
conformity with other parts of the textbook. Further details are given in reference*211}. 

As shown in Fig. 13.14, a part of a ship structure is assumed to be longitudinally continuous shell plates 
supported by floor plates at constant intervals. The edge of the floor plates is assumed to be in a clamped 
condition, and the shell panels have small initial deflections produced by edge residual moments due to fillet 
welding. 

The initial bending moment due to fillet welding is assumed to be uniformly distributed along the edge of the 
panels. Using the theory of thin elastic plates(1302), the initial deflection caused by residual moments Mox . and 
Moy . is obtained by: 

τηπχ..] m 

where 

^ ( x ^ i ) / a = ^ M „ , i | n | 3 ( - l ) , " - 1 ) / 2 ^ „ ( « , x i ) c o s ^ + T i m | 3 ( - l ) < » - ' » ^ l ^ > , y , ) c o s ^ 

, / v π / l , ηπα . ηπαχ χ . , ηπαχλ 
Φ.(«>Χ)= 7rtanh-r-cosh sinh , 

η
 Λ , ηπα\2 2 a a a l 

Inen cosh —=- x J 

Ά«(α>y) = ( Λ tanh ^ - cosh ̂ -^- - j- sinh ̂ -^- ), m ~ , mn\2 2a OLD b <xb J 
2moL cosh -=— v ' 

2a 
a = a/b, D. = flexural rigidity of plates, 

This deflection is obtained for each panel. The additional distortion, w., due to external loading is determined 
as the solution of the integral equation: 

wi(xi,J'i) = wi*(xi,y1)+ P Γ { P - σ » 1 ^ ^ ^ ^ , χ ^ ά ξ , ά η , . (2) 

where C(^., η.,χ^γ^ is Green's function of rectangular plate with simply supported edges and wj|,(xi, y^ is distor-
tion of the panel produced by unknown bending moments along the continuous support to satisfy the continui-
ty condition of the edge of the panels. 

The maximum stress in shell panels occurs at the center of the panel and consists of three parts, as follows: 

1. From the initial distortion, σοχ and aoy. 
2. From the additional bending distortion due to external loading of lateral pressure, and in-plane force, 

σχ and <xy. 
3. The compressive stress in the longitudinal direction, ab. 

The total effective skin stress, öt, is shown in: 

°t = >/<**-**% + *% 
where 

σ = σ + σ -I- σ.,σ = σ + σ . (3) 
tx ox ' χ ' b> ty oy ' y v ' 

The allowable initial distortion may be determined from the condition of yielding at the most stressed fiber, 
ât = σ yield. 

Bending stresses produced by (i) bending moment caused by application of in-plane 
stress, ab, to a plate with initial distortion, and (ii) water pressure, P. 

Compressive stress produced by in-plane stress, ah. 

Figure 13.16 shows values of (i) allowable initial deflection, (δ0/α) x 103, and (ii) weight 
of weld metal per unit weld length, w(g/cm), and fillet size L (mm) for different values of 
floor spacing, a, and in-plane compressive stresses subjected to the panel, ab. The 
computations are made for plate thickness, t = 12 mm (̂  in.); aspect ratio, a/b =1.5; 
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FIG. 13.16. Values of allowable initial deflection and weld size for various values of floor 
space and in-plane compressive stress, ab, for low-carbon steel plate 12 mm thick (a/b = 1.5, 

p = 0.01 kg/mm2, σΜ = 28 kg/mm2). 

lateral pressure, P = 0.01 kg/mm2 ; and the allowable stress in the plate, σα1ι = 28 kg/mm2 

(40 ksi or 275 MN/m2). Figure 13.17 shows similar results for plate thickness of 18 mm 
(0.7 in.). 

For example, when floor spacing is 750 mm and the compressive in-plane stress is 
6 kg/mm2 (8.5 ksi or 59 MN/m2), the maximum allowable initial deflection for a 12-mm 
(\ in.) thick plate is: 

Therefore 

(δ0/α) x 103 = 5.9 

δ0 = 5.9 x 750 x 10" 3 = 4.425 mm (0.174 in.). 

To produce the initial distortion of 4.425 mm at the panel center, one needs 4.7 g/cm 
of weld or a weld size of 8.7 mm (0.34 in.). Stated differently, if the weld size is less than 
8.7 mm, the initial deflection is less than 4.425 mm and, therefore, the plate will not buckle 
under the compressive stress of 6 kg/mm2. 

As the in-plane stress, ah, increases, the allowable initial deflection decreases. 
Figures 13.18 through 13.20 show similar results on aluminum structures. The 
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FIG. 13.17. Values of allowable initial deflection and weld size for various values of floor 
space and in-plane compressive stress, ab, for low-carbon steel plate 18 mm thick (a/b - 1.5, 

p = 0.01 kg/mm2, σβΙΙ = 28 kg/mm2). 

computations are made for: 

Plate thickness, t = 9,12 and 15 mm (0.35,0.5, and 0.6 in.). 
Aspect ratio, a/b = 1.0. 
Lateral pressure, p = 0.005 kg/mm2 (7 psi or 4.8 x 104 N/M2) (corresponds to the 

water head of approximately 5 m or 16 ft). 
Allowable in-plane stress, aall = 14 kg/mm2 (20 ksi or 137 MN/m2). 

Comparison with the Navy specifications. As a way to examine the validity of the para-
metric study, efforts have been made to compare the results of the parametric study with 
the allowable distortion established by the U.S. Navy. The results are presented in 
Section 7.7.4 (see Figs. 7.47, 7.48, and 7.49). It must be mentioned, however, that the 
parametric study was done for transversely framed structures, while the Navy specifica-
tions are primarily for longitudinally framed structures. More study is needed, especially 
on the parametric study for longitudinally framed structures. 

13.4 Spherical and Cylindrical Shells Subjected to External Pressure 

Spherical and cylindrical shells are widely used for pressure hulls of submersibles 
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and submarines. It has been well known that initial distortion and residual stresses 
reduce buckling strength of spherical and cylindrical shells subjected to external pressure. 
A number of papers have been written on this subject/1387-1391) Discussions in the 
following pages come primarily from a report by Krenzke et a/.(1391)t 

13.4.1 Spherical shells 

The classical elastic buckling pressure, px, of a spherical shell was first developed by 
Zoelly in 1915, and may be expressed as:(1301>1391) 

Pi = 
2E(h/R)2 

= \2\E(h/R)2 for v = 0.3 (3.10) 

The report covers discussions on prolate spheroidal shells which are not included in this book. 



Effects of Distortion and Residual Stresses 509 

ALUMINUM PLATE, I2mm THICK 
(a) ALLOWABLE INITIAL DEFLECTION, 8o/a x I03 

10.0 

8.0 

6.0 

4.0 

2.0 

1 
1 v 

«s.1 \ 

\ 1 

V 
\ 

V 

\ 

\ 
\ 

v 1 v \ 

1 T ï , 
(b) WEIGHT OF CONSUMED ELECTRODE PER UNIT 

„WELD LENGTH, wgr/cm 

1.0 

15.0 

14.0 

12.0 

10.0 

9.0 

(c) FILLET SIZE, L mm 

1 > 

V 

·· 

's 
S 

N 
> 

\ 

) 
L»· 1 

1 &N1X i \ 1 
\ 

0.5 0.6 0.7 0.8 0.9 
FLOOR SPACE, om 

FIG. 13.19. Values of allowable initial deflection and weld size for various values of floor 
space and in-plane compressive stress, σ\, for aluminum plate 12 mm thick (a/b =1.0, 

p = 0.5 kg/cnr, σβΠ = 14 kg/mm2). 

where E = Young's modulus, 
v = Poisson's ratio 
h = thickness, 
R = radius to the midsurface of the shell. 

Experimental elastic collapse pressures are frequently as low as one-fourth or less of 
the pressure obtained from this classical theory. Recent tests have demonstrated that 
this large discrepancy is a result of the failure of the models to meet the idealized geometry 
and material assumptions of theory. The strength of those shells which fail in the in-
elastic region is also affected by these factors. Specific factors which decrease the strength 
of spherical shells include the presence of initial departures from sphericity, variations in 
thickness, non-isotropic material properties, adverse boundary effects and penetrations, 
mismatch, residual stresses, dynamic disturbances, and local loadings. Various theoreti-
cal attempts to quantitatively predict the effects of these factors have been relatively 
unsuccessful. 
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FIG. 13.20. Values of allowable initial deflection and weld size for various values of floor 
space and in-plane compressive stress, σ., for aluminum plate 15 mm thick (a/6 = 1.0, 

p = 0.5 kg/cm5, σβΠ = 14 kg/mm2). 

The lack of agreement between theory and experiment prompted the initiation of an 
extensive research program at the David Taylor Naval Ship Research and Development 
Center to develop reliable criteria for predicting the collapse strength of spherical shells. 

As a result of the research, Krenzke et al, proposed that the collapse strength of 
both near-perfect shells and shells with initial imperfections may be predicted by the 
use of the following equations/1392) 

P': = 0MkE[-^-) for v = 0.3, 

P£ = 0 . 8 4 / c v ^ ( ^ ) for v = 0.3 

av* 2haRl 

(13.11) 

(13.12) 

(13.13) 
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FIG. 13.21. Summary of model basin data on unstiffened spherical shells. 
Note: aPL = proportional limit of material. 

where ha = the average thickness over a critical arc length, 
k = an empirical coefficient based on test results and presented graphically 

in Fig. 13.21, 
Rl0 = the local radius to the outside surface of the shell over a critical arc length, 

Es = the secant modulus, 
Et = the tangent modulus, 

Rx = the local radius to the midsurface of the shell over a critical arc length. 

Equation (13.11) is utilized for the elastic buckling case; eqn. (13.12) for the inelastic 
stress region. Equation (13.13) is used to calculate the stress in the shell and is needed 
to solve eqn. (13.12). The primes in eqns. (13.11) through (13.13) indicate that the local 
geometry is used to calculate pressures and stresses. 

For stress-relieved shells, the fc-value used in eqns. (13.11) and (13.12) is described by 
the lower envelope of test results of the stress-relieved HY-80 steel shells presented in 
Fig. 13.21. 
Similarly, the lower envelope of test results of the HY-80 steel shells tested in the "as-
fabricated" condition (Fig. 13.21) was used to determine the fc-value for spherical shells 
with residual fabrication stresses. 

13.4.2 Cylindrical shells 

For the determination of metallic ring-stiffened cylinder geometries, the following 
criteria were established: 

1. Axisymmetric shell failure. The inelastic axisymmetric shell buckle strength for 
those shells which had a ratio of elastic to inelastic collapse pressure of less than 6 was 
calculated by the equation: 

PML = POL + ^(PEL/POL " l-0)(pL " POL) (13·14) 

where pL is Lunchick's inelastic axisymmetric shell buckle pressure/1393) 

pEL is Lunchick's elastic axisymmetric shell buckle pressure/1393), 
and pOL is Lunchick's inelastic axisymmetric shell-buckle pressure modified by 

using midlay outside stresses rather than membrane stresses. 
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FIG. 13.22. A comparison of model basin data on machined ring-stiffened cylinders with 
welded cylinders.*1392) 

Lunchick's inelastic shell buckle theory was used without modification for those shells 
having a ratio of elastic to inelastic strength greater than 6. The effects of residual stresses 
on the collapse strength were estimated from Fig. 13.22 by calculating the ratio of elastic 
to inelastic pressures and determining the collapse pressure reductions factor from the 
lower envelope of test results for welded shells. 

2. Asymmetric shell failure. Both elastic and inelastic shell failures were calculated 
according to the theories of Reynolds/1394) The effects of residual stresses were estimated 
using Fig. 13.22 in the manner described above. 

3. General instability failure. The elastic and inelastic general instability pressures 
were calculated(1395) using the equation: 

Pst U W Κ{η2+λ2/2_1){η2 + λ2)2 + *Λ2 
LfR0Rcg 

(n2-l) (13.15) 

where h is the shell thickness, 

and 

Ie is the moment of inertia about the centroid of a section comprising 
one frame plus an effective length of shell, 

Lb is the bulkhead spacing, 
Lf is the typical frame spacing, 

n is the number of circumferential waves, 
R is the radius to the midsurface of the shell, 

R0 is the outside radius of the shell, 
R is the radius to the neutral axis of the frame, effective shell combination, 

eg 

The effects of residual stresses and imperfections on the general instability mode of 



Effects of Distortion and Residual Stresses 513 
welded cylinders were assumed to be the same as those for the shell failure mode as shown 
in Fig. 13.22. Due to the uncertainties in this area, failure in the general instability mode 
was set at 1.05 times the design collapse pressure. The deep frames were designed to 
provide a ratio of elastic stability pressure in the overall mode to design collapse pressure 
of 1.5. The contribution of hemispherical end closures in resisting general instability 
failure was neglected. Strength of the deep frames was determined by the equation: 

3£ / D F 
PDF LbRoRDF2 

where 7DF is the moment of inertia about the centroid of a section comprising one 
deep frame and an effective length of shell, and RDF is the radius to the neutral axis of 
such a section. 

4. Shell stresses at the frame. The maximum stresses in the shell at the frame and in 
the flange of typical bay geometry as calculated by the analysis of Salerno and 
Pulos(1396) were not allowed to exceed 75% of the yield strength of the material at 
operating depth in order to: 

(a) Permit a reasonable chance of keeping the maximum stresses in the areas of 
structural details below the yield point of the material at operating depth and 
thus to account for, in a very general way, low-cycle fatigue, creep, stress corrosion, 
etc. 

(b) Ensure a reasonable stress level in the frame flange prior to collapse for those 
shells with initial out-of-roundness. 

5. Frame web buckling stress. The elastic buckling stress in the frame webs was 
calculated(1397) according to: 

°^Yfî(tld)2 forv = 0 · 3 ( m 7 > 
where d is the web depth and t is the web width. This stress was set at a minimum of 
3 times the yield strength of the material. 
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CHAPTER 14 

Weld Cracking and Joint Restraint 

A LARGE amount of research, primarily experimental and metallurgical, has been 
conducted to investigate cracks in weldments. Weld cracking occurs for one or both 
of the following reasons: 

1. The material is brittle. 
2. High tensile stresses (transient or permanent) are present. 

Metallurgical studies tend to concentrate on material brittleness caused by welding, 
while mechanical studies tend to concentrate on the stresses produced during welding. 
There have been several books and reviews on metallurgical aspects of weld crack-
ing. (239,24o,ioi6,i4oi) F o r e x a m p i e 5 DMIC Report 197 presents a critical review of 
various theories of weld cracking/1016) However, only a few books have discussed 
extensively the mechanical aspects of welding cracking/507'703) An obvious reason is 
the difficulty in analytically determining stresses in a weldment, especially in the weld 
metal and the heat-affected zone. This chapter discusses primarily mechanical aspects of 
weld cracking. 

Discussions in this chapter are concerned primarily with cracks in weldments in 
steel, especially high-strength steels. Some of the fundamental aspects should also be 
applicable to weld cracks in other materials. 

14.1 Classification of Weld Cracks 

Cracks in a weldment may occur during or immediately after welding, and they may 
also occur long after welding is completed and even during service. The two general 
classifications by which all weldment cracks can be described are (1) appearance and 
location, and (2) conditions of formation. Classification by appearance can be broken 
down into visual, X-ray, and microscopic appearance. Visual appearance can further 
be subdivided into classification by location, orientation, and size. 

14.1.1. Classification of weld cracks by appearance and location 

Three different types of cracks occur in the weld metal (see Fig. 14.1):(1121·1402) 

Transverse weld metal cracks. These cracks are perpendicular to the axis of the weld 
and in some cases have been observed to extend beyond the weld metal into the base 
metal. 

Longitudinal weld metal cracks. These cracks are predominantly within the weld 
metal and are usually confined to the center of the weld. Such cracks may occur as the 
518 
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ARC STRIKF TOF CRACK 

FIG. 14.1. Cracks in welded joints/1121) 

Note: The underbead crack, limited mainly to steel, is a base metal crack usually associated 
with hydrogen. Toe cracks in steel can be of similar origin. In other metals (including 
stainless steel) cracks at the toe are often termed edge-of-weld cracks, attributable to hot 
cracking in or near the fusion line. Arc strikes are from accidental touching of the electrode 
to the work and may have small cracks. Crater cracks are shrinkage cracks from stopping 

the arc suddenly. 

extension of crater cracks formed at the end of the weld. They may also occur as the 
extension through successive layers of a crack that existed in the first layer deposited. 
If a crack is formed in the first layer and is not removed or completely remelted when 
the subsequent layer is deposited, it tends to progress into the layer above and thence into 
the next adjacent layer and finally may appear at the surface. 

Crater cracks. Whenever the welding operation is interrupted there is a tendency 
for the formation of cracks in the crater. These cracks are usually star-shaped and proceed 
only to the edge of the crater. However, they may be starting points for longitudinal 
weld cracks, particularly when they occur in the crater that is formed at the end of the 
weld. 

Two types of base metal cracking can occur as a result of the welding operation: 

Transverse base metal cracks. The type of cracking that is transverse to the direction 
of welding is usually associated with fillet welds on steels of high hardenability where 
the distance between the edge of the weld and the exposed edge of one plate is relatively 
small. 

Longitudinal base metal cracks. These cracks are parallel to the weld and are in the 
base metal. They may be extensions of underbead cracks. For fillet welds, longitudinal 
base metal cracks may be divided into two types: 

1. Toe cracks, which proceed from the toe of the fillet weld through the base metal, 
often starting from undercuts. 
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2. Root cracks, which proceed from the root of the fillet weld and progress through 
the base metal, being evident occasionally on the opposite side. 

In the case of groove welds, cracks are more likely to occur in the heat-affected zone 
adjacent to the weld. Cracks may also occur at the edge of the weld in the zone of fusion 
between the weld metal and base metal. Usually this type of crack is associated with 
steels of high hardenability when weld metal and base metal are entirely different in 
composition, thereby promoting the formation of alloys of unpredictable properties 
in the zone of fusion. 

14.1.2 Classification of weld cracks by conditions of formation 

Cracks which form at temperatures near the bulk solidus temperature are called hot 
cracks. If a hot crack is open to the atmosphere, its surfaces are usually discolored by 
oxidation. Frequently, the surfaces at the tip of a hot crack will be smooth as a result of 
its formation while portions of the weldment were molten. Cold cracks are formed at 
much lower temperatures, generally below about 400°F (204°C). Their surfaces are 
bright and free of oxides right after formation. The term "delayed crack" is sometimes 
applied to cracks which form some time after the weldment has cooled to room tempera-
ture. Delayed cracks are a special type of cold crack. 

14.2 Hot Cracking 

Hot cracking occurs at temperatures near the melting point during or immediately 
after welding. Hot cracks occur in the weld metal and in the heat-affected zone 
immediately adjacent to the fusion zone. Hot cracks are inter-granular fractures. 

Figure 14.2 shows hot cracking in a restrained fillet weld.(239) 

14.2.1 Mechanisms of hot cracking in the weld metal 

The phase diagram provides the interpretation of hot cracking and segregation. 
An alloy of 95% A, 5% B with a long freezing range (Fig. 14.3 [left]) commences to 
freeze at Γ1? depositing a crystal containing 1% B. Upon reaching temperature T3 
near the end of solidification, the alloy consists of crystals separated by thin films of 
liquid. In this condition the alloy is susceptible to hot cracking under the high shrinkage 
stresses generated by the contracting mass of metal during the long cooling period. 
Alloys with a short freezing range exhibit little tendency toward hot cracking during 
welding. 

The first solid to be deposited by the 5% alloy in Fig. 14.3 (left) contains only 1% B. 
The last liquid to freeze contains 20% B. If no diffusion occurred, the solid weld metal 
will contain crystals varying widely in composition from center to outside. The variation 
in composition is called segregation. Segregation is slight in an alloy with short freezing 
range. A weld metal has a tree-like or dendritic form, because crystal growth is faster 
along certain crystal directions than along others. Welds are generally small in cross 
sections so that segregation and dendrites are on a small scale. 

DMIC Report 197 prepared by Kammer et α/.(1016) has presented a generalized 
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FIG. 14.2. (a) Hot crack in a restrained fillet weld. Bead on left of vertical member was deposited 
after the one on the right. Hot crack developed in the left bead because of the greater degree of 
restraint/1} Specimen polished and lightly etched in nital to reveal weld metal and base metal 
heat-affected zones/2 39) (b) Enlarged view of left-hand fillet weld shown in (a). Note columnar 

growth of grains in weld metal structure/239) 

theory of hot cracking/1016) This theory considers four stages during the solidification 
process: 

1. Primary dendrite formation. The solid phases are dispersed in the liquid, with 
both phases capable of relative movement. 

2. Dendrite interlocking. Both liquid and solid phases are continuous, but only 
the liquid is capable of relative movement. The liquid can move freely between 
the dendrites. 

3. Grain-boundary development. The solid crystals are in an advanced stage of 
development and the movement of the liquid is restricted; relative movement of 
the two phases is impossible. 

4. Solidification. The remaining liquid has solidified. 

These stages are represented in Fig. 14.4. Stage 3 is the significant stage in cracking 
and is called the critical solidification range (CSR). Since the weld pool does not solidify 
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456 %D 

FIG. 14.3. Crystallization during freezing of an alloy (top), solidification of alloys with long 
(left), and short (right) freezing ranges (schematic) (center). The structure of the alloy at four 

temperatures during freezing (bottom)—dendritic solidification and segregation. 

Θ 

Stage I 

I a-c Coherent temperature 
a-e Critical temperature 

Stage I - Dendrites freely dispersed in liquid. No cracking. 
Stage 2 - Interlocking of grains. "Liquid healing" possible 

if cracks form. "Accommodation" not important. 
Stage 3 - Critical solidification range. No "healing" of 

cracks possible if "accommodation" strain exceeded 
Stage 4 - Solidification. No cracking. 

FIG. 14.4. Effect of constitutional features on cracking susceptibility in binary systems. 
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according to equilibrium conditions, the liquidus and solidus can be depressed by under-
cooling and the solidus may be further depressed by the lack of diffusion. This increases 
the CSR and thus the likelihood of cracking. 

The presence of a wide freezing range is not sufficient for cracking to occur. The alloy 
must pass through a stage in which the liquid is distributed in a form which allows high 
stresses to be built up between grains. The requirement is met by a liquid phase occupy-
ing almost all of the grain faces. 

14.2.2 Hot cracking in the region of partial melting 

In the base metal immediately outside the fusion zone is a region where the peak 
temperatures during welding fall between the solidus and liquidus temperatures and 
thus partial melting occurs. This region is also within the normally considered heat-
affected zone. 

Intergranular cracks have been observed in the heat-affected zones immediately 
outside the fusion zone of welds in some materials including quenched and tempered 
steels. It is believed that intergranular cracks (see Fig. 14.5) in HY-80 steel weldments 
are due to the partial melting of grain boundaries. These cracks are usually small, 
extending for only one to several grains. In many cases they even remain stable during 
service. 

However, intergranular microcracks sometimes extend to macrocracks. Figure 14.6 
shows how an intergranular crack changes to transgranular when it extends. In some 
cases a transgranular crack extends to a long crack. The transgranular macrocrack is 
cold cracking and it is believed to be due to hydrogen. 

Freezing-cyle hot-tension test. To study the mechanisms of hot cracking, researchers 
at Battelle Memorial Institute used the freezing-cycle hot-tension test.* (Figure 14.7 
shows the specimen used.) A 1-in. length in the center part of a specimen (| in. in dia-
meter, 6 in. long) is heated rapidly to a high temperature, and then is allowed to cool to a 
predetermined test temperature, after which the specimen is broken. A quartz sleeve is 
placed around the specimen to retain molten metal. 

FIG. 14.5. Intergranular microcracks in the heat-affected zone of an HY-80 steel weldment.(1404) 

A double-tee joint \\ in. thick, welded with El 1018 electrodes. 

Details of the test are presented in reference (1405). 
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FIG. 14.6. Transgranular propagation of an intergranular microcrack in the heat-affected 
zone near the fusion zone of a heavy fillet weld in HY-80 steel. 

Molten zone 

-Two-hole thermocouple 
insulotion tube 

Thermocouple bead 

FIG. 14.7. Battelle freezing-cycle hot tension test specimen. 

Specimens were fractured at high temperatures after they had been subjected to 
different thermal cycles which simulated the thermal histories encountered in various 
parts of a weldment (see Fig. 14.8).f 

Cycle 1 : Specimens melted and then cooled to the test temperature and fractured. 
Cycle 2: Specimens heated to a temperature just below the solidus and then cooled 

to the test temperature and fractured. 
Cycle 3 : Specimens heated directly to the test temperature and fractured. 

f The specimen was sometimes held at the maximum temperature for about 5 sec. 
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FIG. 14.8. Schematical diagrams showing the effects of thermal cycles on the Battelle freezing-
cycle hot-tension test results (Tm: melting temperature). 

The cycles are shown schematically in Fig. 14.8(a). Cycles 1 and 2 simulate thermal 
cycles encountered during welding at portions in the weld metal and in the heat-affected 
zone, respectively. Cycle 3 is used for a control. 

Figure 14.8(b) shows test temperature vs. fracture stress relationships while Fig. 14.8(c) 
shows test temperature vs. reduction-of-area relationships. Fracture stress increases 
as test temperature decreases. Effects of the thermal cycles on the test temperature vs. 
fracture stress relationships are not great. The relation between temperature and reduc-
tion-of-area changes significantly when the test thermal cycle is changed. For specimens 
heated directly to the test temperature, the reduction of area increases greatly as the test 
temperature is lowered from the solidus temperature. On the other hand, the reduction 
of area is very low for specimens subjected to cycles 1 and 2. This indicates that the 
ductility of the steel decreased greatly when the specimen was melted or heated to a 
temperature close to the solidus and fractured on cooling. The loss of ductility is believed 
to be caused by the formation of liquid films around grain boundaries. 

Mechanisms of cracking. The results of the Battelle freezing-cycle hot-tension test 
indicate that the ductility of HY-80 steel decreases greatly when the specimen is heated 
to 2500° F (137TC) or higher and fractured on cooling. Characteristics of stress and 
temperature conditions in the heat-affected zone are as follows : 
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1. The maximum temperature in the area adjacent to the fusion line is close to the 
solidus temperature, but gross melting does not occur in this area. 

2. Tensile stresses are produced in the area during cooling. The amount of stress 
can be as high as the yield stress of the material at the temperature of the area. 
The amount of strain, however, is rather limited—maybe in the order of a few 
per cent elongation or less—since the heat-affected zone is surrounded by the 
base metal which is heated to a lower temperature. 

Masubuchi and Martin*1208·1404) tried to explain the mechanisms of the heat-affected 
zone microcracking. Figure 14.9(a) is an idealized representation of the stress conditions 
in the heat-affected zone close to the fusion line. When the metal is heated rapidly to a 
temperature just below the solidus, liquation takes place along grain boundaries because 
of low-melting point segregations in the grain boundaries. During subsequent cooling, 
tensile stresses are produced by contraction, and strain concentration takes place in 
the grain boundaries. It has been hypothesized that if a system composed of grains of 
uniform size surrounded by a network of soft materials is at a uniform temperature 
gradient, and the residual stress gradient in the heat-affected zone is extreme, the changes 
of temperature and thermal stresses over several grains are not significant. 

Since grains are surrounded by soft materials which have a low critical shear stress, 
sliding along grain boundaries can take place at a low applied stress. Because of the 
geometrical arrangement of the structure, the sliding is obstructed by hard grains. The 
stress concentration takes place in the soft material near the intersection of grains 
resulting in intergranular fractures, though the general deformation of the system is 
small. When two sliding planes, AB and AC in Fig. 14.9, meet at a triple point A, separa-
tion takes place along the third grain boundary AD. 

Most theoretical research on the fracture of metals at high temperatures has been 
directed at the phenomena that occur in creep fracture. Zener(1406) first suggested that 
wedge-shaped microcracks were formed as a result of the intersection of two slip planes. 
The concept was further developed by several investigators, including Chen and Machlin, 
McLean(1408) and Gifkins.(1409) 

I ! I 

1 1 1 
a. Idealization of b. Intergranular Cracking 

Stress Condition Resulting fro· Slipping 

#Along Two Intersecting 
Grain Boundaries 

FIG. 14.9. Formation of intergranular cracking in the heat-affected zone adjacent to the 
fusion line. 
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Based upon these earlier studies, primarily of creep fracture, Masubuchi and 
Martin*1404,1405) suggested the following formula to express the critical stress for 
forming an intergranular microcrack in the weld heat-affected zone: 

a" = k4~I (R1) 

where fc = a coefficient, 
y = surface free energy of the grain-boundary material, 
E = Young's modulus of grains, 
d = grain diameter. 

When liquation takes place along grain boundaries, y decreases, resulting in inter-
granular cracking. 

14.2.3 Effects of chemical compositions on hot cracking of steel weldments 

In general, hot cracking can be eliminated by designing the composition of the weld 
metal or the base plate in accordance with the predictions of Borland's generalized 
theory of super-solidus cracking. Elements which result in formation of a liquid phase 
which covers almost all of the grain faces during freezing increase cracking susceptibility. 
Consequently, they should be eliminated from both the weld-metal and base-plate 
composition. In addition, elements which increase the length of the critical solidification 
range increase cracking susceptibility. 

Where possible, these elements should also be eliminated or restricted in the composi-
tion. Unfortunately, it is not always possible to do this since some of the elements are 
needed for alloying. Table 14.1 lists the relative cracking potency factors for a number of 
elements. In general, the higher the number the more liable the element is to produce 
cracking in iron-binary alloys. It can be seen by these data that certain elements which 

TABLE 14.1 Relative potency of elements in iron-binary 
systems(l0l6) 

Relative potency, 
element 

Si 
P 
Ti 
As 
Sn 
Sb 
Al 
C 
Cu 
Mn 
Co 
Ni 
Cb 
Ta 
B 
S 
Zr 

Per weight 
(%) 

1.75 
121.1 
13.8 
40.2 
16.8 
(5.04) 
1.52 

322.0 
3.61 

26.2 
0.30 
2.93 

28.8 
13.0 

917.0 
925.0 

15.2 
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are not normally intentionally added to steels are quite potent in producing hot cracking. 
An element such as sulfur (which is the most potent in this table) has to be limited to 
very low levels in high-strength steels to prevent both weld metal and heat-affected zone 
cracking. On the other hand, this table shows that carbon also has a high potency for 
producing hot cracking. Unfortunately, carbon cannot be eliminated from high-strength 
steels since it is the primary hardening and strengthening agent used in these steels. 

In real alloys, the presence of a second element may significantly alter the expected 
effect of any given element. In steels, an example is the effect of manganese on sulfur. 
As the amount of manganese in the steel increases, the effectiveness of sulfur as a producer 
of hot cracks is reduced. 

Inagaki(1410) has suggested the following formula for evaluating hot cracking sensiti-
vity (HCS) of a low-alloy high-strength steel: 

[HCS]_fc^IF 
[ H C S ] - 3Mn + Cr + Mo + V ' ( R 2 ) 

Chemical compositions shown above are given in percent. When the [HCS] value is 
less than 4, the steel is believed to have good resistance against hot cracking. 

According to Inagaki(1410) the following simple formulas also may be used for prevent-
ing hot cracking in steel weldments: 

S < 0.035% 
Ni < 1.0% 

Mn>0.80% 
C<0.15% 

Mn/S > 35 

14.3 Cold Cracking 

Weldment cold cracking is generally defined as cracking which occurs below about 
400°F (204°C). Cold cracks are generally transgranular. Cold cracks can be divided 
into two general types, short time and delayed. Short-time cracks are initiated during 
cooling to room temperature after welding or after a short time at room temperature. 
Delayed cracks are initiated after some time lapse at room temperature. Delay periods in 
terms of weeks and months have been reported. Weldment cold cracks can occur both 
in weld metal or in the heat-affected zone. 

Fig. 14.10 shows toe cracks and underbead cracks which occurred in a bead-on-plate 
weld in SAE 4130 steel.(240) Hydrogen is known to be responsible for cold cracking in 
steel weldments. Hydrogen embrittlement of steel is discussed in Chapter 12. 

14.3.1 Effects of chemical compositions on cold cracking of steel weldments 

Chemical composition is an extremely important factor in determining whether a 
steel is susceptible to cold cracking. The concept of "carbon equivalent" is widely used 
for evaluating the cold-cracking sensitivity of a steel plate, as discussed in Chapter 9 
(see Tables 9.6 and 9.7). The relationship is valid for low-alloy steels which depend on 
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FIG. 14.10. Transverse section of bead weld in £-in. SAE 4130 steel sheet, showing toe cracks (A) 
and underbead cracks (B). 15X. Etchant: Nital. From Reference (240). 

martensitic transformation to attain high strength. 
Carbon equivalent is a number which is used to express the composition of a steel 

in a very simple way. It is made up by adding to the percentage of carbon present in the 
steel, a factor for each important alloying element present. This factor is arrived at by 
dividing the percentage of the alloying element present by a number (usually a whole 
number) which experience has shown to be related to the influence of the alloying element 
on the characteristic being studied. A common formula for carbon equivalent (CE) is(141 υ 

^ ^ Mn Ni Cr Cu Mo V /Λλ^ 
€ Ε = € + ^ + 2 0 + ΤΟ+40-10-ϊο· ( R 3 ) 

When CE by the above formula exceeds 40, underbead cracking can occur. Cracking is 
also influenced by welding heat input and other factors, however. 

Work on several types of steels has shown that susceptibility to hydrogen embrittle-
ment is related to the hardness of the steel.(109) As the hardness increases, the amount of 
stress required to produce hydrogen cracking decreases. Since the carbon equivalent can 
be used as an approximate index of the ability to harden a steel, it is related to the 
hardness produced in the heat-affected zone of a weld. This is shown in Fig. 14.11. This 
figure shows the relationship between the hardness of the heat-affected zone of bead-on-
plate weldments made from steels of various carbon equivalents. The welds were made at 
a single heat input (total energy per unit length of weld). This means that each heat-
affected zone experienced the same thermal cycle during the welding operation regard-
less of the chemistry of the steel. Heat-affected-zone hardness increased almost linearly 
as the carbon equivalent increased. In Fig. 14.11, carbon equivalent (CE) is expressed 
by a simple formula as follows : 
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^ „ Mn Si 
CE = C4--r--f—. 

4 4 
(14.4) 

Figure 14.11 also contains a curve for the under bead-crack sensitivity of this group of 
steels. The cracking index used was obtained from bead-on-plate tests made using a 
standard set of conditions. The test specimen is a rectangular piece of plate about 2 in 
wide (50 mm) wide and 4 in. long.1 The test weld is about \\ in. (32 mm) long. The weld 
specimens are sectioned logitudinally and the length of cracking measured on the longitu-
dinal section. The length of cracking is then reported as a percentage of the total weld-
bead length. This is the cracking index. Such cracking tests have become quite standard 
and, statistically, their reproducibility has been shown to be quite high. This test was 
originally developed to study the crack susceptibility of ship plate. 

The data shown in Fig. 14.11 indicate that underbead cracking only occurs in struc-
tures above some critical hardness. This means that, for a given welding procedure, 
there is some critical carbon equivalent which must be exceeded if cracking is to occur. 
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FIG. 14.11. Relation between underbead hardness, underbead cracking, and carbon equivalent. 

14.3.2 Methods of preventing cold cracking in steel weldments 

There are several methods for preventing cold cracking. They are: 

1. the use of low-hydrogen processes, 
2. preheating, 
3. reduced joint restraint. 

Reference (1412) discusses methods of reducing delayed cracks in ship welds. 

Use of low-hydrogen processes. For welding high-strength steels which tend to be 
susceptible to cold cracking, it is important to use processes with low hydrogen. Fig. 14.12 
shows the relationship between average underbead cracking and carbon equivalent for 
three different types of electrodes (see Table 1.18): 

The test specimen is very similar to that shown in Fig. 14.33. 
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FIG. 14.12. Relation between carbon equivalent and underbead cracking for three types of 
electrodes which produce shield gases containing quite different amounts of hydrogen 

(E6010—highest to E6015—lowest). 

E 6010 (high cellulose sodium), 
E 6020 (high iron oxide), 
E 6015 (low hydrogen sodium). 

Welding conditions were such that the heat-affected zones of the test welds experienced 
the same thermal cycle during welding regardless of the electrode used. There is a wide 
difference in the amount of hydrogen in the shield gases produced by the three electrodes. 
For γζ in. (4.8 mm) diameter electrodes, the E6010 shield gases contain about 50 to 60% 
hydrogen, E6020 about 30 to 40%, and E6015 about 5 to 10%. 

Low-hydrogen electrodes are widely used for welding high-strength steels. Conse-
quently, it is worthwhile to describe the need for care in the use of low-hydrogen electrod-
es. The term "low hydrogen" developed because these electrodes are produced to a maxi-
mum limit of moisture in the electrode coating. These electrodes are not as some people 
tend to think, "no-hydrogen" electrodes. The specified maximum moisture contents of 
low-hydrogen electrodes with different strength levels are 

0.6% for E7015, E7016, E7018, 
0.4% for E80XX, 
0.2% for E100XX and El 10XX. 

Keeping a control on the moisture content in the electrode coating holds the hydrogen 
level to a minimum because water is a source of hydrogen when it dissociates in the arc. 
Hydrogen has been associated with both underbead cracks and toe cracks. Therefore, 
it is desirable to keep hydrogen at a low level. 

For effective use, the low-hydrogen electrodes must be properly stored and kept dry. 
Fig. 14.13 shows the effect on moisture content of exposure to a humid atmosphere. If 
there is any doubt about the moisture level of the electrodes, they can be rebaked at 
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FIG. 14.13. Moisture pickup by E11018-G electrodes exposed to an atmosphere of 90% 
relative humidity at 75°F.(109) 

approximately 800°F (427° C) before use. Porosity at the start of a weld is one indicator 
that the electrode coating has picked up moisture. After baking the electrodes, make sure 
that they are placed in holding ovens until they are ready to be used. The welder is usually 
supplied with just the number of electrodes that he expects to use within a 4-hr period. 
Electrodes held out of the oven for a longer time are returned to be dried out. Reference 
(1412) states that, if the welder does not have a heated electrode container, the electrodes 
should be used within the following time limits: 

E70XX 4 hr 

E80XX 2 hr 

E90XX 1 hr 

E110XX fhr 
Electrodes should be rebaked only once. Electrodes that would require a second 

rebaking should be discarded/1412) 

Preheating.{109) There are two reasons for the effect of preheating. Preheat reduces 
the maximum cooling rate which occurs in the heat-affected zone during welding. 
This reduction in cooling rate can lead to softer structures being produced in the heat-
affected zone. The other effect of preheat is to maintain temperatures in the heat-affected 
zone above a critical temperature long enough to permit hydrogen to diffuse out of 
that zone during cooling. If this happens, there will be no hydrogen embrittlement in 
the heat-affected zone and, consequently, underbead cracking will not occur. 

Figure 14.14 shows the effect of preheat and postheat on critical carbon equivalent for 
cracking. The data shown in this figure are taken from the standard underbead-
cracking tests (see Fig. 14.33). It is obvious that, for a given chemical composition, the 
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FIG. 14.14. Effect of preheat and postheat on critical carbon equivalent for bead-on-
plate tests. 

addition of a preheat drastically reduces the underbead-cracking tendency and increases 
the critical carbon equivalent. 

The effectiveness of preheat for increasing the critical carbon equivalent level for 
underbead cracking has also been demonstrated in girth-weld tests made on pipe with a 
yield strength of 52 ksi (36.6 kg/mm2 or 359 MN/m2). In Fig. 14.15, the relationship 
between underbead-cracking tendencies and pipe temperature is shown for three different 
carbon equivalents. The higher the carbon equivalent, the higher the preheat temperature 
has to be to eliminate cracking. These tests are an excellent simulation of an industrial 

100 

50 i 100 150 200 250 
Pipe temperature, PF 

Low Room Preheat ^ 
"temperature temperature *" 

300 

FIG. 14.15. Effect of pipe-temperature girth-joint cracking. 
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welding operation. The cracking index here is the percentage of 1-in. (25-mm) long 
specimens cut from a girth weld in a 30-in. (762-mm) diameter pipe that showed any 
evidence of cracking. 

Joint restraint. The tendency for cold cracking increases as the joint restraint increases. 

Saw cut 

200 

A-A' Section 

y-60°Y 

BZ 
2 Unit: mm 

FIG. 14.16. Geometry of the saw-cut y-groove restraint cracking specimen used by Ito and 
Bessyo.(14I3) 
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FIG. 14.17. Relationship between the intensity of restraint, plate thickness and the length 
of saw cut of the restraint specimen used by Ito and Bessyo.(i4i3) The intensity of restraint was 
determined experimentally. The restraint intensity at the end of the joint is greater than that at 
the middle of the joint. The higher values at the end of the joint are used in the proceeding 

analyses. 
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FIG. 14.18. Relationships between intensity of restraint Ks and cracking parameter P'c. 
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The following pages describe results obtained by Ito and Bessyo.(1413) Figure 14.16 
shows the test specimen used. Figure 14.17 shows the relationships between plate 
thickness, the length of saw cuts, and the intensity of restraint Ks (kg/mm2). 

Figures 14.18 (a) and (b) show test results obtained with initial temperatures of 20°C 
(68°F) and 50°C(122°F), respectively. Shown in these figures are the relationships 
between Ks and carbon equivalent P'c, 

„, ^ Si Mn Cu Ni Cr Mo V ^ H 
^ = ^ 3 0 + ^0- + 20 + 60 + 20 + Ί ^ + ΪΟ + 5Β + 60' (14.5) 

where H = diffusible hydrogen (cm3) per 100g of the weld metal determined by a glycerine 
substitution method.T 

Figures 14.18 (a) and (b) show that the critical joint restraint for causing cracking 
decreases as the carbon equivalent increases. 

By summarizing experimental results Ito and Bessyo(1413) have developed Fig. 14.19 
which shows the relationships among: 

and 

Carbon equivalent P'c, 
Intensity of restraint Ks (kg/mm2), 
Cooling time from 300°C (572°F) to 100°C (212°F), (sec). 
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FIG. 14.19. Effect of restraint on the relationship between cracking parameter P'c and cooling 
time from 300°C to 100°C. 

f Immediately after welding a specimen was quenched in water at 20° C (68° F) and within 45 seconds it was 
placed in a collecting apparatus. 
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14.3.3 An analytical/empirical system for preventing cold cracking in 
steel weldments 

A group of Japanese investigators conducted extensive research for developing a 
systematic method of preventing cold cracking in weldments in high-strength 
steels/1414'1415) Figure 14.20 is a flow chart of the system. 

From the chemical composition of the base metal, the carbon equivalent PCM (%), is 
determined. By knowing the hydrogen content of the weld metal, H (cm3/100 g), and the 
intensity of restraint of a joint, Ks (kg/mm2), one can determine the cracking sensitivity 
of the weldment Pw(%). From knowing Pw, one can determine the critical cooling time, 
(ic)cr, as shown in Fig. 14.21. 

In order to weld the joint without cracking, one must select welding parameters, 
including welding conditions and preheating temperature, in such a way that the cooling 
time of the weld, (ic)ac, is longer than the critical cooling time. In other words, there is no 
cracking, when 

but there is cracking, when 
( 0 a c ^ ( 0 c r > 

( 0 a c < ( 0 c r · 

1. When PCM, H, and Ks are known. When chemical composition, H, and Ks are 
known, Pw can be determined as follows: 

^(°/o) = ĈM + 5 + 
K. 

60 40,000' 
(14.6) 

|—I Hydrogen in weld metal 

, Base metal composition 

Joint restraint 
Ks 

Weld cracking parameter 
Pw 

Critical cooling test 
<tc>cr 

i—j Welding heat input | 

Preheating conditions" 

L I Plate thickness 
joint design 

| Welding procedure | 

Cooling time in actual 
construction 

<tc>ac 

» Compare * 

Cracking, when (tc)cr > (tc)oc 

No cracking, when (tc)cr< (tcîoc 

FIG. 14.20. Flow chart of basic procedure for preventing weld cracking in steel structures. 
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FIG. 14.21. Relationship between Pw and the cooling time from 300°C to 100°C. 

n / 0 , , Si Mn Cu Ni Cr Mo V c „ 

The above formulas are applicable within the following ranges: 

(14.7) 

C = 0.07'~0.22%, 
Mn = 0.40 ~ 1.40%, 
Ni= 0 ~1.20%, 

Mo= 0 ~0.70%, 
Ti= 0 ~0.05%, 
B= 0 ~0.005%, 

Si = 0~0.60% 
Cu = 0~0.50% 
Cr = 0~1.20% 
V = 0-0.12% 

Nb = 0 ~ 0.04% 

Plate thickness, h = 19 ~ 50 mm (f ~ 2 in.). 
Hydrogen content of the weld metal, H = 1.0 ~ 5.0 cm3/100 g. 
Intensity of restraint, Ks = 500 ~ 3300 kg/mm2 

Heat input, J = 17,000 ~ 30,000 joules/cm (43,000 ~ 76,000 joules/in.). 

The minimum preheating temperature can be determined using Figs. 14.22 (a) and (b). 
Table 14.2 shows example calculations of PQM,^, and Pw for certain values of 
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FIG. 14.22. Relationships between Pw and required preheating temperature (at 5 cm from 
the weld line)/1415> 

TABLE 14.2 Example calculations of carbon equivalent 
values 

Chemical composition, % 

C = 0.12 
Si = 0.32 

Mn = 0.96 
Cu = 0.25 
Ni = 0.74 
Cr=1.02 

Mo = 0.37 
V = 0.03 
B = 0.016 

ItoandBessyo(1413) 

1/30 
1/20 
1/20 
1/60 
1/20 
1/15 
1/10 
5 

P = 

0.120 
0.011 
0.048 
0.013 
0.012 
0.051 
0.025 
0.003 
0.008 

0.291 

Conventional 
equation (14.3) 

0.120 
— — 
1/6 0.160 
1/40 0.006 
1/20 0.037 
1/10 0.102 

-1/50 -0.007 
-1/10 -0.003 

CE. = 0.415 

2. Diffusible hydrogen 

H=1.9cm3/100g 1/60 0.032 

P; = 0.323 

3. Joint restraint 

Ks = 1450 kg/mm2 1/40,000 0.036 

J\, = 0.359 
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chemical composition, hydrogen content, and joint restraint. Also shown here is a 
computation of carbon equivalent by a conventional method using eqn. (14.3). 

In the case shown here, Pw = 0.36%. If the plate thickness, A, is 25 mm, and the welding 
heat input is 17,000 joules/cm (43,200 joules/in.) the necessary preheating temperature 
is 120°C (248°F). If the heat input used is between 17,000 and 30,000 joules/cm (43,200 to 
76,000 joule/in.) the necessary preheating temperature can be determined by a proper 
interpolation of values obtained in Figs 14.22 (a) (for 17,000 joules/cm) and 14.22 (b) 
(for 30,000 joules/cm). 

2. When PCM and H are known. Sometimes, the intensity of restraint Ks is unknown. 
In the case of the ^-groove restrained cracking specimen shown in Fig. 14.16, Ks = 70A. 
In most applications, Ks is less than the above value. In Figs. 14.23 (a) and (b), it is 
assumed that Ks = 40A. Shown here are relationships between plate thickness, A, and 
preheating temperature for certain values of P. 

P'c(%) = Pcu + ^- (14.8) 

3. When PCM is known. Sometimes the hydrogen content of the weld metal is unknown. 

150 f-

E 
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Plate thickness h, 

a. Heat input 17,000 Joules/cm b. Heat input 30,000 Joules/cm 

FIG. 14.23. Relationships among plate thickness, P'c, and required preheating temperature. 

TABLE 14.3 Standard values of diffusible hydrogen in weld metal 

Electrode Cases using electrodes 
type under normal control 

of drying and keeping 

Cases using electrode 
under high moisture 
or improper keeping 

after drying 

Cases using electrode 
with extremely low 

hydrogen 

E7016 

E9016 

E11016 

4.0 cm3/100 g 

2.3 

1.6 

6.0 cm3/100 g 

4.0 

2.5 

2.0 cm3/100 g 

1.0 

1.0 

Note: Values shown are amounts of diffusible hydrogen (cm3) in 100 g of weld metal. 
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FIG. 14.24. Relationship among plate thickness, h (mm), PCM, and required initial temperature. 

Table 14.3 shows standard values of hydrogen content in the weld metal. Figures 14.24 (a) 
and (b) show relationships between plate thickness, h, and preheating temperature under 
the following conditions: 

Fig. 14.24(a): J = 17,000 joules/cm, 
H = 4.0 cm3/100 g, 

XS = 40A; 

Fig. 14.24(b): J = 30,000 joules/cm, 
H = 2.5 cm3/100 g, 

Ks = 40A. 

4. Only the base-metal specification is known. In some applications, only the base-
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Plate thickness h (mm) 

FIG. 14.25. Upper limits of PCM-values for Japanese HT60 and HT80 steel. 

Note: HT60 is similar to ASTM A572 steel; HT80 is similar to ASTM A514, A517 steels. 
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metal specification is known. Although it is difficult to determine the minimum preheat-
ing temperature for a variety of joints, some analysis could also be made. 

Figure 14.25 shows upper limits of values of PCM for two Japanese steels: HT60 and 
HT80, low-alloy high-strength steels with minimum ultimate tensile strength of 60 
kg/mm (85.3 ksi) and 80 kg/mm2 (114 ksi), respectively. From Table 14.3, one could 
assume that H = 2.3 cm3/100 g. for HT60 steel and H = 1.6 cm3/100 g for HT80 steel, 
when low-hydrogen electrodes are used under a proper moisture control. Then the 
upper limits of values of F are estimated as shown in Fig. 14.26. 
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FIG. 14.26. Upper limits of P -̂value for Japanese HT60 and HT80 steels—procedure 1 for 
determining required preheating temperature. 

20O-

Plate thickness (mm) 

FIG. 14.27. Relationships between plate thickness and required preheating temperature-
Procedure 2 for determining preheating temperature 

TABLE 14.4 An example of standards of preheating temperatures for 
Japanese HT6Q and HTS0 steels 

t < 25 mm 

Plate thickness, t 

25 mm < t < 38 mm 38 mm < t < 50 mm 

HT60 

HT80 

20°C(68°F) 

105°C(221°F) 

90°C(194°F) 

1556C(311°F) 

135°C(274°F) 

185°C(165°F) 

25 mm = 1 in., 38 mm = 1.5 in., 50 mm = 2 in. 
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By assuming K = 40A, and the heat input is 30,000 joules/cm (76,000 joules/in.), 

one can obtain Fig. 14.27 by using Fig. 14.23 (b). From Fig. 14.27, one can prepare 
Table 14.4 as a standard for preheating. 

14.4 Weld-Cracking Tests 

A number of crack-sensitivity tests have been introduced and used by many investi-
gators. The effects of various factors including base-metal composition, type of electrodes, 
and welding conditions on crack sensitivity have been studied in some detail. 

A technique commonly employed in the study of weld cracking involves the use of 
crack-susceptibility tests. Over thirty different crack-suspectibility tests have been 
developed. Most of them were designed to simulate some particular application in 
which cracking was encountered. Therefore, caution should be used before applying 
the test when some other problem is being investigated. Others were designed as aids in 
research on the fundamentals of weldment cracking. Some of the desirable features of a 
cracking test are: 

1. Ability to show a direct correlation with actual fabrication and service behavior. 
2. Reproducibility of results with freedom from variation due to the human element. 
3. Sensitivity to small changes in a test variable. 
4. Ability to show the effects of several welding variables. 
5. Economical preparation of the specimens and running of the test. 
6. Applicability to all welding process. 

Needless to say no test has been devised that possesses all of these features and it is 
not likely that one will ever be developed. 

The most important step in selecting a suitable test is to decide what information is 
desired from the test. For example, if the test is to furnish information on a cracking 
problem encountered in a particular application, a test simulating the actual joint 
geometry and welding conditions should be selected. On the other hand, if the test is to 
furnish information on the basic causes of a particular type of cracking, a test that is 
relatively economical and simple to perform while allowing the effect of individual 
variables to be determined might be selected. 

Further discussion are given on the following tests: f 

1. Lehigh restraint test. 
2. Houldcroft fishbone test. 
3. Circular patch test. 
4. Controlled thermal severity (CTS) test. 
5. Cruciform test. 
6. Longitudinal-weld underbead-cracking test. 
7. Varestraint test. 
8. Rigid restraint cracking (RRC) test and tensile restraint cracking (TRC) test. 
9. Implant test. 

These tests have been selected to show a variety of tests proposed and used by different 
investigators. Tests 1 through 6 have been used for some time; some of them were 

* References (240) (1016), and (1416) cover many crack-sensitivity tests. 
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developed in the 1940s. Tests 7, 8, and 9 are recent developments. Details of test pro-
cedures are given in references cited. 

14.4.1 Lehigh restraint test(2*°>1016*1416'1417) 

This test (Fig. 14.28) is used to study, quantitatively, the degree of restraint necessary 
to produce weld-metal cracking. The degree of restraint is varied by changing the 
length of the slots along the edges of the plate. The restraint is expressed numerically 
by the width of the specimen between inner ends of the slots. The threshold degree of 
restraint is expressed as the width which was just sufficient to cause cracking. To provide 
sufficient restraint to cause cracking in thin plates, the length of the groove in the speci-
men is usually reduced from 5 to 3 in. (127 to 76 mm). The variables that can be studied 
include base metal, filler metal, preheat, post-heat, heat input, and the effects of multi-pass 
welding. Cracking is usually detected by examination of transverse sections of the weld. 
Although normally used for steels, the test could be applied to other materials. 

14.4.2 Houldcroft fishbone test{1016>1418'1419) 

This test (Fig. 14.29) was originally developed to evaluate the cracking tendency of 
welds made in sheet material welded by the tungsten-arc process, with or without 
filler. The test can be used for a variety of materials and may be usable with fine-wire 
consumable-electrode welding. The test is based on the concept that if a weld is started 
on the left edge of a sheet which has the highest restraint, a crack can easily initiate 
and then propagate until the degree of restraint is insufficient to continue the crack. 
The restraint level in the test is controlled by the length of the slots along the edges of 
the specimen. The crack length is used as a measure of the crack sensitivity of the material. 
Usually six tests are made and the average crack length reported. 

The welding jig used with the test is shown in Fig. 14.29. The carbon block is an 
essential feature of the test. It conducts heat poorly compared with the metal but conducts 

Omit in plate < ^ thick 

FIG. 14.28. Lehigh restraint test specimen. 
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FIG. 14.29. Houldcroft fishbone specimen: (a) for ^-in. thick material (increased by 50% 
for |-in. sheet); (b) section through test assembly. 

the welding current efficiently, and also provides a convenient starting point for the arc. 
Fresh carbon blocks are used for each single test to insure that at the beginning of the 
test the block is at room temperature. The clamping strip holds the specimen in plate, 
but does not restrain the specimen. 

14.4.3 Circular patch testil016>1420'1421) 

The circular patch test (Fig. 14.30) essentially consists of welding a circular disk 
back into a square plate from which it was cut. However, a full penetration, circular, 
bead-on-plate weld has been used in evaluating sheet materials. Normally the test is 
used to investigate weld metal cracking, but it has been used to evaluate both hot and 
cold heat-affected zone cracking. The crack length is measured and expressed as a per-
centage of the total weld length. The test is suitable for use with all types of materials. 
Although the test is essentially a go-no-go test, it can be made semiquantitative by 
varying the patch diameter. 

14.4.4 Controlled thermal severity (C T S) test(1016'1422) 

The design (Fig. 14.31) of this test is based on the assumption that the extent of heat-
affected zone cracking depends mainly on the cooling rate at about 572°F (300°C), as 

V| 

s 
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d 
Var. 
2 

t 
Var. 
0.076 

Dimensions varied greatly but 
dimensions shown are recom-
mended for plates (1/4 inch 
and thicker) and sheets; the 
variable dimensions are dis-
cussed in Remarks below. 
Tested in air at room or pre-
heat temperature. 

Section A-A 

FIG. 14.30. Circular-patch test specimen.*1416) 



546 Analysis of Welded Structures 

Anchor weld 

FIG. 14.31. Controlled-thermal-severity test specimen. 

measured in the heat-affected zone adjacent to the fusion line. If a critical rate of cooling 
for a given electrode-steel combination is exceeded, cracking is supposed to occur 
irrespective of the external restraint applied. This test only evaluates the effects of 
cooling rate, not external restraint. The specimen consists of two plates, the square 
top plate and the rectangular bottom plate. The plates are clamped together with a 
bolt and two anchor welds. The two plate surfaces in contact are surface ground to 
obtain the best possible heat flow. After assembly the test specimen is allowed to cool to 
room temperature, and finally the bithermal weld is deposited, the specimen again 
allowed to cool, and finally the trithermal weld is made. Various thermal severities are 
obtained by using different thicknesses of plate. The thermal severity number, TSN, is 
calculated from the following equations: 

TSN = 4(i + b) for bithermal weld, 
TSN = 4(i + 2b) for trithermal weld. (14*9) 

The severity of cracking is determined by measurements of crack length on metallogra-
phic sections. 

Fillet 4 

FIG. 14.32. Cruciform test specimen. 
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14.4.5 Cruciform test*1016·1423"1425* 

The cruciform test (Fig. 14.32) is essentially a modification of the double-T-joint 
specimen which is used mainly for weld metal studies. However, the cruciform test is 
also used to differentiate between the cracking tendencies of various heats on armor 
steel. The test is designed to evaluate heat-affected zone cracking, but has been criticized 
on the ground that it was more sensitive to testing conditions than to differences in 
cracking susceptibility. The possibility of hydrogen diffusing from one fillet to another 
has also been pointed out. Before the fillet welds are deposited, the assembly is tack 
welded using a jig to obtain accurate fit-up. Each fillet is deposited, in the numbered 
sequence shown, at a constant, predetermined starting temperature. After welding the 
specimen is aged 48 hr at room temperature and stress relieved at 1150° F (788° C) for 
2 hr. The specimen is then inspected for cracking, and sectioned for metallographic 
examination. 

14.4.6 Longitudinal-weld underbead-cracking test(l016'1426~ 1428) 

This test (Fig. 14.33) was developed to study underbead cracking of low-alloy and 
high-strength steels. The specimen consists of a block of steel, 2 in. (50 mm) wide by 3 in. 
(76 mm) long, and the full thickness of the plate being investigated. A bead, l£ in. (32 mm) 
long, is deposited on a specimen. The specimen is precooled or preheated to one of 
several desired temperatures and during welding, and for 1 min afterwards, is immersed 
within \ in. (6.4 mm) of its top surface in a liquid bath at a chosen temperature. It is 
then removed and held for 24 hr at room temperature and then is stress relieved at 
1050°F (566°C) for 1 hr. The extent of cracking is determined by examining a longitudinal 
section through the weld by magnetic particle or metallographic techniques. The extent 
of cracking is expressed as a percentage of the total bead length. Although extent of 
cracking varies with individual specimens, an average often tests is reproducible within 
10%; an average of five tests is reproducible within 20%. This test does not provide any 
variation on degree of restraint. Recent investigations indicate that this may be an im-
portant factor in underbead cracking, therefore the test may have lost some of its value. 

14.4.7 Varestraint test.{1429) 

The Varestraint (Variable Restraint) test has been developed by Savage and 
Lundin(1429) for evaluating the hot-cracking tendency of a weldment. The test permits 
the evaluation of base metal weldability as well as determining the influence of the 
particular welding processes and associated welding variables on hot cracking. 

The Varestraint testing procedure utilizes a small, laboratory scale specimen suppor-

I 1 
L Section for underbeod crock 

length measurement 

Dimensions, inches 
1 
3 

1-1/4 

L 
6 
3 

W 
3 
2 

t 
Plate t 
Plate t 

Smaller dimensions used 
in early research on 
underbead cracking. Bead 
usually deposited at room 
temperature but subzero 
as well as preheat tem-
perature used. 

FIG. 14.33. Longitudinal-weld underbead-cracking test specimen/1416) 
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FIG. 14.34. Simplified sketch of the operation of the Varestraint testing device. 

ted as a cantilever beam, as shown schematically in Fig. 14.34. A weld is deposited from 
left to right, as indicated. As the arc passes the point marked A in Fig. 14.34, a massive, 
pneumatically actuated loading yoke bends the specimen downward suddenly to 
conform to the radius of curvature of top surface of the removable die block, B. Mean-
while, the arc travels steadily onward and is subsequently interrupted in the run-off 
area at C. Figure 14.35 is a schematic representation showing the typical relationship 
between the observed hot cracking and the location of the weld puddle at the instant of 
application of the augmented-strain. 

Under normal conditions, weld metal hot cracking is produced only within a relatively 
narrow region directly behind the instantaneous position of the solid-liquid interface 
at the trailing edge of the weld puddle. Since the augmented-strain is automatically 
applied at a predetermined point in the arc travel, a fiduciary mark can be made on the 
specimen in advance of the test to identify the proper area for subsequent examination. 
Microfissuring in the weld heat-affected zone is normally observed only in the region of 

LOCATION OF WELD PUDDLE 
AT INSTANT OF APPLICATION 
OF AUGMENTED STRAIN -

FUSION ZONE C R A C K S - f \ , , , A CRATER-7 «((((«ima-i 
SOLID-LIQUID INTERFACE -

SECTION REMOVED FOR OBSERVATION^ 

-ARC LOCATION 

-HAZ CRACKS 

FIG. 14.35. Schematic representation of the section of the weld removed for metallographic 
observation. Top surface of weld showing location of arc, weld puddle, and solid-liquid 

interface at instant of straining. 
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the heat-affected zone at either side of the location of the weld puddle at the instant the 
augmented-strain is applied. Therefore, where metallographic examination is to be 
performed, a section corresponding to the dashed rectangular area in Fig. 14.35 is 
removed and subjected to suitable metallographic preparation. 

Since the inherent restraint provided by the simple rectangular specimen is too low 
to cause cracking in the absence of augmented-strain, the minimum augmented-strain 
required to cause cracking with a given set of welding parameters provides one quantita-
tive index of cracking sensitivity, called the cracking threshold. In addition, the variation 
of the cracking threshold produced by changes in welding process and welding para-
meters provides a quantitative method for comparing welding procedures. 

14.4.8 Rigid-restraint cracking (RRC) test and tensile restraint 
cracking (TRC) test 

The rigid restraint cracking (RRC) test and the tensile restraint cracking (TRC) tests 
have been developed by a group of Japanese investigators/1430-1433) 

Rigid restraint cracking fesi. (1430"1432) Figure 14.36 shows schematically the rigid 
restraint cracking (RRC) test. When a certain length of a butt joint (called the restraining 
gage length, /) is kept constant by a proper clamping mechanism, reaction stresses in 

s: ( a ) Butt weld under restraint 

Movable 
chuck = 5 * -

221 
L Gage length of 

restraint I 

Fixed 
chuck 

( b ) Method of the RRC test 

Cracking 
Cracking 

No cracking 

Jime after start of weld 

D 

me to cool to 
I room temperature 

— ( c ) Typical test results 

I increases 
Free contraction curve 

FIG. 14.36. Schematic diagram of the rigid restraint cracking (RRC) test. 
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the joint increase as the joint shrinks after welding. The value of reaction stress increases 
as / decreases, provided that other parameters such as heat input, plate thickness, etc., 
are the same. 

When I is very small, reaction force in the weld metal increases to large values soon 
after welding is completed and the weld metal may crack, as shown by curves A\ B' in 
Fig. 14.36. When / is somewhat larger, the reaction force increases as shown by curve C; 
the weld may not crack immediately after welding but delayed cracking may occur 
when the base metal is high-strength steel. When / is sufficiently large, no cracking 
occurs as shown by curve D'. 

Figure 14.37 shows how reaction force, W (ton), increases after welding a low-carbon 
steel joint 20 mm (| in.) thick, 30 mm (1.2 in.) wide with the heat input of 16,000 joules/cm 
(40,600 joules/in.). Cracking occurred when / = 200 mm (8 in.), but no cracking occurred 
when/= 300 mm (12 in.). 

800 

-koo 

4200 

E 

Φ 

"o 
Φ 

0> 

a 
E 

10* 10 
Time after start of welding, sec 

FIG. 14.37. Effect of restraining gage length / on reaction force. 

Note: Low-carbon steel weldments, plate thickness h = 20 mm, Q = 16,000 joules/cm, breadth 
of specimen (weld length) = 30 mm. 
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FIG. 14.38. Development of restraint stress during cooling and cracking in the RRC test. 
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In the RRC test, the intensity of restraint Ks (kg/mm2) is:T 

h 
Κ=Ε· 

I 
(14.10) 

where E = Young's modulus, 
h = thickness of the base plate, 
/ = restraining gage length, 

Figure 14.38 shows experimental results on HT80 steel. Shown here are reaction 
stresses in the weld metal. In the first pass weld of heavy plates, reaction stresses in the 
weld reach a very high value resulting in cracking. As the reaction stress decreases, it 
takes a longer time for cracking to occur. When the reaction stress is below a certain 
level, cracking does not occur even after a long period. 

The results clearly indicate that cold cracking is a type of delayed fracture. Results 
shown in Fig. 14.38 are understandable on the basis of hydrogen-induced delayed-
fracture characteristics as shown in Fig. 12.1. 

Tensile restraint cracking testS1*32,1433) In the TRC test, tensile load is applied to a 
butt joint during welding or 3 to 4 min after welding is completed. Figure 14.39 shows 
the test specimen. 

Figure 14.40 shows examples of loading curves and weld thermal cycles. Loading 
may be applied during welding or after welding is completed. 

Figure 14.41 shows an example of test results. When a specimen is subjected to a certain 
stress, a crack initiates at a certain time and the crack grows with time. As the stress level 
decreases, the time necessary for crack initiation and that for fracture increase. When 
the stress is below a certain limit, a crack does not occur even after a long period. 

Γ^ 

k 55~95- - 45 -H-—45—-K25H 

Unit: mm 

FIG. 14.39. TRC test specimen. 

Note: Two specimens as shown in this figure are joined. 

fSee eqn. (14.13). 
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Steel 8B 25mm thick, Electrode 8H- l -C4mmD, 170 A, 150 mm /min 
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FIG. 

Note 

14.40. Examples of loading curve and weld thermal cycle during the TRC test.( 

(1) Steel 8B: quenched and tempered steel. 
C = 0.15, Si = 0.35, Mn = 1.06, P = 0.10, S = 0.008, 
Ni = 0.81, Cr = 0.43, Cu = 0.25, Mo = 0.40. 
Yield strength = 76.4 kg/mm2 (109 ksi). 
Ultimate tensile strength = 87.9 kg/mm2 (125 ksi). 

(2) Electrode 8H-1-C: E11018, 4 mm, 
(3) Welding conditions: 

Welding current = 170 amperes. 
Arc travel speed = 150 mm/min (6 in./min). 

S 
2 

50 

40 

3 0 

20 

10 

0 

Steel 8B 25mm thick, Electrodes 8H-I-C4mm dia. 
170 Amp., I50mm/min, no preheat 

Δ 

\ 
\ \ 

\ Crack \ 
ti initiation · 

m 
1 i i i l l 1 

Δ 

Ô 

Δ 

1 

A 

100 % Crack 

\ cracked initiation 
\ Restrained 

\ M after welding 

* \ Restrained Δ 

\ during welding 
\ 

\ 
\ \ 
\ \ Δ \ \ 

\ . - \ . -
\ o 
ΔΛ 

i 1 i i i i 1 1 i i 1 I i i i 1 

100% 
crack 

• 1 

A 

t p j 
«S 

i 1 1 
3 5 10 20 50 100 200 m i n 500 1000 2000 

i i im i n i i i i 
I 2 5 10 20 30 

Loading time hrs 

FIG. 14.41. Effect of tensile time in TRC test in weldments in steel 8B.(1433) 



Weld Cracking and Joint Restraint 553 

14.4.9 Implant rest*1434"1436* 
The implant test has been developed by Granjon and others at the Institut de Soudure 

in France/1434'1435) 

By "implant" is meant a cylindrical sample of the material under study which fits 
easily into a hole specially drilled in a backing plate of the same, or another, material. 
If the thermal conductivity of the backing plate is identical with that of the implant, 
the latter undergoes the same thermal cycle as the plate when the weld bead is made. 
Consequently, all phenomena associated with the thermal cycle can be reproduced on 
this reduced, and therefore practical, sample—the "implant". The table in Fig. 14.42 
lists the observations and determinations facilitated, or made possible, by the application 
of this method. 

The basic consideration which justifies the implant method lies in the fact that at the 
same distance d from the weld junction of a weld bead on the plate (Fig. 14.43), the heat 

Metallographic study and maximum hardness 
welding energy curves 

Study of welding thermal cycle 

! — < « ► 

Thermal analysis "in situ" : continuous cooling 
transformation diagrams 

J P 0 ^ Study of cold cracking : cracking curves and 
pre-and post-heating diagrams 

Study of reheat cracking: determination of the 
stress relieving conditions 

Study of the influence of cracks on the mechanical 

behavior of welds 

FIG. 14.42. Current applications of the implant method. 

FIG. 14.43. Equivalence of heat cycles in plate and implant. 
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cycles at a point B of the implant and at a point A of the base plate are the same. In 
particular, the same results occur at points A and B if one measures, as a function of 
the welding energy, the cooling times of the welding cycles, e.g. between 800° and 500°C 
(1472° and 932°F). 

When the implant test is used for studying cold cracking, a specimen with a vee-notch 
is usually employed, as shown in Fig. 14.44. After deposition of the weld bead, the 
specimen is subjected to a tensile load fixed at a given value. The cracking stress in 
relation to the cross-section at the bottom of the notch is used as a criterion to express 
the susceptibility to cracking. 

Time of cracking or fracture. With the fixture used, the implant can be put under load 
shortly after welding, while it is still warm, or later. It can then be noted, as is shown in 
Tables 14.5 and 14.6, that the cracking and the fracture which appear rapidly when the 

I 

* 1 

Y 

FIG. 14.44. Specimen for cold-cracking test. 

TABLE 14.5 Cracking or fracture time in terms of the time of application 
of the load tc (cfor time tc). Steel A3 (C:Mn steel). Energy 15 x 103 J/cm. 

Thickness 20 min. Stress 24A hbar. Dry basic electrode{1434) 

*« 

1 min 30 sec 
30 min 
Ihr 
3hr 
24 hr 

*« 

100° 
31° 
20° 
20° 
20° 

Result 

Fracture in 10 min 
Fracture in 48 min 
Fracture in 54 min 
Fracture in 1 hr 5 min 
No cracking after 65 hr 

Steel A3 (steel A52). 
C = 0.25, Mn = 1.49, Si = 0.48, Al = 0.060. 

TABLE 14.6 Same experiment as in Table 14.5 with a steel (A4) suscepti-
ble to hardening. Stress 18 A6ar(1434) 

tc 0 C Result 

1 min 30 sec 100° Fracture in 11 min 
3hr 20° Fracture in 11 min 
50 hr 20° Cracking (15%) after 64 hr 
100 hr 20° No cracking after 16 hr 

r=0,1 
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loading takes place very soon after welding, can be greatly delayed or even avoided 
when the loading itself is postponed. 

Cracking temperature: progress of the crack. It is also possible to switch off the load 
during a test to determine the moment and consequently the temperature at which 
the crack occurs and also the stress value as well as how it develops. Table 14.7, dealing 
with a C:Mn steel (A2) for which the cracking and fractures stresses under the welding 
conditions used are respectively 8 and 26 hbar (8.2 and 26.5 kg/mm2 or 11.6 and 37.7 ksi), 
shows how a crack develops under a stress of 21.6 hbar (22 kg/mm2 or 31.3 ksi) applied 
immediately after welding.1 The crack seems to start very quickly (after 10 min) and at a 
temperature between 40° and 45°C (104° and 113°F). It develops further fairly slowly, 
which shows to what an extent tests of cold cracking must be prolonged. Similar results 
have been found for other steels showing that with immediate loading, the so-called 
cold cracking never really starts from dead cold, but at the end of cooling. Similarly, 
so-called delayed cracking starts in fact rapidly. 

TABLE 14.7 Development of cracking in terms of time. 20-mm thick 
plate. Energy 10 x 103 J/cro.SteeMs(0.18C:133Mn:0.48Si(1434) 

tr Θ, Result 

1 min 30 sec 
1 min 45 sec 
1 min 30 sec 
1 min 30 sec 
1 min 30 sec 

6 min 30 sec 
10 min 
30 min 
Ihr 
16 hr 

45° 
40° 
28° 
24° 
20° 

No cracking 
5% cracking 
10% cracking 
20% cracking 
28% cracking 

tr = loading time 6r - temperature for tr 

Time to rupture, min 

FIG. 14.45. Graph showing the reproducibility of the implant cracking test with separately 
dried batches of electrodes/1437) 

f 1 hbar = 10 MN/m2. 
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Reproducibility. It is believed that scattering of test results is reasonably small. 
Figure 14.45 shows test results reported by Hart and Watkinson.(1437) A series of tests 
were made to assess the reproducibility of the method, using 0.28 in. (7 mm) diameter 
specimens with 0.02 in. (0.5 mm) deep notches with radii in the range 0.0005-0.0002 in. 
(0.013-0.05 mm). These were welded with the same class El 1018-M electrodes as in the 
first series, but dried at 400°C (204°C) for 1 hr, transferred to and held at 150°C (66°C) 
before use. Three batches of tests were made in this series. In two batches the tests were 
made on different days from electrodes dried and used in exactly the same manner. The 
third was made with electrodes dried at only approximately 400°C and used after holding 
at 150°C for between 1 and 24 hr. The small range of scatter in all these tests can be 
seen from Fig. 14.45. 

14.4.10 Recent trends and comparison of results obtained with different tests 

Although it is difficult to state recent trends of the use of weld cracking tests, without 
conducting an extensive survey, the author believes that current research efforts are 
directed toward developing methods for generating quantitative information on crack 
sensitivity. Recent efforts for developing Varestraint, RRC, TRC, and implant tests 
indicate such trends. It is interesting to note that in these recent tests, stresses are applied 
to a welded specimen; while in older tests welds are made on a specimen or a series of 
specimens with predetermined restraint.* 

The application of stresses has two advantages: 

1. Stresses in a specimen can be varied in a range much larger than that which could 
be made available using restrained specimens. 

2. By applying stress of a known value, one could easily determine the level of stress 
(and time) under which a crack initiates and propagates. 

Efforts also have been made by various investigators to compare results obtained 
in different tests. The following pages show a few examples. 

Study by Satoh and others.(1432) Satoh and others compared the RRC, the TRC, and 
the implant test. The RRC test is similar to the TRC test, but differs in the following 
manner. In the TRC test, a constant load is applied immediately or a few minutes after 
welding. In the RRC test, reaction stresses in the specimen increase by keeping the length 
of the specimen constant during welding and cooling. It has been found by experience 
that similar test results are obtained when the load is applied in the TRC test a few 
minutes after welding. Figure 14.46 shows that the relationships between critical reaction 
stress and fracture time determined by the RRC and the TRC tests are almost identical. 

Figure 14.47 shows the correlation between the critical stresses determined by the 
RRC and the TRC tests and those determined by the implant test. The critical stresses 
for crack initiation determined by the implant test are almost equal to those determined 
by the RRC and TRC tests for each material and test condition. Table 14.8 shows the 
chemical compositions of the seven base plates tested. Two tests were made using a 
preheating of 50°C(122°F). 

Study of Gordine.{1*3S) Gordine studied the weldability of some arctic grade line-pipe 

f Further comments on restraint cracking tests are given in a later part of this chapter, see Fig. 14.52. 
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FIG. 14.46. Development of restraint stresses and cracking in RRC and TRC tes t s / 1 4 3 2 ) 

Note: Welding conditions used: 
Welding current = 170 amperes. 
Arc voltage = 2 3 - 2 8 volts. 
Arc travel speed = 150 mm/min (6 in./min). 
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FIG. 14.47. Relation between act of implant test and that of RRC and TRC tests . ( 1 4 3 2 ) 

steels using the controlled thermal severity (CTS) test and the implant test. Tests were 
made of ten different types of steels which may be separated into the following three 
categories (see Table 14.9). 

1. Conventional X-65 line-pipe steel—steel F (included for comparative purposes). 
2. Controlled rolled micro-alloy line-pipe steels—steels J, M, N, P, R, and Z. 
3. Quenched and tempered steels—steels T and S. 
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TABLE 14.8 Chemical compositions of steels tested by Satoh et α/.(1432) 

Chemical composition (%) 

C Si Mn Cu Ni Cr Mo V P S 

H8-A 

H8-B 

H8-C 

H8-D 

H8-E 

H8-F 

S5 

0.14 0.23 1.00 0.21 0.89 0.47 0.32 

0.14 0.28 0.94 0.24 0.03 0.82 0.35 

0.13 0.26 0.84 0.25 0.02 0.93 0.23 

0.13 0.35 0.95 0.26 0.99 0.53 0.49 

0.11 0.27 0.80 0.23 1.04 0.39 0.40 

0.15 0.29 0.86 0.17 0.91 0.47 0.40 

0.14 0.39 1.31 — — — — 

0.030 

0.043 

0.040 

0.040 

0.033 

0.030 

0.015 

0.023 

0.016 

0.008 

0.009 

0.010 

0.011 

0.006 

0.005 

0.005 

0.005 

0.006 

0.008 

0.013 

0.515 

0.564 

0.528 

0.560 

0.461 

0.524 

0.375 

0.271 

0.277 

0.269 

0.282 

0.237 

0.279 

0.219 

pm = C + Si/30 + Mn/20 + Cu/20 + Ni/60 + Cr/20 + Mo/15 + V/10 + 5B. 
Ce = C + Si/24 + Mn/6 + Ni/40 + Cr/5 + Mo/4 + V/14. 

Table 14.9 Summary of implant test results in line-pipe steel (Gordine(l439)) 

Steel 

A 
F 
J 
M 
N 
P 
R 
S 
T 
Z 

Carbon 
equivalent 

Conventional1*0 

.43 

.37 

.34 

.43 

.30 

.40 

.41 

.36 

.41 

.47 

Ito-Bessyo(6) 

.19 

.23 

.19 

.18 

.14 

.21 

.21 

.19 

.18 

.18 

Lower 
critical 

stress (ksi) 

82.0 (565 MPa) 
61.2(421 MPa) 
87.0 (600 MPa) 
87.0 (600 MPa) 
86.6 (595 MPa) 
59.2 (407 MPa) 
47.0 (324 MPa) 
71.0(490 MPa) 
76.0 (524 MPa) 
65.0(448 MPa) 

Maximum 
HAZ 

Vickers 
hardness 

303 
442 
326 
274 
294 
422 
360 
360 
391 
336 

(e)Seeeqn. (14.11). 
{b) See eqn. (14.7) for PCM. 

TABLE 14.10 Controlled thermal severity test results for line-pipe steels 
(GordineilA38)) 

Steel 

A 
F 
J 
M 
N 
P 
R 
S 
T 
z 

Thermal 
severity 
number 

5 
6 
6 
5 
5 
7 
7 
6 
6 
6 

Max. HAZ 
Vickers 

hardness 

318 
435 
352 
274 
255 
442 
422 
429 
352 
355 

Test temperature at 
which cracking first 

occurred 

< - 36°C 
- 1 6 ° C 
+ 21°C 
- 2 7 ° C 
- 3 6 ° C 
- 1 7 ° C 
- 1 7 ° C 
+ 21°C 

<o°c 
<o°c 

(-32°F) 
(+3°F) 
(+70°C) 
(-16°F) 
(-32°F) 
( + 2°F) 
( + 2°F) 
(+70°F) 
( + 32°F) 
(+32°F) 
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The results of the CTS tests on the different line-pipe steels are summarized 
in Table 14.10. Data were obtained for eight of the ten steels in the program. Plate 
thicknesses used were determined by the wall thickness of the pipe and ranged from 
0.375 to 0.720 in. (9.5 to 18.3 mm) with the corresponding thermal severity number 
varying from 5 to 7. Also shown in Table 14.10 are the maximum HAZ hardness values 
recorded. Selected test welds from the CTS tests were sectioned and polished, and 
hardness traverses were made across the weld and HAZ using a Vickers hardness tester 
with a 10-kg (22 lb) load. In most cases, the maximum HAZ hardness corresponded 
to the region of the HAZ through which the crack traversed. 

In Fig. 14.48, typical stress/time curves obtained from the implant test are shown for 
three selected steels in the evaluation program. The data in Fig. 14.48 show the two 
extremes of behavior. Steel R exhibits a CS value of 47.0 ksi (324 MN/m2) whereas 
steel M has a much higher value of 87 ksi (600 MN/m2). Also shown for comparison is 
the stress/times curve for the conventional C-Mn X 65 steel, i.e. steel F. 

A summary of the entire implant results for all ten steels is given in Table 14.9. The 
results show a wide range in CS values for the ten different materials. All steels tested, 
except for steels P and R, showed CS values higher than that of the conventional line-pipe 
steel, steel F. 

As in the CTS tests, sections were taken through selected fractured implant test 
specimens and examined metallographically. 

Of the two test methods used to determine the susceptibility to cold cracking, the 
implant test was found to give a more sensitive measure of cracking susceptibility, and 
more reliance was placed upon these results than those from the CTS test. The implant 
test confirmed that the majority of the steels tested had lower levels of susceptibility than 
the one conventional line-pipe steel that was also tested. Only steels P and R showed a 
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greater susceptibility to cold cracking than the conventional steel. The CTS results 
shown in Table 14.10 indicate little real difference between the cracking susceptibilities 
of the ten steels tested. Only steels A, M, and N showed a cracking tendency lower than 
the conventional line-pipe steel. They also showed much lower HAZ hardness levels. 
The remaining steels showed performances equal to or, in some cases, worse than the 
conventional steel. 

Also shown in Table 14.9 are the carbon equivalents (CE) for the ten different steels. 
The carbon equivalent is commonly used as an indicator of the tendency of a steel to 
hardening in the HAZ and susceptibility to hydrogen-induced cracking. Most pipeline 
specifications impose upper limits upon the CE values of the line-pipe steels. The carbon 
equivalent formula used in most pipeline specifications is as follows: 

^ „ Mn Cr + Mo + V Ni + Cu CE = C + - + -5 + _ i r - . 

Although this formula works very well for the conventional C/Mn line-pipe steels, 
it has been recognized by many workers that it is not as appropriate for the newer 
microalloy steels. The results in Table 14.9 confirm this very clearly. For example, 
steels A, M, and Z have high CE values as determined by the above formula and yet 
show quite low HAZ hardnesses and high resistances to HAZ cracking. Conversely, 
conventional line-pipe steel F has one of the lowest CE values and yet has high HAZ 
hardness and low tolerance to HAZ cold cracking. 

Attempts have been made to modify the CE formula. One relationship that has been 
reported to work much better for the microalloy steels is the formula proposed by 
Ito and Bessyo.(1413) 

The CE values obtained using this relationship are also listed in Table 14.9. In this 
case the correlation of CE value to HAZ hardness and cracking susceptibility is much 
better although still not perfect. Gordine concluded that it would appear that the Ito-
Bessyo formula is, however, a better measure of the CE of the microalloy steels and is a 
more reasonable guide to the weldability of the steel. 

14.5 Analytical and Experimental Determination of the Degree of 
Restraint of Weld-Cracking Test Specimens and Joints in 
Actual Structures 

It has been well established that as the degree of restraint of a joint increases (1) 
reaction stresses in the joint increase, (2) distortion decreases, and (3) tendency for crack-
ing increases. These effects have been discussed in various parts of this textbook as follows: 

1. Chapter 3 discusses some basics of reaction stresses. 
2. Chapter 4 (Section 4.7.4) discusses measurement of the degree of restraint of a 

welded joint. 
3. Chapter 6 (Section 6.3) discusses residual stresses in restrained butt welds. 
4. Chapter 7 discusses effects of restraint on distortion. 
5. Earlier parts of Chapter 14 discuss effects of restraint on cracking. 

What is needed here is to develop a methodology to determine, analytically and/or 
experimentally, the degree of restraint of a laboratory specimen and that of a joint in 
actual structures. Then one can utilize information obtained in a laboratory to 

(14.11) 
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the welding fabrication of actual structures. The following pages discuss this subject 
with an emphasis on the prevention of weld cracking. 

14.5.1 Historical development 

Although many investigators in various countries have studied the effects of joint 
restraint on residual stresses, distortion, and cracking, a group of Japanese investigators 
since the late 1930s have made special efforts for conducting scientific research on this 
subject, as follows: 

1. The development of ways of analytically expressing the degree of joint restraint 
in various types of joint configuration. 

2. The generation of large amounts of experimental data describing how the degree 
of restraint affects distortion, residual stress, and cracking. 

A number of investigators were involved in this work, and various notational systems 
were used.(703'1439"1442)t Kihara et α/.(604) used "K" to express the degree of restraint 
of a slit-type butt joint, as shown in Fig. 7.3. 

Much of the work done in Japan from around 1940 to the early 1950s was carried out 
with little contact with the outside world, because of World War II; and some of these 
projects were significantly different from any done elsewhere. In the early 1950s, for 
example, when these Japanese investigators studied how the degree of restraint affects 
the transverse shrinkage in butt welds, they knew about the fracture mechanics theory 
being developed in the United States at that time, but had almost no personal contact 
with the United State investigators working in fracture mechanics. This is when the 
confusion began over the use of the notation "K". 

Although Japanese investigators for a number of years have used the notation "K" 
to mean "the degree of restraint in a welded joint", that notation is more widely used 
(in the fracture mechanics theory) as the "stress intensity factor". Having two different 
uses for K has caused some confusion. Recently attempts have been made within 
Commissions IX and X of the International Institute of Welding to develop a system of 
notations expressing the degree of restraint which are less confusing/320,1443) 

14.5.2 Analysis of reaction stress and weld cracking under 
restrained conditions 

During the 1960s Satoh and Matsui(1441,1442) studied reaction stresses and weld 
cracking as they occurred under restrained conditions. The study concentrated its 
efforts on the weld metal cracking that occurs during the first pass in restrained butt 
joint. 

Figure 14.49(a) is a butt joint under restraint. The hindered contraction between A 
and A' during cooling develops a reaction force, from which elongations of the base 
metal, Xb, and the weld metal, Aw, result. When both ends are fixed, the sum of Xb and Xw 

is equal to the free contractions S between A and A at any given instant during cooling, or 

Aft + Aw = S. (14.12) 

* Further details of the historical development are presented in reference (320). 
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(a) Simple butt weld under restraint 
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(b) Relationship between reaction force and 
deformations of the base plate and weld metal under 
restraint 

FIG. 14.49. Shrinkage of a butt weld under restraint. 

When the plate thickness, A, is sufficiently greater than the depth of the weld throat, 
Aw, the behavior of the base metal can be regarded as elastic even when reaction stresses 
in the weld metal are high enough to cause cracking. 

Figure 14.49(b) shows how the reaction force per unit weld length, P, increases with 
Aw and kb. Line OYM represents the relationship between kw and P. Beyond point Y the 
weld metal deforms plastically and may eventually break. The straight line ON represents 
the relationship between Xb and P. When S = OA and when AB is parallel to ON, one 
may obtain kb = €25, kw = BC, and P = OC. The gradient of the straight line ON is: 

Eh 
tan Θ = — = Κ5 (kg/mm2). (14.13) 

Ks as defined here represents the reaction force per unit weld length necessary to 
produce average elastic strains of unit magnitude. Satoh and Matsui designated Ks 

"intensity of restraint". The reaction force P increases as Ks (or A//) increases for a given 
value of S, and P increases as S increases for a given value of Ks. 

Satoh and Matsui also used: 

Ko = ~r (kg/mm2/mm). (14.14) 
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I 
(a) 

^c I 

FIG. 14.50. Bending restraint of a butt joint with unsymmetric groove. 

They called K5 the "coefficient of intensity of restraint". K0 defined in eqn. (14.14) is 
similar to ks defined in eqn. (7.1). 

Satoh et α/.(1445) expanded the concept of restraint intensity to cover angular distor-
tion, as shown in Fig. 14.50. The bending restraint intensity, KB, is defined as : 

ΚΒ = Μ/Θ (14.15) 

where M = bending moment per unit weld length (kg mm/mm), 
0 = total angular distortion at the groove (radian). 

The dimension of KB is kg-mm/mm/rad = kg/rad. 
Satoh et α/.(1445) suggested the use of KT to express the restraint intensity under 

tension. The definition is: 

κτ-δ (14.16) 

where P = force per unit weld length (kg/mm), 
δχ = displacement in the direction perpendicular to the weld line (x-direction). 

The dimension of KT is kg/mm2. 
The restraint intensity of a short weld (a tack weld, for example) can be defined as: 

(14.17) K ~ -

where P = total restraining force (kg), 
/ = weld length (mm), 

5 = average displacement of a joint by the force P (mm). 

The dimension of KT is kg/mm2. 
In addition to the RRC and TRC tests for evaluating tendency for cracking under 

tension, the BRC (bending restraint weld cracking) test has been developed for evaluating 
the tendency for weld cracking under bending stresses.(1445) 
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Units used to express the restraint intensity. Kihara, Masubuchi, and Matsuyama(614) 

used "X" (kg/mm2/mm) to express the degree of restraint of a slit joint, as shown in 
Fig. 7.4, in studying effects of K on transverse shrinkage. 

Satoh and Matsui(1441,1442) used "K" (kg/mm2) to express the degree of restraint 
of a butt weld, as shown in Fig. 14.49. 

This difference in units has added to the confusion with "X" (psix/ïn, kg^/mm/mm2) 
expressing the stress intensity factor in the fracture-mechanics theory. 

In order to reduce confusion the following notations and technical terms are used 
throughout this textbook: 

1. Use ks (kg/mm2/mm) to express "degree of restraint". 
2. Use Ks(kg/mm2) to express "intensity of restraint". 

A further discussion on the comparison between k and K are given in reference (320). 

14.5.3 Restraint intensity of practical joints 

Efforts have been made to determine experimentally and analytically the degree of 
restraint of complex, practical joints. 

Figure 14.51 shows how to determine experimentally the degree of restraint of a butt 
joint between deck assemblies of an actual cargo ship/1446,1447) A and B are turnbuckles 
that are hooked to small steel pieces welded to the deck plate. Dial gages are numbered 
1,2, and 3. Changes in the gap between the deck plates are measured with dial gages while 

-Butt Joint 

m t 
W—100 

Ί * j i ■*" 
U—350 ■!■ 350—H 

-Sid« B«ams 

-1400- J 
A, B 
1, 2, 3: dial gages 
Unit, mm 

FIG. 14.51. Measurement of the degree of restraint of a butt joint between deck assemblies of 
an actual cargo ship (Watanabe et α/.)(1446*1447) 
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the plates are pulled together by the turnbuckles. The tightening force is determined by 
strain gages mounted on the turnbuckles. The restraint intensity of the joint is then 
calculated by eqn. (14.16). 

With the use of modern computers it is possible to analytically determine the degree 
of restraint in a complex joint. In 1970 Masubuchi and Ich(1448) used a finite element 
method to calculate the degree of restraint in various butt joints including the Lehigh 
restraint specimens. Since then a number of investigations have extended the analysis 
to cover various complex joints, including joints between three-dimensional assemblies. 
Reference (1443) summarizes results obtained by various investigators on a variety of 

a. Straight Slit 

c. H-Type Slit 

b. Straight Slit with Circular 
Holes at the Ends 

I |-L=l25mm-) I 
|—La= 150 mm-H 

300mm 

d. Lehigh-Type with Sawcuts 
(Sawcut Width 1mm ) 

e. Large H-Type Slit 

FIG. 14.52. Joint configurations analyzed by Masubuchi and Ich 
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joint configurations. Presented here are: 
Figure 14.52: Joint configurations analyzed by Masubuchi and Ich.(1448) 

Table 14.11 : Values of degree of restraint of joints studied by Masubuchi and Ich. 
Figure 14.53 : Relationship between weld length to slit ratio, R, and non-dimensional 

degree of restraint for different cases studied by Masubuchi and Ich. 
Figure 14.54: Welded joints restrained by fillet welds. 
Figure 14.55 : Measured values of restraint intensity of various butt joints in a spheri-

cal pressure vessel. 
Figure 14.56: Effects of plate thickness on measured values of restraint intensity. 
1. Restraint intensity of structural welds. By summarizing relationships between 

plate thickness, A, and Ks for many structural welds, one can conclude that the upper 
limit of the restraint intensity, Ks, of practical joints is: 

Ks = 40Λ. 
TABLE 14.11 Values of degree of restraint of joints studied by Masubuchi and Ich 

(14.18) 

Slit length 
- Ill 

! K - ' / -

1. Rectangular plate with a s 

L = 120 mm < 

3 
1 
2 

5 
5 
6 

u 

103 psi/in 

traight slit (Fî  

4.60 

3.55 

3.05 

2.86 

2.94 

K 
kg/mm2/mm 

l· 14.52(a)) 

127.36 

98.21 

84.49 

79.30 

81.53 

2. Straight slit with circular holes at the ends (Fig. 14.52(b)) 

L = 5 i n . < 

0.2 

0.4 

0.6 
0.8 

1.0 

3. H-slit (Fig. 14.52(c)) 

L = 120 mm < 

r i 
3 
1 
2 
2 
3 
5 
6 

l » 

4.878 

2.829 

2.174 
1.876 

1.769 

3.13 

2.30 

1.89 

1.65 

1.46 

4. Leight-type specimen without sawcut 

L = 125 mm 1 

5. Leight-type specime 
L = 125 mm 

1.74 

135.1 

78.2 

60.2 
52.0 

49.0 

86.78 

63.78 

52.35 

45.83 

40.45 

48.17 

n with sawcut (Fig. 14.52(d)) 
1 1.11 30.69 

5 (EIL) 

0.724 

0.559 

0.481 

0.451 

0.464 

0.813 

0.472 

0.362 
0.313 

0.295 

0.493 

0.363 

0.298 

0.258 

0.230 

0.285 

0.182 

Remarks 

ks measured = 44 kg/mm2/mm 

ks measured = 27 kg/mm2/mm 

6a. Large H-slit specimen in steel (Fig. 14.52(e)) 
L = 1 0 i n 1 0.214 5.92 

6b. Large H-slit specimen in aluminum (Fig. 14.52(e)) 
L=10 in . 1 0.0714 1.98 

0.0714 

0.0714 

Note: 103 psi/in = 27.7 kg/mm2/mm. 
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2.5 

2.0 

0.5 h-

FIG. 14.53. Relationship between weld-length to slit-length ratio, R, and non-dimensional 
degrees of restraint for different cases being studied, /csoo for an infinite plate and Jcs for finite 

plates. 
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FIG. 14.54. Values of intensity of restraint of butt joints restrained by fillet welds. 

Note: Reference (1443) contains results on various types of joints. 

Figure 14.55 those values of Ks measured on various joints in a spherical tank. 
Figure 14.56 (a) and (b) show relationships between h and Ks for various butt welds in 
ships and pressure vessels, respectively. Equation (14.18) is used in the study of the effect 
of joint restraint on cracking presented earlier in this Chapter (see Fig. 14.24). 

2. Effect of plate thickness. As shown in eqn. (14.18), the value of Ks is proportional 
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K$
sl500kg/tam.mm 

Kf=548Kg/mm.mm 

Kf=640kg/mm.mm 

K ÎOOOkg/mm.mm 

Ks=568kg/mm.mm 

K,= 5l5kg/mm.mm 

K^SSOka/mramm 

K=845kg/mm.mm 

K,S6I8 kg/fnm.mm 

Kg740kg/mm.mm 

K$=558kg^nm.mm 

K=850kgAnm.mm 

K*980kg^nm.mm 

FIG. 14.55. Measured values of restraint intensity of various butt joints in a spherical pressure 
vessel. 

20 40 60 
Plate thickness h, mm 

20 40 60 
Plate thickness h, mm 

a. Ship structure b. Pressure vessel 

FIG. 14.56. Effects of plate thickness on measured values of restraint intensity. 

Note: This figure shows results on ship structures and pressure vessels. Reference (1443) con-
tains data on five different types of structures including ships, pressure vessels, bridges, 
buildings, and special cases such as tack welds, intersections of joints, etc. 

to plate thickness. This is obvious from the definition of Ks as shown in eqn. (14.13). 
The value of the degree of restraint ks is unaffected by plate thickness. 

3. Effects of joint length and weld length. Both the joint length, L, and the weld length, 
/ have significant effects on the degree of restraint. This can be understood from eqn. (7.1), 
the degree of restraint decreases as the joint length, L, increases. In Table 14.11 and 
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Fig. 14.53, a nondimensional parameter, £s, is used: 

r K kL 
s E/L E ' 

Jcs may be called as the non-dimensional degree of restraint. Jcs is a useful parameter for 
studying the geometrical effects of different joints by eliminating effects of the joint 
length, L, and the modulus of elasticity of the material, E. 

The degree of restraint increases as the weld length, / decreases, as shown in Fig. 7.5 
and Fig. 14.53. The degree of restraint can become very high when making a short 
weld in a long joint. 

4. Effects of specimen size and saw cuts. In the Lehigh restraint and other cracking 
tests, saw cuts are often used to change the degree of restraint, as shown in Figs. 14.28 
and 14.52. The saw cuts reduce the degree of restraint to some extent; however, the 
extent is rather limited. Table 14.11 shows that the degree of restraint can be changed in 
the Lehigh test from 48 kg/mm2/mm (without saw cuts) to 31 kg/mm (with saw cuts). 

As the specimen size increases the degree of restraint increases slightly. The size 
effect is shown in Fig. 14.53 which compares values of the degree of restraint of specimens 
with finite dimension to the degree of restraint of a straight slit in an infinite plate, fcsoo, 
which is expressed by eqn. (7.1). 

5. Effectiveness of a crack stopping hole. In repair welding of a crack, it is a common 
practice to drill a hole at the crack tip to prevent further extension of the crack. Figures 
14.52 and 14.53 provide information on effects of a hole at the crack end on the restraint 
intensity. By comparing values of K for (1) elliptical slit, (2) straight slit, and (3) straight 
slit with circled ends, one can find that £s-values for a slit with circled ends is only about 
two-thirds of a straight slit with the corresponding length. 

However, an increase of the size of the stopping hole has little effect on further decreas-
ing the restraint intensity. This can be understood from the small difference between 
the curve for straight slit with circled ends and that for a H-type slit (Fig. 14.52 (c)). 

14.6 Further Advancement of Mechanical Analysis of Cracking 
Especially by Use of Fracture Mechanics Theories 

Cracks in the weld metal and the base metal are types of fractures. Therefore, there is 
no reason to believe fracture-mechanics theories cannot be used to study weld cracking. 

Looking back at the historical development of studies of fractures, fracture-mechanics 
theories have evolved as a means to quantitatively express the fracture resistance of a 
material. 

Mechanical studies on weld cracking have been done by a number of investigators. 
The difficulty here is that stress changes during welding are extremely complex, especially 
in areas near the weld where cracks most frequently occur. Consequently studies conduc-
ted so far have been primarily empirical. Nevertheless, efforts have been made over the 
years to quantitatively express the sensitivity of a weld against cracking. Results of some 
of the major efforts are described in earlier parts of this chapter. 

With the advancement of computer technology, it is now possible to handle complex 
mathematical computation with little time and cost. It is hoped that mechanical studies 

(14.19) 
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on weld cracking will be advanced further, especially by applications of fracture 
mechanics theories. 

14.6.1 Similarities among theories of residual stress, joint restraint, and 
fracture mechanics 

In order to further advance studies on weld cracking by applying fracture-mechanics 
theories, it is important to recognize that theories of residual stress, joint restraint, and 
fracture mechanics are similar. This subject is discussed to some extent in Chapter 3, 
especially in Section 3.25. 

When fracture occurs new surfaces appear. Therefore, fracture can be regarded as 
the creation of a macroscopic dislocation (see Fig. 3.8). Welding, on the other hand, 
can be regarded as the elimination of surfaces to be joined, or the elimination of a macro-
scopic dislocation. Consequently, the stress and strain changes that occur during 
fracturing are similar to those that occur during welding, except that the signs may be 
opposite. 

Comparison between "fcs" and "K". As an example of showing the similarities being 
discussed here, the following pages describe the degree of restraint of a slit weld "fcs" 
and the stress intensity factor "K". 

In a slit joint, the degree of restraint, fcs, when welding is done between x = xx and x2 
(slit length L; weld length / = xx to x2), is defined by eqn. (7.1), see Fig. 7.3. The physical 
meaning of ks is as follows: When uniform stress σ0 is applied along the part of the slit 
between xt and x2, 

k-~m, (R20) 

where [i;]i is the mean value of dislocation over the portion of the slit where the load 
is applied. 

Thus ks represents the value of stress necessary to produce unit shrinkage. The unit 
commonly used is kg/mm2/mm or psi/in. 

In the fracture-mechanics theory, the stress intensity factor, K, represents intensity of 
stress concentration near the tip of a crack. In a simple case of a through-the-thickness 
crack of length / = 2c in an infinite plate subjected to uniform stress, σ, the stress intensity 
factor, K, is [see eqn. (10.10) and Fig. 10.4] : 

K = a^nc. (14.21) 
When a crack exists in a practical specimen with finite dimensions, the expression of 

the stress intensity factor, K, becomes more complex than eqn. (10.10) and can be ex-
pressed as follows: 

K = 0LGy/nc, (14.22) 
The commonly used unit of K is kg/mm2 ̂ /mm or psi^/ïn. 
Suppose that uniform tensile stress σ0 is applied along the edges of a certain portion 

(from Xj to x2) of a straight slit extending from — c to + c in an infinite plate, as shown 
in Fig. 14.57(a). This stress state is very similar to that shown in Fig. 7.4(a), except 
that the signs of the force are opposite. In the case shown in Fig. 14.57(a), the slit 
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is opened by applying compressive stresses at the edges of the crack. In the case shown in 
Fig. 7.4 (b), the slit is closed by pulling the edges of the slit.f 

The values of the stress intensity factor at both ends are 

Κί .^{*-*+*-* T (^ fy_^j ) } (14,3) 
where K+ = stress intensity factor at x = + c, 

K_ = stress intensity factor at x = - c. 

Figure 14.57(b) is a simple case in which the uniform tensile stress, σ0, is applied along a 
portion of the edge, from — xx to + xt. Then the stress intensity factor K is, by putting 
x2 = - x1 in eqn. (14.23), 

li^y^sin-^Y (14.24) 

If the load is applied along the entire length of the crack, i.e. xl=c, 

K = aJnc — 2 or psi Jm . (14.25) 
\ mm ) 

Equations (14.25) and (14.21) are identical. The degree of restraint in this simplest case 
is given as follows: 

k= — (kg/mm2/mm or psi/in). (14.26) 
TIC 

- c x, x2
 c 

a. General case 

b. Symmetric case 

FIG. 14.57. Stress intensity factor for a slit subjected to uniform stress along a portion of the 
slit. Although stresses are applied on both sides of the slit, only the stresses applied on the 

upper side are shown in the figure. 

t In the case shown in Fig. 7.4(b), stresses outside the slit are compressive causing compressive stress con-
centrations. From the standpoint of fracture mechanics K in this case may have to be negative. 
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14.6.2 Applications of fracture mechanics theories to weld cracking 

So far applications of fracture mechanics theories of weld cracking have been rather 
limited. 

Hot cracking. Most theoretical research on the fracture of metals at high temperatures 
has been directed at the phenomena that occur in creep fracture. Based upon earlier 
studies on creep fracture, Masubuchi and Martin suggested a formula to express the 
critical stress for forming an intergranular microcrack in the weld heat-affected zone. 
The formula is shown in eqn. (14.1). 

Analysis of crack pattern in a residual stress field. Masubuchi and Martin(1208'1404) 

have developed an analysis for determining the crack pattern in a residual-stress field. 
This subject is discussed in Section 12.5. Although Masubuchi and Martin applied the 
theory to analyze crack patterns produced in weldments charged with hydrogen, 
this theory can be applied to a number of other cases involving cracking and spontaneous 
fractures in a weldment. 

Masubuchi and Martin*1208,1404) have developed a dimensionless parameter, μ, 
"the relative toughness of a weldment (against transverse cracking)", as shown by eqn. 
(12.16), to study the resistance of a weldment against transverse cracking. This parameter 
and similar parameters may be used to study the resistance of weldments against various 
types of cracks. 

14.6.3 Comments on restraint weld cracking tests 

Restraint weld-cracking tests, including the Lehigh test, the circular patch test, the 
controlled thermal severity (CTS) test, the cruciform test, etc., have been commonly used 
over the years to study weld cracking. These tests have their shortcomings, however. 

First of all, the basic idea is that if these specimens are welded successfully without 
cracking using certain test materials (base plate, welding electrode, etc.) under certain 
test welding conditions, then these materials can be used successfully in actual construc-
tion. This assumes that the restraint intensity values that occur in actual construction are 
no greater than those of the restraint cracking specimen being tested. However, there is no 
guarantee that this assumption is true. In fact, Masubuchi and Ich(1448) found through 
mathematical analysis that the Lehigh restraint cracking test is very limited in terms of 
how much the degree of restraint can be varied. 

Secondly, most of the cracking tests are go-no-go tests. It is very difficult to obtain 
quantitative data on a material's resistance to cracking. More quantitative data can be 
obtained with newly developed tests such as the RRC, the TRC, and the implant tests. 

On the basis of results obtained with the RRC, the TRC, and the implant tests, rela-
tionships between stress and time to cause cracking for different steels can be expressed 
by curves A and B of Fig. 14.58. Steel A is superior to steel B in terms of weldability. 

If one uses a restraint cracking test which is capable of producing reaction stresses 
over a wide range, as shown by Rl, the test is useful. In other words, one could evaluate 
the cracking tendencies of these steels and differentiate the two materials. However, if 
the cracking test being used is capable of producing reaction stresses only over a rather 
narrow range, as shown by R2 or R3, the usefulness of the test becomes very limited. If 
the range is R2, all specimens would pass; while if the range is R3, all specimens would 
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Rl 

Time to produce weld crooking 

FIG. 14.58. Schematic relationship between stresses and time to produce cracking and ranges 
of stresses which can be produced by restraint cracking tests. 

crack. Unfortunately, the ranges of the restraint intensity that most cracking tests can 
produce are rather limited. 

The parameter Pw, developed by Ito and Bessyo and given by eqn. (14.6), shows the 
relative importance of restraint intensity Ks in carbon equivalent. An increase of Ks in 
the amount of 1000 kg/mm2 (1.4 x 103 ksi or 9.65 x 103 MN/m2) causes an increase of 
Pw of only 0.025. This means that the change of restraint intensity that can be made in a 
restraint weld-cracking test can produce only a minor change in carbon equivalent 
value. This explains why recently developed tests employ some additional stresses to 
produce cracking. 

Another shortcoming is the "cracking ratio", which is the ratio of the crack length 
to the entire weld length. On the basis of fracture mechanics, the "cracking ratio" may 
not be an adequate measure for evaluating how much a material resists cracking. 

Suppose that a weld is made along a portion of a slit-type specimen, as shown in 
Figure 14.59(a), and a small crack of length a occurs at one end of the weld. The cracking 
ratio is a/1. As the crack length, a, increases, the stress intensity factor, K, at the crack 
tip increases sharply because 

1. even when the stress level remains the same, K increases as the crack length in-
creases, as shown in eqn. (14.21); 

2. as the crack gets longer, the remaining weld length decreases and stresses applied to 
the remaining areas increase. 

Consequently, as the crack lengthens it becomes more and more unstable. This analysis 
suggests that when a large number of restrained welded specimens are made, most of 
them will have either no cracking (or only short cracks) or almost 100% cracking; 
only a very few specimens will have cracks of intermediate length (50 to 75% cracking).f 

In a circular patch weld (see Fig. 14.59 (b)) the situation may be different. As the short 
crack grows it may become more unstable since the X-value increases; however, as the 

As a crack extends K can be analyzed using the model shown in Fig. 14.57. 
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«g- m m - a . 

a. Small Crack of Length a Occurred at One 
End of the Weld Length I in a Slit-Type 
Specimen 

b. Crack in«% Circular Path Weld 

FIG. 14.59. Extension of a crack in a restrained weld specimen. 

crack lengthens the X-value may not increase rapidly since most of the residual stresses 
will have been released. 

It is hoped that the knowledge of restraint cracking can be expanded through the 
proper application of the fracture-mechanics theory. 

14.6.4 Applications of the transient thermal stress analysis to weld cracking 

With the recent development of computer technology and such techniques as the 
finite element method, the technology of analyzing transient thermal stresses and 
metal movement during welding has advanced significantly. Chapter 5 discusses some 
of the recent studies. It is expected that the analysis of transient phenomena during weld-
ing will be advanced further in the near future. The advancement in this field will un-
doubtedly have far-reaching effects in the mechanical analysis of weld cracking. 

Some efforts along this line have already begun. Two research groups headed by 
Fujita(1450) and Satoh(1451) have studied the transient thermal stresses and cracking 
that occur during the one-side-submerged arc welding of large butt joints. When large 
steel plates, for example 60 ft (18.5 m) long, 10 ft (3 m) wide, and 1 in. (25 mm) thick, 
are welded by the one-side-submerged arc process, cracks often occur at the end of 
the long butt weld. Analytical and experimental studies have been made (1) to determine 
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mechanisms of cracking and (2) to develop methods for preventing the cracking from 
occurring. 
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CHAPTER 15 

Effects of Weld Defects on 
Service Behavior 

SUBJECTS related to weld defects include: 

1. Characterization of various types of weld defects. 
2. Inspection of weld defects. 
3. Studies of effects of weld defects on service behavior of welded structures. 
4. Quality control of welding fabrication. 

The subjects are too complex to be covered in just one chapter. In fact, another book 
would be needed to conduct a thorough discussion of all the subjects. Although this 
book covers subjects related to residual stresses, distortion, and their consequences, 
discussions on effects of weld defects are presented here because residual stresses and 
weld defects are closely related: 

1. Weld defects most frequently occur in regions near the weld where high residual 
stresses exist; how much weld defects affect the service behavior of a welded 
structure is affected in turn by the nature and the magnitude of these residual 
stresses. 

2. Residual stresses and distortion can be classified as imperfections, or as deviations 
from an ideal structure (see Chapter 8). 

There are two reasons that weld defects (porosity, slag inclusions, incomplete penetra-
tion, and cracks) reduce the strength of welded joints. First, the presence of the defects 
decreases the sectional areas. Second, stress becomes concentrated around the defects. 
The extent to which weld defects affect structural strength depends upon the following 
factors: 

1. Nature and extent of defects. Sharp cracks cause severe stress concentrations and 
thus affect the strength more than do porosity of slag inclusions, which cause only 
minor stress concentrations. The defects affect the strength more severely as the 
size and number of defects increase. 

2. Properties of the material. The properties of a material are significant factors that 
determine how weld defects will affect the strength of a welded structure. If a 
material is ductile, the strength reduction will be proportional to the reduction of 
the cross-sectional area, as described later. In less ductile materials, the defects 
have a more serious effect. If the material is brittle, the absolute size of a defect 
will be important. If the defect exceeds the critical size, an unstable fracture can 
initiate at the defect. 

3. Type of loading. When the structure is subjected to impact or repeated loading, 
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the defects will more seriously affect the strength than when the structure is subjec-
ted to static loading. 

15.1 Weld Defects 

Welds often contain various types of defects. The following pages briefly describe 
common weld defects. Descriptions as given in the Welding Handbook(ll21) are often 
used in these pages. 

1. Porosity. Figure 15.1 shows porosity. Porosity refers to the gas pockets or voids 
free of any solid material, frequently found in welds. Porosity is caused when gas is 
released as a weld metal cools and its solubility is reduced, and from gases formed by 
chemical reactions in the weld. Porosity may be scattered uniformly throughout the 
weld, isolated in small areas, or concentrated at the root. Though in many cases, porosity 
is spherical, in some it is worm-shaped, and elongated in the solidification direction of 
the weld metal. Porosity may be caused by excessive welding temperatures or incorrect 
manipulation. 

2. Slag inclusions. Figure 15.2 shows slag inclusions. This term is used to describe 
the oxides and other non-metallic solids that become entrapped in the weld metal or 
between the weld metal and the base metal. They generally come from the electrode-
covering material or from fluxes employed in the welding operations. In multilayer 
welding operations, failure to remove the slag between layers will result in slag inclusions 
in these zones. 

3. Tungsten inclusions. In the gas tungsten-arc welding processes, the occasional 
touching of the electrode to the work or to the molten weld metal, particularly in the 
manual process, may transfer particles of the tungsten into the weld deposit. These 
tungsten inclusions generally are undesirable, and for critical work a limit on the size 
and numbers of these inclusions is specified. 

4. Incomplete fusion. Incomplete fusion, or lack of fusion as it is frequently termed, is 
used to describe the failure to fuse together adjacent layers of weld metal or adjacent 
weld metal and base metal, as shown in Figs. 15.3 (a) and 15.3 (b). This failure to obtain 
fusion may occur at any point in the welding groove. 

FIG. 15.1. Porosity 

B 

FIG. 15.2. Slag inclusions, between passes at A and at undercut at B. 
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Incomplete fusion in fillet welds. 

B is often termed "bridging" 

b. Incomplete fusion in a groove weld. 

F IG. 15.3. Incomplete fusion. 

Incomplete fusion may be caused by: failure to raise the temperature of the base 
metal (or previously deposited weld metal) to the melting point, or failure to remove 
slag, mill scale, oxides or other foreign material present on the surfaces to which the 
deposited metal must fuse. 

5. Inadequate joint penetration. In this condition the joint penetration is less than 
that specified. Hence, partial joint penetration may or may not be a defect, depending on 
what is specified for that particular joint. 

■ ^ ^: JP 

FIG. 15.4. Penetration, "P". 
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Often "inadequate joint penetration" is used (improperly) to describe what is defined 
as "incomplete fusion" in AWS A3.0-61 Definitions—Welding and Cutting. The 
AWS rationale is that "fusion" should be used when describing how completely the 
weld is bonded to or fused to the surface of the joint: "Penetration", on the other hand, 
describes how far the weld extends into a joint, as shown in Fig. 15.4. 

6. Undercut. This term is used to describe a groove melted into the base metal 
adjacent to the toe of a weld and left unfilled by the weld metal, as shown in Figs. 15.5 (a) 
and 15.5 (b). It also describes the melting away of the sidewall of a welding groove at 
the edge of a layer of bead, thus forming a sharp recess in the sidewall in the area to 
which the next layer or bead must fuse. 

7. Cracks. Cracks result from ruptures of metals under stress. Although sometimes 
large, they are often very narrow separations in weld or adjacent base metal. Weld 
cracks are discussed in Chapter 14. 

Cracks are one of the most harmful of welding defects and are prohibited by most 
specifications. However, small cracks, often called fissures or microfissures, may not 
reduce the service life. Specifications are reluctant to specify an allowable maximum 
crack size; rather, they tacitly admit that any cracks too small to be resolved by the 
required inspection procedure are permitted. 

8. Arc strikes. Although arc strikes are not normally considered defects, fractures 
(brittle and fatigue) frequently initiate from arc strikes. Arc strikes are formed during 
the unintentional melting or heating of areas outside the intended weld deposit area. 
They usually are caused by the welding arc but can be produced beneath an improperly 
secured ground connection. The result is a small melted area that can produce undercut, 
hardening, or localized cracking, depending upon the base metal. 

v / 

T—\ 
a. UNDERCUTTING IN A BUTT WELD 

& 

b. UNDERCUTTING IN A FILLET WELD 

FIG. 15.5. Undercut. 
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15.2 Stress Concentration Caused by Weld Defects*104-1 501) 

Stress concentrations (local increases in stresses) occur when stresses are applied to a 
material that contains discontinuities such as pores, cracks, and inclusions. The shape 
of a defect and its orientation to the direction of loading significantly affect the stress 
concentrations around it. The problem of stress concentration caused by discontinuities 
has been studied by many investigators. Literature surveys on stress concentrations have 
been made by Sadowsky,(1502) Sternberg,(1502*1503) Neuber,(1504) Eshelby,(1505) 

Peterson/1506) and Savin.(1507) 

0A = 0A' = o 
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FIG. 15.6. Stress concentrations around an ellipsoidal cavity in an infinité body under uniaxial 
tensile stress. 
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15.2.1 Three-dimensional stress concentrations around a cavity 

Figures 15.6 (a), (b) and (c) show the stress distributions around a general triaxial, 
ellipsoidal cavity in a homogeneous, isotropic, elastic body of infinite length that is 
under a uniform tensile stress, σ, at infinity. It is assumed that the stress at infinity is 
acting parallel to one of the major axes of the cavity (z-axis), as shown in Fig. 15.6 (a). 
The important stress concentrations occur along the "equator" ABA'B'A. The curves 
in Fig. 15.6 show how rapidly the tensile stresses drop to the average value, σ, within 
the material. 

The severity of stress concentration is expressed frequently in terms of the stress-
concentration factor, Kt9 which is defined as the ratio of the stress at the point concerned 
and the stress at infinity, σ. Figures 15.6 (b) and (c) show values οΐσζ/σ and σχ/σ (ay = 0 at 
point B) as a function of the shape ratios px = b/a and p2 = c/b.il502) The value of 
Poisson's ratio is assumed to be 0.3. 

The curves for p2 = 1 apply to a cavity in the shape of a prolate spheroid (cigar-shaped 
cavity). The limiting case of ργ = 0, p2 = 1 can be interpreted geometrically in two 
ways. If b is fixed and a approaches infinity, the shape of the cavity approaches that of a 
circular cylinder of infinite length; if a is fixed and b and c approach zero, the shape of 
the cavity approaches that of a line crack. The curves for px = 1 apply to a cavity in the 
shape of an oblate spheroid (button-shaped cavity). The case of px = p2 = 1 applies to a 
spherical cavity. As shown in Figs. 15.6 (b) and (c), the stress concentrations are mild 
for cigar-shaped cavities, the value of σζ/σ ranging between 2.05 (for a spherical cavity) 
and 3 (for a long cylindrical cavity). On the other hand, the stress concentrations occur-
ring around a thin, button-shaped cavity having its surfaces perpendicular to the direc-
tion of loading will be high. 

For all shapes, severe stress concentrations occur in σζ, or "hoop stress" in the direc-
tion parallel to the applied stress. For all shapes other than the oblate spheroid, σ2 

and σχ at point B are larger, respectively, than σζ and ay at the point A. The maximum 
stress concentration is found in σζ at point B. 

Porosity in the weld metals is spherical or worm-shaped, as shown in Fig. 15.1. Weld 
porosity with the shape of an oblate spheroid is rarely found; porosity seldom has 
sharp notches. Consequently, the stress concentrations around weld porosity are not 
severe. The values of the stress-concentration factors around porosity are shown in 
the hatched area in Fig. 15.6 (b) and (c)—either in the single-hatched areas (p2 > 0.5) 
or more often in the double-hatched areas (pt > 0.5 and p2 > 0.5). 

A crack can cause a severe stress concentration if a load is applied in a direction 
perpendicular to the crack surface. 

15.2.2 Stress concentration around inclusions 

Stress concentrations around three-dimensional inclusions have been studied by 
investigators including Edwards/1508) Miyamoto/1509) and Eshelby.(1505'1510) 

Figure 15.7 shows how Young's modulus of a spheroidal inclusion affects the stress 
concentrations around the inclusion. It is assumed that: 

1. An infinite elastic body that contains an inclusion in the shape of a prolate spheroid 
(cigar-shaped inclusion) is subjected to a uniform tensile stress, σ, at infinity. 
Refer to Figure 15.6 (a), σζ = σ at infinity, b = c. 
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FIG. 15.7. Stress concentrations around spheroidal inclusions/1502) 

2. The spheroidal core and the surrounding body are each composed of homogeneous 
isotropic material, but the elastic properties of the two materials can be different. 

3. At the contact surface between the two media, coherence exists. 

Figure 15.7 (a) and (b) show σζ at points A and B (see Fig. 15.6 (a)) respectively, as a 
function of the shape ratio px = b/a, for various values of a parameter, H, which indicates 
relative rigidity of the inclusion and surrounding médius as is shown on the following 
page. 

E' 
H = - - l (15.1) 

where E' and E are Young's moduli of the inclusion and of the surrounding media, 
respectively. Poisson's ratio is assumed to be 0.3 for both the inclusion and the 
surrounding media. 

If H = — 1, the problem reduces to that of a spheroidal cavity. If H = 0, the stress 
distribution is uniform since the elastic properties of the inclusion are identical with 
those of the surrounding media. The limit H = oo corresponds to an ideally rigid 
inclusion. 

As shown in Figs. 15.7 (a) and (b), the tensile stress concentration decreases as H 
increases. A compressive stress concentration takes place at point A when H is greater 
than about 10. 

Inclusions in weld metals have various shapes and contain various materials. In-
clusions sometimes have sharp notches, as shown in Fig. 15.2. Materials contained in 
inclusions also vary greatly—from very hard materials such as tungsten to porous 
materials such as slag. Complete bonding between an inclusion and the surrounding 
media (as assumed in the preceding analysis) is obtained in some cases, but more fre-
quently only a partial bonding is obtained. When an inclusion contains porous materials 
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or when there is only a partial bond between the inclusion and the surrounding media, 
the stress concentrations around the inclusion are similar to those around a cavity. 

15.2.3 Stress concentrations around a number of holes 

A weldment may contain more than one closely located defect as shown in Fig. 15.1 
for porosity. Because of the mathematical complexity involved, studies of stress con-
centrations caused by more than one closely located defect were limited to two-dimen-
sional cases. Today analyses of more complex cases can be made by use of the finite-
element method. 

For example, analytical solutions have been developed on stress concentrations for 
the following boundaries (refer to Fig. 15.8): 

1. Infinite plate with a single row of holes under a uniaxial tensile stress parallel to 
the row of holes, as shown in Fig. 15.8 (a), by Peterson/1506) Savin,01507) Ishida,(1511) 

and Chen.(1512) 

2. An infinite plate with a single row of holes under biaxial stresses, as shown in 
Fig. 15.8 (b), by Peterson/1506) 

3. An infinite plate with infinite parallel rows of holes under uniaxial tensile stress, 
as shown in Fig. 15.8 (c), by Saito.(1513) 

4. An infinite plate with two adjacent elliptical holes under biaxial tension/1514) 

— o o o o o — 
(a) SINGLE ROW OF HOLES UNDER UNIAXIAL 

TENSILE STRESS PARALLEL TO THE 
ROW OF HOLES 

_ Î ! t -
— o o o o — 

*" \ i i -
(b) SINGLE ROW OF HOLES UNDER BIAXIAL 

STRESSES 

O O O O y. 

O O O O s 

s O O O O 

s O O O O 

( c ) INFINITE PARALLEL ROWS OF HOLES 

FIG. 1S.8. Stress concentrations around multiple holes. 
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FIG. 15.9. Stress concentrations around two holes connected by a slit under lateral tension. 

As an example of stress concentrations caused by multiple cavities, the following 
pages discuss stress concentrations due to two holes. When a plate that contains two 
holes located close to each other is under lateral tensile stress, severe stress concentra-
tions occur in areas between the holes, as shown in Fig. 15.9 (a). Consequently, a crack 
may occur and connect the two holes, as shown in Fig. 15.9 (b). If the two holes are 
connected, severe stress concentrations occur outside the holes. Since the length of 
the discontinuity increases considerably when cracking occurs, the stress magnitudes 
and the areas of highly stressed regions increase greatly due to cracking. 

Mori(1515) made an analytical study of the stress distributions in an infinite plate 
that contained two holes connected by a slit under lateral tensile stress. Curves (1), (2A), 
and (2B) in Fig. 15.10 show the values of the stress-concentration factors for the following 
cases: 

Curve (1): Two holes connected by a straight slit under a lateral tensile stress, σ. 
Curve (2A) and (2B): Two separate holes under lateral tensile stress—curve (2A) 

for point A and curve (2B) for point B. 

Curves (1), (2A), and (2B) show that as the distance between the two holes, A, increases, 
the stress-concentration factor for the separated holes decreases while the Kt value for 
the connected holes increases. In other words, the closer the two holes, the greater is 
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FIG. 15.10. Stress concentration for two holes connected by a slit under lateral tension. 

the possibility of a crack occurring between the holes; but the less severe is the stress 
concentration after the holes are connected. 

Curve (3) in Fig. 15.10 shows the values of the stress-concentration factor for an 
elliptical hole that circumscribes the two holes—the radius of the curvature of the 
ellipse at the point of contact is the same as the radius of the circles. The stress-concentra-
tion factor is given by: 

Kt=l+2 •4 (15.2) 

Values of Kt for curve (3) are close to those of curve (1). Equation (15.2) can thus be used 
for calculating the approximate values of the stress-concentration factor for two holes 
connected by a slit. 

15.3 Effect of Defects on Ductile Fracture 

When a material is ductile, fractures occur in the shear mode and propagate slowly. 
In such a case, the loss of strength due to defects is approximately proportional to the 
reduction of cross-sectional area. 

15.3.1 Theoretical Considerations 

Let us consider a case in which a flat plate (width, B9 and thickness, t) containing a 
circular hole of diameter, d, is under a tensile load, P, as shown in Fig. 15.11. The average 
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FIG. 15.11. Effect of defect on behavior of ductile material under tensile loading. 

stress, <x, and the net stress, σΜΙ, are defined as follows: 

σ" = Τ ' α«*=ΊΓ = ΊΓδ ( 1 5 · 3 ) 

where A0 = Bt is the original section area, 
Anet = (B — d)t is the net section area, 

When B/d is sufficiently large, the elastic stress-concentration factor, Kr is close to 3. 
Sy and Su are the yield strength and the ultimate tensile strength of the materials, res-
pectively. 

Curve (1) shows the distribution along line Af at the stress level σ = Sy/Kr The magni-
tude of stress at point A reaches the yield strength of the material. If the magnitude of 
applied stress exceeds Sy/Kr plastic deformation takes place in the highly stressed 
regions as shown by the cross-hatched areas in Fig. 15.11, and finally fracture occurs/15l3) 

It would be unrealistic to assume that fracture occurs at an average stress of SJKt. 
When the average stress is Su/Kt ; the stress distribution is as shown by curve 2, not as 
shown by curve 2' (elastic stress distribution)/1507) The stresses in the plastic region 
(depth, δ2) are near the yield stress, Sy, and are considerably lower than Su. 

The stress distribution at fracture is as shown by curve 3, the average stress at fracture 
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being äf. The maximum stress at point A, Ktaf, is much higher than Su. If the material 
is ductile (undergoes a large plastic deformation before fracture occurs), the plastic 
regions are extended and the stress concentrations around the defect are reduced. 

However, since the section area along plane efgh is less than the original section area, 
fracture usually occurs when the net stress approaches Su. In other words, the average 
fracture stress df is: 

Λο 

The average fracture stress of a specimen with a hole, àf, is obviously lower than the 
average fracture stress of a specimen without a hole, or defect, Su. The percentage loss in 
strength due to a hole is: 

= l - ^ s î (15.5) 
Ao 

The loss of strength due to a hole or a defect is proportional to the reduction of the 
sectional area. 

15.3.2 Experimental studies 

A number of research programs have been carried out to determine experimentally 
how defects affect the strength of weldments in various metals. For example, Kihara 
et α/.(1516) summarized the experimental results obtained from a large number of 
specimens to show the general tendency of how weld defects affect the static tensile 
strength of welds in steel and aluminum. Welding Research Council Bulletin 152, 
prepared by Pense and Stout,(1517) is an interpretive report on how weld defects influence 
the mechanical properties of aluminum alloy weldments. It includes material on how 
porosity and other defects influence the mechanical properties. Kedrov(1518) has 
reported the results of experiments conducted in Russia. 

Figure 15.12 summarizes the results obtained by Kihara et al.il516) on a large number 
of specimens. It shows how the size of a defect (expressed in terms of rate of defective 
area in percent) affects the static strength of butt-welded joints in low-carbon steel. 
The figure indicates that an appreciable decrease in the static strength occurs when the 
defective area accounts for 5% (or more) of the sectional area. A 10% loss of sectional 
area, for example, causes about a 10% loss of strength. Similar results also were obtained 
in aluminum welds. 

An extensive study was made at the Martin Company*1519) on how porosity affects 
the static strength of welds in high-strength aluminum alloys/104 ,747) Welds were made 
in two materials (2219-T87 and 2014-T6), two thickness ( | and f in.) (6.4 and 19 mm), 
and three welding positions (flat, horizontal, and vertical). The filler wire used was 2319 
with the 2219-T87 material, and 4043 with the 2014-T6 material. Arc welding was 
GTA, D-C, straight polarity with helium shielding. Welds had to be intentionally 

(15.4) 
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FIG. 15.12. Reduction in static tensile strength due to defects in weldments in low-carbon 
steel.(1516) 

contaminated to produce porosity. This was done by metering additions of hydrogen 
and/or moisture to the shielding gas in the tungsten torch. However, large additions of 
hydrogen tended to form pores that were larger in number and finer than the typical 
porosity size-frequency distribution in production welding. In some instances the poro-
sity was so fine that the X-rays would have been acceptable by most current standards; 
and yet the strengths of these welds were appreciably reduced. 

Figure 15.13 shows how the porosity level affects the mechanical properties of trans-
verse-weld specimens. The porosity level was chosen arbitrarily in five levels, 0 through 4, 
from water clear to very bad in radiographie inspections. Shown in the ordinate are 
the high, medium, and low values for each porosity level, and the "2 minimum" values 
of the following: 

1. ultimate tensile strength, 
2. yield strength, 
3. Elongation for 0.4-, 1-, and 2-in. gage length. 

Different curves are shown for data obtained with specimens with and without weld 
reinforcement. 

Figure 15.13 shows that the ultimate strength decreased markedly as porosity in-
creased/747,1519) Elongation, especially with a short gage length, also was affected by 
the porosity level. The porosity level had the least effect on the yield strength. 

Attempts were then made to determine the quantitative relationship between the 
porosity level and the ultimate strength. After specimens were fractured, fracture surfaces 
were examined to determine the loss of sectional area due to porosity. Results are shown 
in Fig. 15.14. In the first analysis, in which only pores larger than ^ in. (0.4 mm) in 
diameter were counted, a drastic reduction in strength was observed. The results alarmed 
the investigators. In a later analysis, a more careful study was made to include all pores 
determined by a grid intercept method. Then a linear relation was observed between the 
loss of sectional area due to porosity and the reduction of strength. 

An important finding obtained in the Martin study is the significance of small pores. 
If the reduction of strength due to a pore is determined by its cross-sectional area, a 
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FIG. 15.13. Mechanical properties of 2219-T87, ~ in. aluminum alloy containing increasing 
levels of porosity, transverse horizontal position, D-C GTA weld 2319 filler metal. 
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FIG. 15.14. Strength vs. pore area for 2014-T6, flat welds, J in. transverse test. 

Note: Tested with reinforcement. 

pore size which gives the least ratio of cross-sectional area to volume is to be desired. 
For a spherical void, the ratio of cross-sectional area to volume, a, is 

a = 
nR2 

11. 
4R' 

(15.6) 
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FIG. 15.15. Loss of tensile strength and percent elongation in 1-in. gage due to porosity in 
high-strength aluminum welds.(1521) 

The value of a increases as R decreases. Thus, a given volume of contaminant gas in a 
freezing puddle can cause more damage in the form of small pores than large pores. 

Figure 15.15 shows the results obtained by Shore(1521) who studied porosity effects 
in \ in. (12.7 mm) thick 7039-T6151 alloy welded with 5039 filler wire by the GMA pro-
cess. The tensile specimens had no weld reinforcement, and pores as small as 1/250 in. 
(0.1 mm) in diameter were counted. The tensile strength of a weld decreased linearly 
with the increasing loss of sectional area. Shore observed about an 18% loss in strength 
for 10% porosity. 

15.4 How Defects Affect Brittle Fracture 

When a material becomes brittle, a fracture may initiate from a small defect to cause a 
catastrophic failure of the entire structure. The subject of brittle fracture is discussed 
in Chapters 9 and 10. The following pages summarize information pertinent to how 
weld defects affect brittle fracture. 

15.4.1 Brittle failures of welded structures 

Brittle failures have occurred in a number of steel structures, as discussed in Section 9.2. 
Although not limited to welded structures, the problem of brittle fracture is more serious 
in welded structures than in riveted structures, because: 

1. A welded structure does not have riveted joints which can interrupt the progress 
of a brittle crack. 

2. Welds can have various defects including cracks, slag inclusions, etc. 
3. Hign tensile residual stresses in carbon steels and low-alloy high-strength steels 

are subject to catastrophic brittle failures. 
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The most extensive and widely known failures are those of cargo ships and tankers 
that were built in the U.S.A. during World War II (read Section 9.2.1). 

A statistical investigation of failures of American ships built during the war has 
revealed that about 50% of the failures originated from structural discontinuities, 
including square hatch corners, cutouts in shear strakes, ends of bilge keels, etc. About 
40% of failures started from weld defects including weld cracks, undercuts, and lack of 
fusion. The remaining 10% of the failures originated from metallurgical defects such as 
the weld heat-affected zones and notches in flame-cut plate edges. In other words, 
all failures originated from notches that created severe stress concentrations. 

A number of serious failures started from unimportant, incidental welds such as 
tack welds and arc strikes made on a major strength member. For example, the tanker 
Ponagansett broke in two from a tack weld between a small clip and the deck plate, as 
shown in Fig. 9.13. 

Figure 9.8 shows the fractured pieces of a 260-in. (6.6 m) diameter rocket motor 
case that failed in April of 1965 during a hydrotest. The failure originated from a defect 
that was not detected by non-destructive testing techniques prior to aging. Non-destruc-
tive testing was not conducted between the aging and the hydrotest. 

15.4.2 How weld defects affect brittle fracture 

Critical crack length. Suppose that a wide plate containing a crack of length /= 2c is 
subjected to tensile loading, as shown in Fig. 10.6. If the fracture toughness of the material 
is Kc, an unstable fracture will occur when the stress exceeds the critical stress ac : 

σ>σ^^=. (15.7) 
Jnc 

Stated differently, an unstable fracture will occur under stress σ if a crack longer than 
the critical value is present: 

· * < ■ - & ) 
l>lc = - - s . (15.8) 

The critical crack length at the yield stress is: 

It is well known that structures made of higher strength steels can generally only 
tolerate smaller defects. This happens because: 

1. As the strength level of the material increases, the Kc value generally decreases, 
as shown in Fig. 10.12. 

2. The very reason for using a higher strength material is to increase the operating 
stress, σ. 

i v c = LZ,\J i ^ a i y u i ^ t ^ J N g y m i n / n u n ; a n u u vs = IOVJ Λ.Μ ν ι ^ υ . υ Ν ^ / Ι Ι Ι Ι Γ 

or 1241 MN/m2) the critical crack length is (see Fig. 10.12): 
For example, if Kc = 120 ksix/^n(425 kg^/mm/mm2) and σ = 180 ksi (126.6 kg/mm2 

" ~ itical crack length is (see Fig. 10. "." 

2/120V 

(15.9) 
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If Kc is 40 ksi^m. (142 kg^mm/mm2) at ays = 240 ksi (168.8 kg/mm2 or 1655 MN/m2) 
the critical crack length is: 

^ = ^ ) 2 = 0 0 1 8 i n ( a 4 5 m m ) · 

This indicates that when a structure is fabricated using a material with a very high 
strength level an unstable fracture may occur below yield since the structure is likely 
to contain flaws larger than the critical size. The results shown in Fig. 10.13 prove this 
statement. The results shown in Fig. 10.14 prove that the unstable fracture of a weldment 
made in very high-strength steel occurs from a small flaw. 

On the other hand, the critical crack length of mild steel can be quite long. The 
results shown in Fig. 10.15 indicate that the critical crack length is about 3 in. (76 mm) at 
the yield-strength level of 30,700 psi (21.6 kg/mm2 or 212 MN/m2). Results obtained in 
other experiments also indicate that the critical crack length of low-carbon steel is on 
the order of several inches. 

Figure 15.16 shows several general trends that indicate how the critical crack length 
at yield strength (/c)<y=(T decreases as the yield strength ays increases. 

Subcritical crack growth. The results presented in the preceding pages may give the 
reader the impression that a flaw longer than 3 to 4 in. (75 to 100 mm) must be present 
before an unstable brittle fracture can occur in structures made of low-carbon steel. 
However, catastrophic failures do occur from small flaws, as shown in Fig. 9.13. The 
question here is "How can the catastrophic failure of a welded structure in low-carbon 
steel occur from a flaw shorter than the critical size?' Subcritical crack growth is dis-
cussed in Section 10.5. Unstable fractures can initiate from a subcritical flaw when: 

1. The flaw exists in areas of high residual tensile stress. 
2. The flaw exists in areas of local embrittlement. 
3. The flaw grows (by fatigue or stress corrosion cracking) until it reaches the critical 

size. 
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FIG. 15.16. General trend indicating effects of yield strength of steel σ on critical crack 
length at the yield stress, (ΐχ = σ 
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15.5 How Defects Affect Fatigue Fracture 

A number of studies have been made on how weld defects affect the fatigue strength. 
Results have been summarized in several reports and books including those written by 
Kihara et a/,(1516) Munse,(1102) Pense and Stout,(1517) Gurney,(1101) and Lundin.(1522) 

Studies of how defects affect the fatigue strength of weldments are being carried out in a 
number of laboratories around the world. Among the best known are the studies being 
carried out at the University of Illinois. 

15.5.1 General trends 

Figure 15.17 summarizes results obtained by Kihara et alSi5l6) on how defects affect 
the fatigue strength of butt welds in low-carbon steel. Compared to Fig. 15.12, which 
shows how porosity affects the static strength, the effects on fatigue are much greater. 
A 10% loss in sectional area due to porosity, for example, caused a 50% reduction in 
fatigue strength. 

Figure 15.18 summarizes the results obtained at the Martin Company*1519) on 
how porosity affects fatigue strength/104,747) Shown here are relationships between 
reduction of sectional area due to porosity and cycles to failure of welded joints in 2219 
and 2014 alloy plates | in (6.4 mm) thick. The reinforcement was removed, and the 
specimens were cycled in axial tension (zero to a given value, or R = 0). Figure 15.18 
shows cycles to failure under three stress levels : 10,15, and 20 ksi. (7,10.5, and 14 kg/mm2 

or 69, 103,138 MN/m2). 
The results shown in Fig. 15.18 can be interpreted in several ways. For example, 

10% porosity causes: 
1. Reduction in fatigue strength of the 10,000 cycle life from over 20 ksi (14 kg/mm2 

or 138 MN/m2) to around 12 ksi (8.5 kg/mm2 or 83 MN/m2) (about one-half that 
of a sound weld). 

2. Reduction in the number of cycles to failure under 20 ksi (14 kg/mm2 or 
138 MN/m2): from over 104 to around 103 (one-tenth that of a sound weld); 
under 10 ksi (7 kg/mm2 or 69 MN/m2) from over 106 to around 5 x 104 (one-
twentieth that of sound weld). 
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FIG. 15.17. Reduction in fatigue strength due to defects in mild-steel weldments/l5l6) 
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Figure 15.19 shows similar results as obtained at the Ohio State University/1521) Welds 
were made in 7039-T6151 plates }-in. (12.7 mm) thick using 5039 filier wire. The reinforce-
ment was removed and the specimens were cycled to 25 ksi (17.6 kg/mm2 or 172 MN/m2) 
(R = 0). 

15.5.2 Effects of defect location 

It is important to remember that fatigue fracture usually initiates from the surface. 
Figure 15.20 shows a crack initiated from a pronounced surface ripple at the start-stop 
position in a manual web-to-flange weld. As far as fatigue strength is concerned, defects 
on or near the surface are more damaging than those imbedded in the material. 

Concerning how porosity location affects fatigue, the analysis of Lindh and 
Peshak(1523) of a titanium alloy serves as a guide. They show that scattered porosity 
will reduce the allowable stress range for 106 cycles about 30% if it is deep-seated 
(radius/distance to surface < 0.02) and over 60% if close to the surface (r/d > 0.5). 
Figure 15.21 illustrates the behavior observed in a TÎ-6A1-4V alloy. If the removal of 
the reinforcement notch exposes porosity to the surface, the benefit of removing the rein-
forcement notch may be diminished. How these conclusions are relevant to aluminum 
alloys has recently been demonstrated by Hersh(1524) who showed that fatigue failures 
in 0.1-in. (2.5-mm) thick 2219/2319 welds with the reinforcement removed invariably 
initiated at cracks, porosity, or lack of fusion exposed by the grinding. 

FIG. 15.20. Fatigue crack initiated from pronounced surface ripple at start-stop position in 
manual web to flange fillet weld.(1101) 
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FIG. 15.21. Comparison of fatigue data for TÎ-6A1-4V containing natural porosity defects 
with predicted results/1523) 

15.5.3 Reinforcement and fatigue strength 

The detrimental influence of reinforcement on fatigue strength has been well 
established. Dinsdale and Young(1525) found that the notch effect of the weld reinforce-
ment could be expressed in terms of the angle subtended by the plate and the weld bead 
at its junction with the plate. The data of Fig. 15.22 indicates that the fatigue strength of 
NP 5/6 alloy is lowered progressively from 16 to 6.5 ksi (11.2 to 4.6 kg/mm2 or 110 to 
44.8 MN/m2) as the reinforcement angle becomes sharper (180 — 110°). 

Mindlin(1526) tested \ and f in. (6.4 and 10 mm) thicknesses of 5083-H113 welded 
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FIG. 15.23. Effects of welded bead on axial tension fatigue strength of transverse butt welds 
in 5083-H113 plate (5356 filler metal)/1526) 

with 5356 in tension fatigue (R = 0). Figure 15.23 summarizes the data for tests on welds 
with bead on and bead off. Not only was there an appreciable drop in the fatigue strength 
in the presence of single-V weld reinforcement, but the plates with double-V weld showed 
a large additional loss due to the notch effects of the double reinforcement. 

Although reinforcement is detrimental to fatigue strength, it is a better practice to aim 
for a moderate overfill with a smooth blending into the plate surface than to run the 
risk of a severe notch from underfilling or perhaps undercutting. Removal of reinforce-
ment may bring internal porosity or lack of fusion or bring the cracks closer to the 
surface. 

Because they reduce the section and introduce a notch effect, whether they contain 
cracks or not, craters are more damaging than reinforcement and must be avoided in 
fatigue service/1527) 

15.5.4 Analysis of fatigue crack growth 

Attempts have been made to apply fracture mechanics to the study of the growth of 
fatigue cracks initiating from weld defects. The following pages describe the results 
obtained by Harrison*1528) on butt welds with a lack of sufficient penetration. Similar 
approaches can be taken to analyze how other types of defects affect the fatigue strength. 

Figure 15.24 shows a defect and the nomenclature used for the analysis. On the basis 
of the fracture mechanics theory, the dependence of crack propagation rate on the 
range of K can be written as: 

da 
dN 

= /(ΔΚ). (15.10) 
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FIG. 15.24. Defect and nomenclature used. 

2a = Defect width through thickness. 
2b = Defect length. 
2i = Material thickness at defect. 
W = Material width at defect. 
σ = Gross area stress = P/2Wt. 

Δσ = The cyclic range of stress. 
K = Stress intensity factor. 

Δ/C = Range of stress intensity factor. 
au = Ultimate tensile stress of the material. 
φ - Complete elliptic integral = 

β = Angle defining a point on the circumference of the defect. 

Paris and Erdogan(1529) suggest that 

^ = β(ΔΚ)4 (15.11) 
diV 

gives the best agreement with all the available results, where B = constant. 
For a crack in which b and t are both large with respect to a: 

Κ = σ^πα. (15.12) 

However, in most cases of lack of penetration defects, t is not large with respect to a. 
In such a case : 

χ = σ(πα)1/2(-1&η^Υ/2. (15.13) 
\πα It ) 

Substituting eqn. (15.13) in (15.11) we find that: 

U-Wai-HY. ( 1 5 ,4 , 
It can be written : 

da 
_— = r 
dN C 

where C, a new constant = B£4, £ being Young's modulus. 
Integrating (15.15), the number of cycles required to propagate the crack size from 

2aj to 2a2 is given by: 

(15.15) 
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If 2ax = 2flp the initial defect size, and 2a2 = 2acr, the critical crack size at which 
failure occurs, then eqn. (15.16) gives N, the endurance to failure. In a real structure, 2acr 

might be taken to be the critical crack width for brittle fracture, if this mode of failure 
was likely, or it might be taken to be the material thickness in a pressure vessel since 
leakage would occur. 

For the purpose of analyzing experimental results in small specimens, it will be suffi-
cient to assume that acr is reached when the stress on the remaining net section is equal to 
the ultimate tensile strength of the material, σ : 

ÛL = 
ί(σ„ - σ) 

(15.17) 

Equation (15.16) can be rewritten: 

Ασ 
EX 1/4 

4 1 

nC 
(15.18) 

where X is a parameter dependent solely on the geometries of the defect and specimen 
(or structure), and 

It 
ίπα. 

cot —^ 
. \ 2 t 

ίπαΓί cot —^ 
\2t It (flc, - ai)' (15.19) 

If eqn. (15.18) is correct, we should be able to predict the life of the defective joint, 
knowing the constant amplitude service loading and the defect size and material thick-
ness. To check the validity of eqn. (15.18), the results obtained by other investigators 
have been plotted in Fig. 15.25 in the form: 

Δσ 
log ̂ χϊβ against log N. 

If eqn. (15.18) is correct, a straight-line relationship of slope = — \ should be obtained. 
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FIG. 15.25. Test results for aluminum welds. 
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The lines showing the extremities of the scatter band in this figure are drawn with this 
slope. 

Although the scatter is considerable, it is not excessive in view of the number of 
results used, the variety of material thickness and defect size combinations, and the 
inevitable variations in initial root radii for this type of defect. It will also be seen that the 
upper edge of the scatter band is fixed by four high results and that if these were ignored 
the scatter band would be considerably narrower. It should be noted that the assumed 
slope of — £ agrees well with the results. 

So far it has been assumed that the value of 2a (defect width) is small with respect to 
2b (defect length), but this assumption is not always valid. Equation (15.18) can now be 
modified to take account of defect length and becomes: 

1 
nC 

(15.20) Δσ y 

Results obtained by several investigators are plotted on this basis in Fig. 15.26. The 
majority of the results plotted were obtained with a stress ratio 

ç 

R = _min = o 

max 

It has been shown by Gross(1530) that, for a given total strain range per cycle, the life 
in low-cycle fatigue is the same for a considerable variety of materials. Although we are 
dealing with high-cycle fatigue, the strain range which occurs at the crack tip will be 
considerable and there seems no reason why the independence of material properties 
should not be found. The parameter used has been K/E and not K and it is gratifying to 
find that when the scatter bands for aluminum alloys from Fig. 15.25 are superimposed 
on Fig. 15.26, which shows the results for steels, there is close agreement. 

There are several ways in which the information from eqn. (15.18) can be presented. 
The one given here is that in which the maximum defect size is plotted against thickness 
for a variety of stresses and lives (Fig. 15.27(a) and (b)). The curves plotted here are 
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FIG. 15.27 b. Maximum allowable initial defect size for 2 x 106 cycles. 

based on the lower limit of the scatter band in Fig. 15.25. When making the calculations 
for these curves, aCT was assumed to be equal to t. 

15.6 Non-destructive Inspection of Welds 

Various methods have been developed and used for the non-destructive inspection 
of weld defects. This section presents a brief discussion on non-destructive inspection 
methods commonly used for welds. Much of the information presented here comes from 
reference (1121). Further detailed information can be obtained from reference (1531). 

15.6.1 Radiographic inspection 

Radiographic inspection involves the use of radiation from specially constructed 
industrial X-ray machines, or the use of gamma rays from a radioactive substance. 
Short-wavelength radiations, such as X-rays or gamma rays, penetrate objects opaque to 
ordinary light. In general, the shorter the wavelength the greater the penetrating power. 
Should there be a cavity, such as a blowhole, in the weld interior, the beam of radiation 
will have less metal to pass through than if the metal were sound. Consequently, there 
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will be a variation in the absorption of the rays by the weld in the defective region, which 
variation, if measured or recorded on a film sensitive to the radiation, produces an 
image that will indicate the presence of the defect. The image is an X-ray shadow of the 
interior defect. Such a shadow picture is called a radiograph. 

Sensitivity of radiographie films. It is generally assumed that radiographie methods 
will produce films having a sensitivity of 2%. Sensitivity in this context means the smallest 
percentage of weld-thickness difference that can be detected visually on a radiograph. 

15.6.2 Magnetic particle inspection 

Magnetic particle inspection is a non-destructive method of detecting the presence of 
cracks, seams, inclusions, segregations, porosities, lack of fusion, and similar disconti-
nuities in magnetic materials (see Fig. 15.28). It is not applicable to non-magnetic 
materials. This method will detect surface discontinuities that are too fine to be seen 
with the naked eye, those that lie slightly below the surface and, when special equipment 

FIG. 15.28. The theory of magnetic particle inspection with its practical application/1121) 
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is used, more deeply seated discontinuities. Various forms and colors of magnetic 
particles are available. The type of surface and the type of defect will determine the 
material selected. There are two methods in applying magnetic particles: (1) dry method 
and (2) wet method. 

In the dry method, finely divided, ferromagnetic particles in dry powder form, coated to 
afford greater particle mobility, are dusted uniformly over the work by means of a 
dusting bag, atomizer, or spray gun. The magnetic particles are available in gray, black, 
and red. The dry method is easier to use on rough surfaces and has maximum portability. 

In the wet method, indicating particles smaller than those used in the dry method are 
suspended in a liquid bath of light petroleum distillate or water. Because of the small 
particle size, the wet method is more sensitive to fine surface defects; but for the detection 
of subsurface discontinuities, it is not as sensitive as the dry method. 

The material, which is available in various colors, is flowed or sprayed over the surface 
to be inspected, or the part is immersed in the suspension. When the particles are coated 
with a dye that fluoresces brilliantly under ultraviolet (black) light, the sensitivity of 
the method is increased. Thus fluorescent inspection material indicates very small or 
fine discontinuities and permits rapid inspection of irregularity of dark surfaces. 

The fluorescent magnetic particle method is applicable only to magnetic materials 
and should not be confused with fluorescent penetrant inspection, described later in 
this chapter. 

15.6.3 Ultrasonic inspection 

Ultrasonic inspection depends on the use of high-frequency sound waves to detect, 
locate, and help to measure discontinuities in a weldment. The successful application of 
the technique depends on several elements including: (1) adequate definition of the 
test problem, (2) knowledge of the principles of ultrasonic testing, (3) selection of the 
proper technique based on numbers (1) and (2), (4) evaluation of the test information, and 
(5) the skill of the personnel involved. Failure or deficiencies in any of the above elements 
may result in unsatisfactory results or an incorrect evaluation of weld quality. 

The ultrasonic testing of welds depends on the use of a refined sonarlike technique. 
An electrical pulse is produced by the instrument, and a suitable transducer converts the 
electrical signal to mechanical vibrations, or sound. The sound waves used in weld 
inspection are usually in the frequency range between 1 mHz and 5 mHz. 

The sound beam generated by the transducer is introduced into the part being tested 
through a liquid couplant. This thin film of liquid excludes air and permits the passage of 
the sound. 

Discontinuities reflect part of the wave and this is picked up and appears as a pip 
(vertical indication) in the line on the screen of a cathode-ray tube. This is the principle 
of the ultrasonic reflectoscope. The instrument is designed to register the time required to 
reflect a wave from a discontinuity. The length of time is proportional to the distance 
travelled. Interruption of the sound wave is seen on the screen in the form of a horizontal 
displacement of the indication. This indication may be photographed if a permanent 
record is desired. 

Testing techniques. The selection of straight-beam or angle-beam techniques is 
determined by the need to intercept a possible defect perpendicular to its plane or at a 



Effects of Weld Defects on Service Behavior 605 

LACK OF PENETRATION 
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(a ) Tee weld inspection using straight beam transducer 

(b) Zig-zag scanning path 

FIG. 15.29. Ultrasonic inspection of welds. 

corner (Fig. 15.29a). If the defect cannot be accurately predicted, then multiple scans 
using various sound beam directions may be required to increase the probability of 
detecting such random defects. 

The sound beam interrogates only a small portion of the entire volume of the weld 
at a given instant. In order to check the entire volume of the weld the transducer must 
be moved in some adequate scan pattern. It is usually oscillated so that the sound beam 
scans the weld in various directions (Fig. 15.29(b)). 

15.6.4 Liquid-penetrant inspection 

Penetrant inspection is a sensitive, non-destructive method of detecting and locating 
minute discontinuities that are open to the surface, such as cracks, pores, and leaks. It 
employs a penetrating liquid which is applied over the surface and enters the disconti-
nuity. Subsequently, after the excess of penetrant has been cleaned from the surface, 
the penetrant which exudes or is drawn out of the crack is observed, indicating the 
presence and location of the discontinuity. It is particularly useful on non-magnetic 
materials, where magnetic particle inspection cannot be used. In the welding field, it is 
used extensively for exposing surface defects in aluminum, magnesium, and austenitic 
steel weldments, and for locating leaks in all types of welds. 
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Penetrant inspection is relatively inexpensive and rapid. The process is essentially 
simple and operators find no difficulty in learning to use it properly. Penetrant inspection 
is the most sensitive method for locating fine, short, and shallow cracks in non-magnetic 
materials. The magnetic particle method is equal in this respect on magnetic materials 
and is more reliable on cracks that may be filled with foreign material. 

The two varieties of the penetrant method are fluorescent pénétrants and visible dye 
(or color contrast) pénétrants, differing in the manner in which the indications are 
revealed and viewed. 

Fluorescent penetrant inspection. This method makes use of a highly fluorescent 
liquid with unusual penetrating qualities. It is applied to the surface of the part to be 
inspected and is drawn into extremely small surface openings by capillary action. After 

TABLE 15.1 Uses and limitations of non-destructive testing methods 

Radiographic Magnetic particle Ultrasonic Liquid penetrant 

c 
o 

5 < 

Detection of internal 
flaws and defects, 
weld flaw detection, 
cracks seams, poro-
sity, holes and inclu-
sions, checking 
assemblies, and 
determining thickness 
variations 

Forgings, castings, 
tubing formed metal 
parts, welded vessels, 
field testing of welds, 
corrosion surveys and 
assemblies 

Detects variety of flaws 
provides a permanent 
film record. Gamma 
sources very portable, 
X-ray machines 
operable at various 
energy levels for differ-
ent materials and 
thicknesses 

Power source required 
for X-ray. Both 
produce radiation 
hazard. Well-trained 
technician needed to 
interpret radiographs 

Suitable for the detection PULSE-ECHO 
of either surface or 
sub-surface flaws, 
cracks, porosity, non-
metallic inclusions 
and weld defects 

Used to locate open-to-

Used on all types of 
ferromagnetic 
materials, tubing, 
piping of any size, 
shape, composition, or 
state of heat treat-
ment. In- service 
testing for fatigue 
cracks 

Simple in principle, 
easy to perform, 
portable for field 
testing, fast for pro-
duction testing. 
Method is positive 
and cost is economical 

Test parts must be 
magnetic. Requires 
demagnetizing after 
test. Power source 
is required and parts 
must be clean before 
testing 

the-surface prosity, 
laps, cold shuts, 
lack of weld bond, 
fatigue and grinding 
cracks 

METHOD used to 
find internal defects, 
cracks, lack of bond, 
laminations, inclusions, 
porosity, grain structure. 
RESONANCE 
METHOD used 
primarily for thickness 
gaging and laminar 
flaws 

Used on all metals and Used on all metals, glass, 
hard non-metallic 
materials, sheet, tube, 
rod, forgings, castings, 
field and production 
testing, welds, silver-
testing, welds, silver-
brazed pipe joints 

ceramics, castings, 
forgings, machine 
parts, cutting tools, 
and field inspection 

Fast and dependable, Simple to apply. 
easy to operate, lends Accurate, fast, low 
itself to automation, 
results of test imme-
diately known, re-
latively portable, 
highly accurate and 
high sensitivity 

Requires contact with 
part to be tested. 
Interpretation of 
defects requires 
considerable training. 
No permanent record 
reproduction of test 
results (without 
automatic recording 
devices.) 

initial cost, and per 
test cost, easy to interpret 
results, no elaborate 
setup required. 

Limited to open-to-
the-surface defects. 
Surface cleanliness 
required. 
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the penetrant has been applied to the surface, and sufficient penetration time has been 
allowed, the excess is removed from the surface, but not from the defects being sought. 
A developer is then applied which draws penetrant from the defect and produces fluore-
scent indications when observed under black light. The high contrast of the fluorescent 
makes it possible to detect minute indications easily. 

Dye penetrant inspection. This method is essentially similar in materials and techniques 
to fluorescent penetrant inspection except that it makes use of visible dyes instead of 
fluorescent dyes in the penetrant. Also, the indications are observed under normal white 
light, a particularly useful property when portability is a factor that must be considered, 
or where the use of black light is impractical. 

Dye penetrant inspection is a three-stage operation. The part is sprayed with a cleaner 
to remove all oil, grease, and foreign materials. It is then sprayed with the dye penetrant, 
which penetrates surface cracks and irregularities. The excess penetrant is removed. 
The part is then sprayed or brushed with the developer. This may be a chalky substance 
that dries on contact. The substance is stained by the dye, which rises by capillary 
action from flaws in the surface and marks them clearly in red. 

15.6.5 Comparison of various tests 

Table 15.1, prepared from a paper by Shanahan and Jenny,(1532) compares radio-
graphic, magnetic particle ultrasonic and liquid-penetrant inspection methods. The 
table discusses when, and why these methods are to be used as a part of ship construction. 
It also discusses their limitations. 

15.7 Evaluation of Reliability of Welded Structures 

15.7.1 Discussion of the present situation 

Extensive uses of welding for fabrication of large, critical structures started during 
World War II. In the early days most welded structures were put into use after very few 
non-destructive inspections other than visual inspections. Some welded structures 
experienced failures, many of which originated from weld defects (refer to Chapter 9 for 
brittle fracture). The need was recognized for developing reliable methods for non-
destructive inspection of welds. Since then, much effort has been made in the world for 
developing and improving NDT methods. Today there are a number of NDT methods 
which can be used for inspecting welds, as discussed in the preceding part of this chapter. 
Significant efforts also have been made: 

1. To develop better understanding of mechanisms of fractures which have led to 
the development of fracture-mechanics theories. 

2. To improve fracture toughness of materials. 
Due to a combined effect of these and other efforts, the reliability of welded structures 
has improved significantly over the years. One might expect that repair welds have been 
reduced considerably. 

On the contrary, however, the total cost for fabricating critical structures such as 
pipelines, submarines, and nuclear pressure vessels has increased significantly over the 
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years. A significant portion of the cost increases (after adjusting the effect of inflation) 
comes from the inspection and repair procedures after welding. 

Firstly, as the technology of non-destructive testing advances an increasing number of 
small defects can be detected. Many of these defects would have gone undetected in 
previous years. Once defects are detected, there is a tendency that end users of the 
structure and/or inspecting agencies demand that the defects be repaired. Consequently, 
the continuing development of NDT techniques means more repair work. If this idea is 
carried to its extreme, it means that as the testing equipment becomes more capable the 
number of repair welds will increase. 

Secondly, society has been increasingly concerned with consequences of potential 
failures, such as oil spills of large tankers, possible explosions of cryogenic tankages 
containing liquefied natural gas, etc. Requirements for inspection and repair have 
become more and more stringent. If this current trend continues there will be a further 
significant increase in these costs. 

The subject of quality control and inspection has an effect similar to that of a double-
edged sword. If inspections are exercised properly during fabrications as a means of 
process control, the use of NDT methods can result in delivering more reliable structures 
with some added cost. On the other hand, if inspections are used for punitive actions by 
government agencies and for lawsuits by companies involved, increased uses of inspec-
tions can result in considerable delay in construction and a skyrocketing increase in cost. 
Although the direct cost required for inspection and repair may not be great, the financial 
loss due to the fact that structures are laid idle can be enormous. 

How to find defect is a matter of applied physics—radiography, magnetism, ultrasonic 
waves, etc.—discussed in Section 15.6. How to evaluate effects of defects which have 
been detected on the service behavior of welded structures is a matter of applied 
mechanics—brittle fracture, fatigue, etc.—discussed in Sections 15.3 to 15.5. However, 
what to do with the structure which contains some defects involves many technical, 
financial, and legal considerations. For example: 

1. Suppose that defects are found in a component of a critical structure (a space 
rocket, a submarine, etc.). Should we repair them now? The repair work will 
certainly delay the construction. There is no guarantee that the repair work can be 
done satisfactorily. The component may work satisfactorily without even repair, 
but some problems may develop at a later stage of construction. The cost for repair 
at later stages (for example, a pipeline after being laid under ground) can be extreme-
ly high. 

2. Suppose that defects are found in completed welded structures. What should be 
done about the structures? The owner of the structure may decide to use the struc-
ture as it is risking possible failures which may or may not involve loss of human 
lives. The owner may decide to have the structure repaired and sue the fabricator to 
recover the financial loss. The owner may want to sell the structure for less demand-
ing tasks. Before deciding what to do, the owner analyses pros and cons of various 
possible actions and their consequences. The analysis will cover technical and 
non-technical subjects. 

The above discussions show the latitude of subjects to be considered in dealing with 
structures containing defects. The analyses obviously cover various subjects; technical, 
financial, legal, etc. Parties involved including the owner, the fabricator, the material 
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suppliers, the classification society, government agencies, and insurance companies, 
may have different opinions. Each party has a temptation to interpret the situation for 
their own advantage. A common way to solve the problem is to refer to rules and regula-
tions. It is very important that rules and regulations covering the evaluation of weld 
defects be rational and fair. 

Today a number of rules cover non-destructive testing of welded structures. For 
example, inspection of naval ship construction is governed by several specifications 
including: 

1. NAVSHIPS 0900-060-4010: "Fabrication, Welding and Inspection of Metal 
Boat and Craft Hulls", January 1971. 

2. NAVSHIPS 0900-000-100: "Fabrication, Welding and Inspection of Ship 
Hulls", October 1968. 

3. NAVSHIPS 0900-014-5010: "Fabrication, Welding and Inspection of Non-
Combatant Ship Hulls", December 1966. 

United States merchant vessels are constructed in accordance with requirements by 
the U.S. Coast Guard and the American Bureau of Shipping. There are a number of 
government agencies and societies which issue specifications for construction of various 
structures including pressure vessels, bridges, building, etc. 

In the case of the navy specifications, for example, qualification requirements include: 

1. Welding procedures. 
2. Welders and welding operators. 
3. Welding equipment. 
4. Non-destructive test equipment and personnel. 
5. Non-destructive test procedures. 

Acceptance standards. Acceptance standards have been established for the following 
inspection methods: 

(a) Visual. 
(b) Magnetic particle. 
(c) Liquid penetrant. 
(d) Radiographic. 
(e) Ultrasonic. 

Details of the specifications are not presented here, since they are described in the above 
Navy specifications. 

When one examines details of these specifications to see how they can be used for 
evaluating reliability of welded structures, he finds that these specifications are rather 
naive. For example, a typical statement by many requirements on cracking is as follows: 
"All welds shall be free of cracks." No mention is normally made of the minimum crack 
length which may be accepted. 

In the light of modern scientific criteria, some of the ideas behind these standards are 
naive and primitive in the extreme. Dr. R. Weck,(1533) former Director General of the 
Welding Institute, wrote a paper entitled "A Rational Approach to Standards for 
Welding Construction". This paper criticizes in length how irrational current standards 
are. 

The current acceptance standards do not incorporate, at least in an explicit manner, 
the scientific information on how weld defects affect the service behavior of welded 
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structures discussed in Sections 15.3.4 and 15.3.5. Some of the difficulties in incorporating 
this scientific information into the standards are: 

1. Such defects as porosity and slag inclusions are easy to find by radiography and 
other methods, but these defects have only a minor effect on the behavior of welded 
structures. 

2. Defects such as arc strikes and short cracks are difficult to locate, but these defects 
can seriously reduce the strength. 

Consequently, current quality assurance relies on multiple procedures including control 
of material selection, structural design, welding procedures, etc., in addition to non-
destructive testing. 

A basic problem is mismatch among certain technologies involved and demands. 
Our ability to find defects has improved significantly during the last 30 years. The demand 
of our society on the reliability of welded structures has been increasingly stringent over 
the years. However, our ability to judge how a given defect affects the service performance 
has not yet been perfected. Above all, welding techniques are not 100% reliable, especially 
when welding is done manually. According to Wormeli,(1534) the average reject rate 
in linear inches of weld for the entire Alaska pipeline project from the North Slope to 
Valdez was less than 1%, One must recognize, however, that 1% repair of an 800-mile-
(1300 km)-long pipeline means weld repairs totalling 8 miles (13 km) long scattered along 
various portions of the pipeline. The total construction cost far exceeded the original 
estimate. In some cases, say some components of a nuclear reactor, we may be pushing 
the demand to a point which is almost impossible to meet. 

Although there are no exact data, we could probably say that over 50% of all repair 
welds done in the world today are unnecessary and some repair welds even have damaged 
the structure to some extent. We must find some way to stop the trend of increased inspec-
tion and repair. It is the author's opinion that there are basically two ways to solve the 
problem: 

1. To develop a rationale for accepting some defects which are not harmful. 
2. To improve reliability of welding operations to reduce weld defects. 

15.7.2 Development of a rationale for accepting defects, a systems analysis 

As stated earlier, an analysis of decision-making for repairing or not repairing defects 
in welded structures involves technical as well as non-technical aspects. Only few 
analytical studies have been made on this subjects. Discussions in the following pages 
come from a study by Yurioka(6201535) at M.I.T. 

Yurioka tried to develop an analytical system useful for design and fabrication of weld-
ed structures. Although construction of an actual structure involves complex procedures, 
Fig. 15.30 illustrates a simplified procedure. First, the initial design group determines an 
initial design which satisfies requirements by the customer. Then the structural design 
group prepares a detailed structural design which includes material selection. During 
this period, some iteration processes may take place between the initial design group 
and the structural design group and even the fabrication group to modify the initial 
design, and finally the design is completed. 

Then, the production starts. The production stage includes a number of operations 
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FIG. 15.30. Procedure for design and fabrication of welded structures. 

including machining, cutting, forming, welding, etc. After welding is completed, the 
welds will be inspected, perhaps by the quality assurance group which is independent 
of the production group. A representative of the customer may be involved in the inspec-
tion. Welds which do not pass the inspection will be sent back to the production group 
for repair. 

After the fabrication is completed, the structure will be subjected to the final testing, 
such as a pressure testing of a vessel. When the structure passes the final testing, it will be 
delivered to the customer. 

During the M.I.T. study an attempt was made to develop a system which could assist a 
fabricator in making various decisions. Although the system developed so far does not 
deal with the decision-making for repair welding, it is presented in this paper as an 
example of a system analysis on welding fabrication. 

The system that has been developed covers the following subjects: 

1. Material selection. A designer must select a material most suitable for the particular 
application. It may be wiser to select a material with a slightly lower strength, but higher 
fracture toughness and better fabricability. 

2. Allowable flaw size and repair. The inspection standard for acceptable flaws must 
be severe enough to obtain adequate reliability of the structure. However, if the standard 
is too severe, it will cause unnecessary repair jobs, which will result in delay in fabrication 
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and higher costs. One must not forget that the repair weld may not be defect-free and 
the repair may cause further degradation of the material. 

3. Stress relieving. One must decide whether or not the structure be stress-relieved, 
how should it be done? As the stress-relieving temperature increases, more complete 
reduction of residual stresses can be achieved. However, a treatment at a certain tempera-
ture for a certain period may result in material degradation. The following pages present 
some results on the second subject: allowable flaw size and repair. 

Analyses were made of fatigue crack growth of surface and embedded transverse 
cracks in a butt weld in a pressure hull of a deep submersible.* Figure 15.31 shows a 
surface crack in the weld metal. The major applied stress is the hoop stress σΗ. Analyses 
were conducted on weldments in several high-strength steels including HY-80, HY-100, 
HY-130, HP-9-4, and maraging steel. 

To analyze the rate of crack growth a formula originally proposed by Kraft(1536) was 
used: 

da IK — K \ 4 

^ - A { - J X ^ ) K L -
 <,5'2') 

When stress distribution normal to a crack is not uniform, a stress intensity factor at 
the right hand of a crack in an infinite plate is obtained in the form of the following 
equation :(1537) 

1 Γα /α + χ\1/2 

Kj = -^=\ σ(χ)( —— dx. (15.22) 

For a weldment, σ(χ) should be the sum of the non-uniform weld residual stress, σκ(χ\ 
and the applied cyclic stress, σΗ, as shown in Fig. 15.31. 

The distribution of longitudinal residual stress was assumed to be (see Fig. 12.4): 
σκ = σκοΟ -(x//)2}exp(-1/2(^)2> (15.23) 

where aRo = the maximum longitudinal residual stress at the weld center, 
f = half width of the tension zone of residual stress. 

Figure 6.26 was used to estimate the value of GR for welds in different materials. 

Weld Metal Base Plate 

FIG. 15.31. A transverse crack in a butt weld subjected to residual stresses, aR (x), and repeated 
hoop stress, σΗ. 

* Refer to Fig. 1.4. 
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FIG. 15.32. Effects of size and location of an initial crack on the fatigue life (the number of 
cycles when the initial crack becomes a through-the-thickness crack) in butt welds in HY-130 

steel. 

Note: A is the coefficient of crack growth rate: 

^ = A(AK)>. 

Since the analyses were directed toward the safety of a pressure hull of a deep 
submersible, the structures were to fail when the cracks grew to become through-the-
thickness cracks. Figure 15.32 shows effects of the size and location of an initial crack 
on the fatigue life (the number of cycles when the initial crack becomes a through-the-
thickness) in butt welds in HY-130 steel. It was assumed that pulsating stresses of 0 to 
50 ksi (35.2 kg/mm2 or 345 MN/m2) are applied. The figure shows that a surface crack 
decreases the fatigue life more than an embedded crack. 

In evaluating the extent of damage to a structure by a defect, Yurioka used the concept 
of utility. The utility can be defined as the value in use of a set of goods in terms of their 
quantity or of their attributes/1538) It is more logical to make use of a utility function 
to compare the alternatives with respect to their quantity or attributes. Their general 
utility function may be of the form: 

W(x) = M o ( l - e - n (15.24) 
The constant, y, is related to how much diminishing marginal utility should be assessed 
by the analyst. If an infinitely large number is assessed to y, the utility function becomes 
linear so that there is no diminishing marginal utility as shown in Fig. 15.33. 

Since the designed stresses for pressure vessels are relatively high and the fatigue of 



614 Analysis of Welded Structures 

I - e ' 
u, = —— .where x = N · 10 

1 l - e " 1 ^ 

20,000 40,000 60,000 80,000 100,000 
Fatigue life of s t ructure, N (cycles) 

FIG. 15.33. Utility of a structure with respect to fatigue life. 

pressure vessels is thus considered to be low-cycle-high-stress type, the maximum 
utility for pressure vessels may be given when a number of cycles of loading become 105. 
Defining the maximum utility within the sequence range as a unit for convenience, 
the utility function for pressure vessels can be expressed by: 

u(x) = u0(l-e-x/y) (15.25) 

where u0 = 1/(1 - e~1/y), 
x = N x 10"5, N is fatigue life. 

As the predicted fatigue life is probabilistically deviated following the log-normal 
distribution function, the expected utility for pressure vessels should be given as: 

E[u(N)] = Γ u(x'). p(x)dN (15.26) 
_. Jo 

where x = N x 10 3, and x' = log N. 
By introducing the concept of utility as a function of the fatigue life it becomes possible 

to express quantitatively the damage caused by an initial crack of a certain size. 
Figure 15.34 shows analytical results for butt welds in HY-130 steel subjected to the hoop 
stress of 50 ksi (35.2 kg/mm2 or 345 MN/m2). The value of y was estimated to be 0.05. 
In this study, (a, b) represents an initial elliptical crack with the half length of a inch 
along the minor axis and b inch along the major axis. Shown in the figure are curves of 
certain values of utility for different values of a and b. Curves are shown under two 
conditions: as welded and after repair weld. In the case of after repair, it was assumed 
that the KIC value of the material would be decreased by 10 ksi^/ïn (35.4 kg^/mm/mm2). 
The possible effect of an increase of residual stresses due to repair welding was not 
included in the analysis. 
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FIG. 15.34. Utility of pressure vessel with various initial crack size after welding or repair 
welding. 

On the basis of the current welding technology it is likely that an initial crack of a 
size (0.10, 0.10) or (0.02, 0.35) would inevitably occur in the weld. Then it is extremely 
difficult to achieve the utility over 0.83, which is equivalent to mean fatigue life of 8700 
cycles. 

15.7.3 Improvement of reliability of welding operations 

Although the development of a rationale for accepting defects which are not harmful 
can provide a partial solution to the problem, it is more important to improve 
the reliability of welding operations in order to reduce or prevent weld defects from 
happening. One of the very basic problems in welding today is that most welding opera-
tions are done manually and there is always room for human error. Although a number 
of automatic welding machines have been developed, most automatic welding machines 
available today do not have sensing and control devices during welding. It is hoped that 
with the use of modern electronics and computer technologies we could develop "smart" 
welding machines which have sensing and control capabilities in real time.(1539) 
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CHAPTER 16 

Further Discussion on Some 
Selected Subjects 

IN the preceding chapters, the emphasis of discussion is placed on scientific information 
on subjects covered by presenting experimental data and analytical results. Many 
figures, tables, and formulas are included to present quantitative rather than qualitative 
discussions. Although they contain useful information, the author feels that an additional 
chapter is needed to assist practicing engineers to fully utilize the information presented 
in the previous chapters. 

For example, if one is interested in using peening for reducing distortion, one should 
also consider possible adverse effects of peening on brittle fracture. The use of intermittent 
welding is an efficient way of reducing distortion, especially longitudinal distortion; 
however, it may result in a reduction in fatigue strength. Although information pertinent 
to these subjects is given in various parts of this textbook, this chapter attempts to draw 
these important considerations together for the convenience of the reader. 

Thus, the major objective of this chapter is to discuss various subjects of design and 
fabrication considerations which practicing engineers are likely to face. However, 
this chapter is by no means intended to cover all important subjects related to design 
and fabrication; rather, it is limited to some selected subjects related to residual stresses, 
distortion and their consequences, which have been examined in previous chapters. 

As shown in Fig. 1.1, problems which practicing engineers face are related not only to 
residual stresses and distortion but also to various other subjects including welding 
metallurgy, non-destructive testing, etc. These problems are dealt with in this chapter. 

The format of this chapter is different from the previous ones. Discussions are kept as 
concise as possible with few experimental data and analytical formulas. Figures and 
tables given in previous chapters are cited as needed. 

In preparing the chapter, efforts are made to avoid duplications with existing docu-
ments. For example, "dos" and "donts" of design and fabrication of welded structures 
are described in a number of documents, including: 

1. specifications issued by a number of government agencies and classification 
societies, including the Army, Navy, Air Force, Coast Guard, AWS, ASME, 
e ^ c . ( 2 4 6 , 1 6 0 1 - 1 6 0 5 ) 

2. handbooks such as the Welding Handbook;(li9>961>ii21>1606) 

3. manuals such as the Hull Welding Manual}160^ 

While these specifications, handbooks, and manuals describe what should be done in 
design and fabrication of various welded structures, they generally do not describe 
why a certain action must be taken. 

618 
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This chapter discusses: 
1. the reasons why certain procedures are taken, and what might happen if the 

procedures are not followed properly; 
2. the consequences and implications, or pros and cons, of various procedures such 

as peening, preheating, etc. 
Most discussions are directed toward steel structures, though the last part covers 
residual stresses and distortion in weldments in various materials. 

The author does not intend to discuss many problems in this chapter. But rather he 
discusses how this book can be used in solving some practical problems in design and 
fabrication of welded structures. It is hoped that discussions given in this chapter will 
provide readers with some ideas of how the book can be used for solving other practical 
problems. 

16.1 Welding Design 

Regarding welding design, the following subjects are discussed: 

1. Basic principles for preventing brittle fractures. 
2. Basic principles for preventing fatigue fractures. 
3. Effects of structural discontinuities. 
4. Butt joints vs. lap joints. 
5. Intermittent vs. continuous fillet welds. 
6. Scallops and small radius cuts. 
7. Plug welds or slot welds. 
8. Control of distortion in the design stage. 

16.1.1 Basic principles for preventing brittle fractures 

There are basically three ways of preventing brittle fractures of welded structures: 

1. Materials. Use materials with sufficient fracture toughness. 
2. Design. Reduce stresses, especially stress concentrations due to structural dis-

continuities. 
3. Fabrication. Eliminate sharp notches by careful fabrication. 
Among the above three items, the use of ductile material is the most important. Stated 

differently, preventing brittle fractures by relying on good design and fabrication while 
using materials which do not have sufficient fracture toughness is impractical, if not 
impossible. This is discussed in Sections 9.5 and 10.4. 

Figure 9.37 shows that extensive brittle fractures can occur at very low stresses 
when the material is brittle, or when the temperature is below the ductile-to-brittle 
transition temperature. The critical stress for fracture propagation for low-carbon 
steel is 5 to 7 kg/mm2 (7 ~ 10 ksi or 49 ~ 67 MN/m2), which is only 20 to 30% of the 
yield stress. Even when the level of applied stress is below the critical stress, partial 
fractures can occur. 

If one tries to prevent brittle fracture of a structure by reducing stresses, the design 
stress must be below the critical stress for fracture propagation. Considering the fact 
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that most practical structures such as ships, pressure vessels, and bridges have some 
structural discontinuities caused by hatches and other openings, attachments to other 
members, etc., it is impractical to reduce stresses near structural discontinuities below 
the critical stress. Even when the design stresses are reduced to very low values, partial 
fractures would still occur, especially in regions near the weld where high tensile residual 
stresses exist. 

The other extreme approach is to use materials with extremely high fracture toughness 
with a hope that design and fabrication considerations could be neglected. However, 
the use of materials with excessive fracture toughness is uneconomical. Even though 
brittle fractures could be avoided, the structure would still be plagued by fatigue fractures 
which are extremely sensitive to notches. 

The most practical approach is to take a combined, or a middle-of-the-road, approach, 
using materials with sufficient fracture toughness, combined with careful design and 
fabrication. The question here is what constitutes sufficient toughness and careful 
design and fabrication. This, of course, depends upon the types of structure, their costs, 
liabilities caused by failures, etc. Design criteria could be different for different structures 
such as bridges, pipelines, oil tankers, submarines, airplanes, and nuclear reactors for 
the following reasons : 

1. Material cost vs. total cost. For some structures, such as submarines and space 
vehicles, the cost for structural materials is small compared to the total cost of the 
structure. In such cases, use of materials with superior toughness can be justified so 
long as it helps to achieve better performance or increased reliability. On the other 
hand, for some other structures, such as pipelines, the material cost is important in 
building a structure which is economically feasible. 

2. Fracture toughness vs. other material properties. Fracture toughness is only one 
of the various material properties which must be satisfied for a material to be useful 
for the structure being considered. For example, materials to be used for supersonic 
airplanes must have a high strength-to-weight ratio. Consequently, a designer is 
forced to use ultra-high strength materials by sacrificing some fracture toughness. 

3. Liability of fractures. Liability caused by fractures varies widely depending upon 
the structure. For example, liability caused by fracture of a nuclear reactor is 
extremely high. Even within the same structure, the seriousness of a fracture 
varies among the structural members being considered. For example, a fracture of 
a bottom plate of a ship is more serious than a fracture of one of the frames. 

4. Engineering cost. The engineering cost that can be afforded for the analysis of 
fracture potential also varies widely depending upon the structure being considered. 
For example, a large amount of engineering cost can be justified for selecting 
materials for a pressure vessel of a nuclear reactor. However, a far less amount 
can be justified for selecting hull materials for an ordinary cargo ship. 

Consequently, there is a wide range of margin of fracture toughness, as well as the 
engineering cost which can be spent for fracture analysis. Some examples are as follows: 

(a) For some aerospace applications, materials with high strength-to-weight ratio 
are widely used even though their fracture toughness may be somewhat low. 
To ensure the fracture safety of the structure, extensive analyses using fracture 
mechanics theories are made. Figures 10.8 and 10.9 show the specimens for deter-
mining fracture toughness values (Kc and KIC) of materials. 
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(b) For a hull of a submarine, which must withstand severe impact loading, materials 
with extremely high fracture toughness, such as HY-80 steel, must be used even 
though they may be considerably expensive. The NRL drop-weight test and the 
dynamic tear test are commonly used for selecting the material. Since the material 
is very ductile under normal operating conditions, the linear fracture-mechanics 
theory is not applicable (see Fig. 10.12). 

(c) For ordinary cargo ships and bridges, materials with relatively small fracture 
toughness margin are used. Simple tests, such as the Charpy V-notch test, are 
commonly used for selecting materials. Extensive fracture analyses are seldom 
used for routine design. 

16.1.2 Basic principles for preventing fatigue fractures 

Although brittle fractures can be catastrophic, they seldom occur provided materials 
with reasonable fracture toughness are used. On the other hand, it is very difficult to 
prevent the occurrence of any fatigue fractures in complex structures, such as ships, 
bridges, etc. Fatigue fractures originate from various types of stress raisers and it is 
difficult to eliminate all the stress raisers in a complex structure. However, it is possible 
by proper design and inspection (1) to minimize the possibility of producing fatigue 
cracks and (2) to detect and repair them while they are still short. 

As discussed in Chapter 11 (Section 11.2.2), the most deleterious factor affecting the 
fatigue strength is the localized concentration of stress by geometric discontinuities 
including cracks, notches, etc., especially those on or near the surface. Consequently, 
the best principle for preventing fatigue fractures in a complex structure is to eliminate 
as much as possible these "hard spots". 

16.1.3 Effects of structural discontinuities 

Structural discontinuity, as used here, means an abrupt change in the general contour 
of the structure rather than a sharp notch or crack. It is recognized that in the way of 
stress raisers the local stresses are increased well above the average stress level. For 
example, the stress intensity at the edge of a circular opening may be about three times 
the average stress (see Fig. 15.6).f Obviously, it is at these places of high stress concentra-
tion that sharp notches and defects are particularly dangerous; i.e. there is the chance of 
creating a notch within a stress raiser, thus superimposing notch effects. 

According to a statistical investigation of structural failures of American ships built 
during World War II, about 50% of the failures originated from structural discontinuities, 
including square hatch corners, cutouts in shear strakes, ends of bilge keels, etc., as 
described in Section 9.2.3. Even experimental studies were made to prove that a fracture 
can happen from a notch located near a structural dicontinuity (see Figs. 10.19 and 
10.20). 

Hence, it is important in designing to eliminate, where practicable, details such as butt 
welds, small insert plates, drain holes, and scallops in the vicinity of structural disconti-
nuities. Also, special control over workmanship is recommended in these areas to avoid 
notch-like defects. 

r The stress concentration near a circular opening of a two-dimensional plate is similar to that near a long 
cylindrical cavity of a three-dimensional body discussed in Fig. 15.6. 
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16.1.4 Butt joints vs. lap joints 

Butt joints are widely used in welded structures, for the following reasons: 

1. The joint efficiency is high. For a number of materials, joints with 100% efficiency 
can be achieved. 

2. It is easy to obtain watertight and airtight joints. 
3. The joint design is simple. 
4. The joint surface is almost flush. 

Butt joints are especially superior to lap and fillet joints in terms of fatigue strength, as 
discussed in Section 11.5 (see Table 11.2, Figs. 11.18 and 11.19). 

Weld reinforcement The term "reinforcement" was originated during the early days 
of welding development. At that time, the welds were not as strong as the base plate, 
and people did not trust welds. They thought that it might be a good idea to make the 
joint somewhat thicker than the base plate, and the excessive material was called 
"reinforcement". 

However, it has been well established that the weld reinforcement is harmful to fatigue 
strength (see Table 11.2 and Fig. 15.22). The fatigue strength can be increased by removing 
the reinforcement. However, one must be careful of the following: 

1. Be careful not to produce notches during machining or grinding operations for 
removing the reinforcement. 

2. Be careful not to reveal porosity and other internal defects by removing the 
reinforcement. 

The important thing to remember is that the fatigue strength of a welded joint is very 
sensitive to any notches on the surface. 

Double plate for providing additional strength. Often, it becomes necessary to increase 
the strength of a structure. For example, the strength of an old girder bridge needs to be 
increased, since it has to carry larger loads. A simple solution is to increase the moment 
of inertia by placing a double plate fillet welded on the flange of the old girder, as shown 
in Fig. 11.18(H). On the basis of the strength of materials, or more precisely the bending 
moment diagram, the most efficient way to increase the strength of the girder is to place a 
double plate outside the flange plate. 

However, one must be careful not to reduce the fatigue strength of the girder by intro-
ducing a new structural discontinuity and possible notches. Example "H" of Table 11.2 
and Fig. 11.18 shows how the presence of a double plate reduces the fatigue strength. 

16.1.5 Intermittent vs. continuous fillet welds 

Intermittent welds are often used for fillet joints. Pros and cons of intermittent fillet 
welds are as follows: 

Longitudinal distortion. It has been found that intermittent welds are very effective 
in reducing longitudinal distortion. Figure 7.61 shows that practically no distortion 
was produced during the intermittent welding of a fillet joint. This can be explained by 
the difference in the distribution of longitudinal residual stresses which cause longitudinal 
bending distortion. 
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Figures 16.1 (a) and (b) show schematically the distribution of longitudinal residual 
stress, σχ, in a continuous fillet weld and an intermittent fillet weld, respectively. These 
figures are constructed, based upon the experimental data shown in Figs. 6.40 and 6.41. 
There are two basic facts: 

1. The longitudinal stress must be zero at both ends of each weld. 
2. As shown in Fig. 6.41, a relatively long weld length is necessary to have high 

longitudinal residual stresses. When the weld length is about 3 inches or so, the 
amount of σχ is very low.1 

Angular distortion. The reduction in angular distortion, as shown in Fig. 7.1(b), 
due to the use of intermittent welding is not so drastic. Hirai and Nakamura(724) con-
ducted an experimental study and found that the difference in the angular distortion 
between a continuous and an intermittent weld is negligible when compared on the 
basis of the apparent weight of electrode consumed per weld length, wa, as follows 
(see Fig. 16.1). 

where w = weight of electrode consumed per weld length, g/cm, 
/ = length of each weld, 

p = pitch or the interval between intermittent welds. 

(a) Continuous fillet weld 

(b) Intermittent fillet weld 

FIG. 16.1. Schematic diagrams showing distributions of longitudinal residual stress, σχ, 
along the weld line of fillet welds. 

f This can be explained by the fact that the longitudinal stress, σχ is caused by the differential of plastic 
strains on the y and the z directions, de Jôy and dejdz (see Fig. 6.10). 

(16.1) 
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Equation (7.23) shows the relationship between w and fillet size Df (see Fig. 7.4(b)). 
According to Hirai and Nakamura, Fig. 7.47 still can be used for estimating the angular 
change produced in an intermittent fillet-welded joint, provided that wa, instead of w, is 
used. For example, when / = 2 inches and p = 4 inches: 

2 1 
Wfl = W6 = 3VV' 

The value of wa is considerably smaller than w. However, curves in Fig. 7.47 are shown 
for different values of log w. Consequently, the reduction of angular change is about 
50. The reduction in angular change is substantial; but it is not as drastic as in the case of 
longitudinal distortion. 

Fatigue strength. It has been well established that the fatigue strength of an intermit-
tent weld is significantly lower than that of a continuous weld. Fatigue fractures often 
occur from the end of an intermittent weld which acts as a stress raiser. 

16.1.6 Scallops and small radius cuts 

The Hull Welding Manual states that there have been occasions when serious cracks 
were found to have started at irregular edges of rounded cutouts or at jagged scallops. 
Had these cuts been smooth enough instead of jagged, the crack might not have develop-
ed. Several tankers suffered major bottom shell fractures which initiated at scallops 
areas. 

The present trend is away from the widespread use of scallops, because improperly 
cut scallop is potentially dangerous. In some areas where scallops must be used, care 
must be taken to reduce the stress concentrations produced by the scallop, especially 
in the major strength members such as the shell and deck plates. 

16.1.7 Plug welds or slot welds 

Plug welds and slot welds should not be used except where absolutely necessary/1607) 

To substantiate this comment, Table 11.2 shows that fatigue strengths of plug welds and 
slot welds are poor (K, L, M, JV of Table 11.2). 

16.1.8 Control of distortion in the design stage 

Many distortion problems are created in the design stage. Or, stated differently, 
distortion problems are often caused by design engineers, and welding engineers are 
forced to solve them. Of course, many designers try to avoid distortion problems in the 
design stage, and they consult with welding engineers. Unfortunately, however, answers 
which welding engineers provide tend to be empirical and qualitative, while designers 
need analytical and quantitative answers which can be used for parametric studies in 
structural design. An important objective of this textbook is an analytical system on 
residual stresses, distortion, and their effects on the service behavior of welded structures. 
The information presented in various parts of this textbook should be useful for closing 
the gaps between designers and welding engineers. Discussed here are two examples of 
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the control of weld distortion by a proper selection of structural design parameters, 
such as plate thickness, the amount of weld, etc. 

1. Control of out-of-plane distortion of a welded panel structure. 
2. Control of buckling distortion. 

Control of out-of-plane distortion. Chapter 7.7 discusses angular changes of fillet 
welds and the resulting out-of-plane distortion of welded panel structures (see Fig. 7.40). 
Analyses have been made to determine the amount of out-of-plane distortion as a 
function of the plate thickness, the spacing between stifffeners, and the weld size. Further 
analyses have been made to study the effects of out-of-plane distortion on the buckling 
strength of the panel structure. The results are compared with the Navy specifications 
on allowable distortion, as shown in Fig. 7.47 for steel and Figs. 7.48 and 7.49 for alu-
minum. 

Similar analysis can be made to solve a number of distortion problems. 

Control of buckling distortion. Buckling distortion is discussed in chapter 7. 
Buckling distortion occurs most commonly during welding fabrication of thin-plate 
structures. It occurs when 

1. the plate is thin, 
2. the unsupported span is long, and 
3. the amount of weld is large. 

A unique nature of buckling distortion is that the amount of distortion is much greater 
than that in other types of distortion, such as bending distortion. Consequently, the 
most effective way of controlling buckling distortion is to prevent it from occurring by a 
proper selection of structural and welding parameters. 

Figures 7.66 through 7.73 show buckling distortion occurred during welding fabrica-

I-

2 3J-

I 

2J-

J 

Ό h DISTORTION 

FIG. 16.2. Schematic diagram showing effects of heat input and plate thickness on out-of-plane 
distortion due to buckling. 
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tion of panel structures. Welds were made along longitudinal edges of a square panel. 
On the basis of information given in these figures, Fig. 16.2 is prepared to schematically 
explain the effects of welding heat input and plate thickness on out-of-plane distortion of 
a panel structure. Shown here are cases for three thicknesses tl<t2, and t2 < t3. Let us 
assume that the plate thickness of the current design is t2 and the heat input used is H 
(joules/in.). When welding is done in one pass, distortion would be δί ; the amount of 
distortion is much less than the allowable distortion, δα. When welding is done in two 
passes, distortion would increase to <52, but it is still less than δα. However, when welding 
is done in three passes, distortion would increase considerably to δ3, which is more than 
is acceptable. 

When plate thickness is decreased to tx, buckling occurs in two passes. This means no 
repair weld is likely to be allowed. 

The distortion problem would virtually disappear when the plate thickness is increased 
to t3. However, we must pay the penalty of additional weight. 

A key in the analysis and control of buckling distortion is to determine the critical 
values of plate thickness, i, the length of unsupported span, a, and heat input, J. Chapter 
7.12 presents analytical results for determining critical conditions for buckling distortion 
(Fig. 7.74 and Tables 7.10 through 7.12). 

16.2 Welding Fabrication 

Regarding welding fabrication, the following subjects are discussed: 

1. Welding heat input limitations. 
2. Effects of welding parameters on shrinkage and cracking potential. 
3. Various methods of reducing distortion. 
4. Influence of joint restraint on residual stresses and distortion. 
5. Preheat and interpass temperature. 
6. Post-weld thermal treatments. 
7. Vibratory stress relieving. 
8. Peening. 
9. Mechanical stress relieving and prooftesting. 

10. Residual stresses and distortion in weldments in various materials. 

16.2.1 Welding heat input limitations 

When welding conditions are changed in order to control residual stresses and distor-
tion, metallurgical structures and mechanical properties of the heat-affected zone also 
change. In the fabrication of welded structures, especially in high-strength steels, one 
must always consider the effects of welding conditions on the metallurgical characteristics 
of a weldment. How to control welding heat input to obtain optimum heat-affected-zone 
structures for various materials is an important subject in welding metallurgy. Many 
publications are available on this subject/239 ~245) Some discussions on the effects of 
welding heat input on properties of welds are presented in Chapters 2 and 14. 

As the cooling rate increases, hardness of the heat-affected zone increases, as shown in 
Fig. 2.14. Reducing heat input results in higher hardness of HAZ and an increased 
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tendency for cold cracking. Effects of heat input on cracking tendency are discussed in 
Chapter 14 (Section 14.3.3). Effects on heat input on notch toughness of HAZ are rather 
complex. Too rapid cooling causes the formation of brittle material, but too slow cooling 
also causes a reduction in notch toughness, as shown in Fig. 2.15. Loss of fracture 
toughness can be a significant problem for welding quenched and tempered high-
strength steels of which excellent fracture toughness has been achieved by Q&T treat-
ments. Some specifications specify the maximum heat input for welding Q & T steels 
(Section 2.4.3). 

16.2.2 Effects of welding parameters on residual stresses, distortion, 
and cracking potential 

Effects of welding parameters (welding current, arc travel speed, electrode diameter, 
etc.) on residual stresses, distortion, and reaction stresses during welding rechained 
joints are discussed in Chapters 5,6, 7, and 14. 

It is now possible to simulate by computer transient thermal stresses and metal move-
ment during welding of simple weldments. This subject is discussed in Chapter 5, es-
pecially Section 5.9. It is hoped that the capability of computer simulation can be 
significantly expanded in the near future. 

Chapters 6 and 7 present a number of figures, tables, and formulas describing the 
effects of welding parameters on residual stresses and distortion, respectively, in various 
types of welded joints. For example, Table 7.7 and Figs. 7.27-7.30 show the effects of 
welding procedures on transverse shrinkage of butt welds. 

Chapter 14 discusses weld cracking and joint restraint. For example, Fig. 14.40 shows 
how reaction stresses are produced during the welding of a restrained butt weld. This 
result may be compared with that shown in Fig. 7.20. The mechanisms of transverse 
shrinkage on butt welds are discussed in Section 7.4.2. 

The information presented in these chapters should be useful for studying the effects of 
welding parameters and welding procedure on residual stresses, distortion, and cracking 
potential. As an example, the effects of the diameter of electrodes on transverse shrinkage 
and reaction stresses are discussed. 

Large vs. small diameter electrodes. Should we use large-diameter electrodes or 
small-diameter electrodes for reducing transverse shrinkage of a butt weld? The use of 
electrodes in a larger diameter means the use of higher welding current and a larger 
amount of weld metal per pass. This subject is discussed in Section 7.4.3 (see Table 7.7 
and Fig. 7.28). By the use of electrodes of a larger diameter, the amount of transverse 
shrinkage after welding the first pass increases to some extent since the amount of 
deposited metal increases. However, this change is expressed by the change from A to 
A' in Fig. 7.28, which shows the relationship between the amount of weld metal, log w, 
and shrinkage, U. When a comparison is made of the same amount of weld metal, 
transverse shrinkage is reduced by use of electrodes with a larger diameter. The use of 
electrodes with a large diameter will not reduce the transverse shrinkage of a butt weld 
unless they are used in the first pass, as shown in Fig. 7.28. 

It has also been found that the use of electrodes of a larger diameter is beneficial in 
reducing reaction stresses in the first-pass weld metal. The first-pass weld metal is often 
under high reaction stresses, especially in welding a highly restrained joint, and cracking 
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often occurs (see Fig. 14.37). By using electrodes with a large diameter during the first 
pass, it is possible to reduce reaction stresses in the weld metal. The amount of shrinkage 
increases slightly by use of larger-diameter electrodes, but the amount of weld metal is 
increased significantly, resulting in lower reaction stresses. 

16.2.3 Various methods of reducing distortion 

Various methods of reducing distortion are discussed in Chapter 7. Basically, there are 
two ways for reducing distortion : 

1. Provide additional restraint to the weldment concerned. 
2. Modify the thermal pattern in the weldment. 

Additional restraint. The use of additional restraint is an effective method of reducing 
distortion. Section 7.8.2 discusses reduction of angular distortion by elastic prestraining. 

Modification of thermal pattern. Distortion can be reduced by properly modifying the 
thermal pattern of the weldment concerned. This subject is discussed in detail in Sections 
7.14.3, 7.14.4, and 7.14.5. Methods covered are: 

Forced cooling, 
Preheating, 
Stretching and heating, 
Differential heating. 

16.2.4 Influence of joint restraint on residual stresses and distortion 

It is generally believed that distortion can be reduced by restraining a weld joint, but 
the restraint causes higher reaction stresses. The question here is what happens when 
the restraint is released after welding is completed. When a weld is made under restraint 
and the restraint is released later, it may be possible to fabricate a welded joint with 
less distortion than a weld made under no restraint, and residual stresses may be no 
higher than those in a free joint. Limited experiments were conducted at M.I.T. to 
examine this idea (see Section 7.13.2). 

Although results are not yet conclusive, they suggest that a method involving an 
application of an external restraint during welding which will be released later is a good 
way for reducing distortion. This method may be applicable in fabricating aluminum 
structures which do not have high rigidity and with metals which tend to have good 
resistance against cracking which may occur when the structure is still under restraint. 

16.2.5 Preheat and interpass temperature 

Preheating involves raising the temperature of the base metal or a section of the base 
metal above the ambient temperature before welding. Interpass temperature is the 
temperature of the deposited weld metal before the next pass in a multi-pass welding is 
made. 

Present specifications by the Navy, AWS, and others base their recommendations on 
functions of base-metal chemistry (steel designation, carbon equivalent, etc.), base-metal 
thickness, and welding processes (or electrode types). Table 16.1 shows minimum preheat 
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TABLE 16.1 Minimum preheat and interpass temperature specified by the AWS Specifications 
for Welded highway and Railway Bridges(i604) 

Thickness of 
thickest part at 

point of welding 
(in.) 

To f, incl. 
Over | to 1̂ , incl. 

Over If to 2±, incl 

Over2± 

Shielded metal arc 
welding with 

other than low 
hydrogen 
electrodes 

ASTMA36;A53 
Grade B;A375; 
A500;A501; 
A529;A570 
Grades D and E 

None(fc) 

150° F 

225° F 

300° F 

Welding process 

Shielded metal-arc welding 
: with low hydrogen 

electrodes; submerged-arc 
welding; gas metal-arc 

welding; or flux cored arc 
welding 

ASTMA36;A242 
Weldable Grade; 
A375;A441;A529; 
A570 Grades D& 
E;A572 Grades 
42,45, and 50; 
A588 

None(fr) 

70° F 

150° F 

225° F 

ASTM 
A572 
Grades 
55,60 
and 65 

70° F 

150° F 

225° F 

300° F 

Shielded metal-arc 
welding with low 

hydrogen 
electrodes; 

submerged arc 
welding with 

carbon or alloy 
steel wire, neutral 
flux ; gas metal-arc 

welding; or flux 
cored arc welding 

ASTM A514 

50° F 

152° F 

175° F 

225° F 

Submerged-arc 
welding with 

carbon steel wire, 
alloy flux 

ASTM A514 

50° F 

200° F 

300° F 

400° F 

(β) Welding shall not be done when the ambient temperature is lower than 0° F. When the base metal is below 
the temperature listed for the welding process being used and the thickness of material being welded, it 
shall be preheated (except as otherwise provided) in such manner that the surface of the parts on which 
weld metal is being deposited are at or above the specified minimum temperature for a distance equal to 
the thickness of the part being welded, but not less than 3 in., both laterally and in advance of the welding. 
Preheat and interpass temperatures must be sufficient to prevent crack formation. Temperatures above 
the minimum shown may be required for highly restrained welds. For A514 steel the maximum preheat 
and interpass temperature shall not exceed 400° F for thicknesses up to \\ in., inclusive, and 450° F 
for greater thicknesses. Heat input when welding A514 steel shall not exceed the steel producer's recom-
mendation. 

ib) When the base metal temperature is below 32° F, preheat the base metal to at least 70° F and maintain 
this minimum temperature during welding. 

and interpass temperature specified by the AWS specifications for welded highway and 
railway bridges/1604) U.S. Navy specifications (NAVSHIPS 0900-060-4010 and 
others) go into further details in specifying preheating and interpass temperatures for 
welding various ferrous and non-ferrous metals. For example, specified preheating 
and interpass temperatures for welding HY-80/100 are as follows: 

Thickness 

l£ in. and over 

> \ in. to < \\ in. 

\ in. or less 

Preheat and interpass temperature 
(°F) 

Minimum 

200 

125 

60 

Maximum 

300 

300 

300 
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However, current specifications do not consider the effects of welding heat input in 
determining preheating and interpass temperatures. Chapter 14 presents some experi-
mental and analytical efforts along this line. Figure 14.27 shows recommended pre-
heating temperatures for HT-60 and HT-80 steels based upon analytical/experimental 
research on weld cracking. Although no special effort has been made in preparing this 
textbook to compare recommended preheating temperatures given in Fig. 14.27 with 
current specifications by the U.S. Navy, AWS, and other organizations, further detailed 
analysis may reveal some correlations or contradictions among different specifications. 

Minimum preheating and interpass temperatures are specified to avoid cracking by 
reducing cooling rate (refer to Section 14.3.2). Preheating also is a simple way to remove 
moisture from the surface of a weldment. 

Maximum preheating and interpass temperatures are sometimes specified to avoid the 
occurrence of undesirable structures, especially in the heat-affected zone, due to exces-
sively slow cooling. 

16.2.6 Post-weld thermal treatments 

Stress-relief heat treatment is defined as the uniform heating of a structure to a suitable 
temperature, holding at this temperature for a predetermined period of time, followed by 
uniform cooling. Heat treatments that involve changes in grain structure and dimen-
sional changes may be injurious to a part; consequently, stress-relief heat treatment is 
usually performed below the critical range. 

In its Boiler and Pressure Vessel Code, the American Society of Mechanical Engineers 
indicates the minimum temperatures and times at which post-weld heat treatment is to 
be performed for welded power boilers and unfired pressure vessels. These vary depend-
ing on the type or grade of steel involved. Maximum post-weld heat treatment tempera-
tures obviously must be welded below the critical temperatures for the steels. 

The effects of thermal stress relieving on brittle fracture is discussed in Section 10.4.2 

Stress relieving temperature, *F 

600 700 800 900 1000 1100 1200 1300 

38 ISO 260 370 480 595 705 

Stress relieving temperature, *C (time at temp.,4) 

FIG. 16.3. Effect of temperature and time on stress relief/1 
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(see Fig. 10.17). Fracture stresses of welded-and- notched wide-plate specimens increased 
as the heat-treatment temperature increased. 

The percentage relief of internal stresses is dependent on steel type, composition, or 
yield strength. The effects of varying time and temperature are shown in Fig. 16.3.(1606) 

The temperature reached during the stress-relief treatment has a far greater effect in 
relieving stresses than the length of time the specimen is held at that temperature. The 
closer the temperature is to the critical or recrystallization temperature, the more 
effective it is in the removal of residual stresses, provided proper heating and cooling 
cycles are employed. 

During the thermal stress relieving of a large, complex weldment, it is often difficult to 
keep the temperature distribution of the weldment uniform. Uneven cooling from stress-
relief treatment may even cause some residual stresses. With the development of compu-
ter-aided analyses of thermal stresses, it is possible to analyze detailed stress changes in 
a weldment during thermal stress relieving/1608) 

When a thermal stress-relief treatment is employed to reduce residual stresses, other 
important properties must be taken into consideration. The microstructure and tensile 
and impact strength are among the properties affected by the stress-relief treatment. 
It is necessary, therefore, to select a temperature that will develop the desirable properties 
in the steel, while at the same time providing the maximum stress relief 

Controlled low-temperature stress relief. This process was originally developed to 
reduce residual stresses in weldments too large to be stress relieved in a furnace. The 
metal on either side of a welded joint is heated to a temperature of 350 to 400° F (175 to 
205° C), while the weld itself is kept relatively cool. The progression of these heated 
bands of metal, parallel to the weld and adjacent to each side, results in a traveling zone 
of thermal expansion in the base metal and a reciprocal tensile stress in the weld. The 
theory of this procedure is that two zones of compression are expanded thermally, 
thereby increasing the tensile stress in the weld beyond the yield. When the metal con-
tracts, the stress falls below the yield. 

When the process is used correctly, a reduction in the longitudinal stress of butt welds 
is achieved in some measure.(443) Many consider that longitudinal weld stresses are of 
primary importance since they attain values up to the yield strength in tension. Others 
question the validity of low-temperature stress relief, claiming that in restrained plates 
both longitudinal and transverse residual stresses approach the yield point of the material. 
Yet, reductions in transverse residual stresses ranging up to 60%, as well as a consider-
able reduction in the longitudinal stresses, are reported. This indicates that low-tempera-
ture stress relief is an inexpensive means of obtaining a substantial reduction of shrinkage 
stress in ductile materials. 

In most materials, the low-temperature stress-relief treatment will not improve the 
metallurgical properties of the weld metal and heat-affected zones, and the treatment 
should not be regarded as a substitute for post-weld thermal treatment when such 
treatment is required to provide ductility and notch toughness. The process operates in 
the temperature range associated with possible strain aging, but available data indicate 
that the medium-strength ductile materials are not adversely affected. 

16.2.7 Vibratory stress relieving 

Vibratory stress relieving is a somewhat controversial subject and there is little 
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published research data on this topic/756"760) Moreover, opinions of this treatment 
vary greatly. Some believe it to be very effective; others consider it to have little effect. 
The following statements come from the Welding Handbook.{1606) 

Mechanical energy in the form of low-and high-frequency vibrations has been used 
to relieve residual stresses in weldments. The procedures used vary, but generally consist 
an oscillating or rotating wave generator which is mechanically coupled to the part to be 
stress relieved. The part may be vibrated at one of its natural (resonant) frequencies, 
although this approach may be difficult to use in a part of complex shape. For such a 
system to be effective, it must produce plastic yielding in the region to be stress relieved; 
however, the yielded region may be quite local and may already be at a residual stress 
level at or near the yield point prior to treatment. The yielded region may also be moved 
progressively along the part to achieve full coverage. It may not be possible or even 
necessary to eliminate all residual stresses by this method, but it may be possible to 
reduce the magnitude of peak stresses. If such a reduction is accomplished, a vibratory 
stress-relief system could provide a means of reducing distortion in parts machined 
after welding and could improve resistance to brittle fracture if it is triggered by high 
levels of residual stress. In some instances, plastic yielding is not achieved by vibratory 
stress relief due to the size or complexity of the part involved. Even in these cases, some 
improvement in distortion when machining after welding has been reported. 

Unfortunately, vibratory stress-relief treatments do not change the metallurgical 
structure of welds or heat-affected zones to which they are applied, and thus no improve-
ment or change in mechanical properties of the treated zone may be expected. In those 
instances where thermal stress-relief treatments are expected to alter the strength or 
toughness of the weldment by changes in microstructure, vibratory stress relief will not 
be a satisfactory substitute. 

16.2.8 Peening 

Peening is the mechanical working of metals by means of impact blows. Various 
specifications and codes allow the use of peening on intermediate weld layers for reducing 
distortion and residual stresses; however, they prohibit the use of peening on the first 
and the last layer. Peening of the first layer may conceal cracking, or it could actually 
pierce the weld. Peening the last layer is prohibited largely in the belief that cold working 
would reduce notch toughness of the weld metal, since there is no subsequent application 
of heat to anneal it. 

Although peening has been used by the welding industry for a long time (over 40 years), 
scientific information on peening and its effects is still lacking. The following comments 
may be made on peening: 

1. Peening can reduce distortion (see Table 7.7, for example). However, since the 
extent of distortion reduction by peening is rather limited, every pass needs to be 
peened to produce substantial reduction of distortion. 

2. Peening may result in some reduction in residual stresses in welded joints. To be 
effective in reducing residual stresses, it is important to peen the last welding pass. 
(However, this is prohibited by specifications.) 

3. Cold working by peening may cause reduction in notch toughness. Consequently, 
specifications do not allow peening of the last welding pass. 
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4. Peening may conceal cracking or may even extend existing cracks, if not executed 
carefully. This may be an important reason for prohibiting peening of the first pass. 

5. Peening can increase fatigue strength by producing compressive residual stresses in 
regions near the surface of a structure (see Section 11.5). 

However, one must be careful not to produce notches during peening operations. These 
notches may significantly reduce fatigue strength and wipe out favorable effects of 
compressive residual stresses. 

16.2.9 Mechanical stress relieving and prooftesting 

When tensile load is applied to a longitudinal weld and then released, residual stresses 
in the weldment are released, as shown in Fig. 8.1. This phenomenon is called mechanical 
stress relieving. The favorable effects of mechanical stress relieving on brittle fracture are 
discussed in Section 10.5.2. Figure 10.25 shows that, when a weldment is stress relieved 
at a temperature above the ductile-to-brittle transition temperature and then subjected 
to tensile loading at a temperature below the transition temperature, fracture occurs 
after the load exceeds the stress-relieving load. Prior overloading also increases fatigue 
strength, as discussed in Section 11.5.1. 

Prooftesting is frequently performed on various welded structures. Practically all 
pressure vessels are given their final test by means of hydrostatic internal pressure. 
The stress level of prooftesting is often higher than design stresses. Although the primary 
purpose of the prooftesting is to examine the structural integrity of a final product, the 
prooftesting also accomplishes mechanical stress relieving. 

Cylindrical and spherical pressure vessels can be proofstressed readily by hydrostatic 
loading. In cylindrical vessels, hydrostatic loading produces circumferential stress 
approximately double the longitudinal stress, so that relief of residual stress in circum-
ferential welds will be only half the relief in longitudinal welds. 
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Beta stabilizers 36 
Biharmonic function 104 
Block welding 229,232-3,270,314 
Bridges 253,343-4 
Brittle coatings 140 

drilling technique 122-3 
Brittle fracture 341-50, 374, 591-2 

analytical studies 429-47 
appearance 344 
catastrophic failures 418 

characteristics of 344-50,418 
effect of weld defects 591-3 
origins of failures 347-8 
prevention 619-21 
propagation 349-50 
ship structures 341-3, 347, 349, 353-7, 373, 400, 

592, 621 
stress at failures 347 
structures other than ships 343-4 
temperature effects 347 
theories 400-4 

Buckling 
distortion effects on 333 
residual stress effects 334-5 
under compressive loading 331 

Buckling distortion 300-12, 625-6 
Buckling strength 491-517 

columns under compressive loading 492-4 
panel structures 497-500, 503-7 
plate structures under compressive loading 

494-500 
ship bottom plating 500-3 

Buckling stresses 331, 332 
Building construction 253 
Built-up beams, thermal stresses 164 
Bulge transition temperature 367 
Butt joints 622 

CapeFs formulas 255-6 
Carbon additions 381 
Carbon equivalent 528-33, 536, 539, 560 
Cavities, stress concentrations 582 
Ceramics 12 
Charpy V-notch impact test 351-7, 362, 364, 372, 

404 
Checkerboard heating 323 
Chemical composition 378, 380 
Chevron markings 344, 346 
Circular patch test 545 
Circular patch welds 203-4 
Cline's data 256 
Cold working 383 
Columbium 210 
Columns 

compressive loading 331-5,492-4 
welded aluminum 493-4 
welded steel 492-3 

Compatibility condition 103 

635 
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Composite materials 12 
Compressive loading 

columns under 331-5, 492-4 
plate structures under 494-500 

Compressive stresses 303, 505 
Computer programs 168, 172, 191, 239, 265, 284, 

299 
Computer simulation 180-6, 191, 295 
Concrete 13 
Continuous cooling transformation (CCT) diagrams 

81,84 
Controlled thermal severity (CTS) test 545-6 
Cooling rate effects 81-84 
Corrosion 11 
Corrosion fatigue 457-8 
Corrugation damage of welded ships 500-3 
Cost aspects 620 
Crack arrest 2 
Crack-arrest temperature 362-3 
Crack growth 108 

subcritical 593 
Crack growth rate 612,613 
Crack length, critical 414-18, 592 
Crack opening 106 
Crack opening displacement 411-12 
Crack patterns 481-90 

theory 483-4 
Crack-sensitivity tests 543 
Crack stability 484 
Crack stopping hole 569 
Crack susceptibility 554 
Crack-tip-opening displacement 413 
Crack tip plastic zone 412-14 
Cracking 518-76,580,610 

circular 484 
classification by appearance and location 518-20 
classification by conditions of formation 520 
classification of types 518-20 
cold 528-43 

delayed 528 
effects of chemical compositions 528 
prevention 530,537-43 
short time 528 

crater 519 
fracture mechanics theories 572 
hot 520-8 

effects of chemical compositions 527-8 
in region of partial melting 523 
mechanisms of 520, 525 
sensitivity formula 528 
theory 521,572 

hydrogen-induced 560 
intergranular 526 
longitudinal base metal 519 
longitudinal weld metal 518-19 
mechanical analysis 569-75 
modes of 404-5 
parallel 486 
radial 484 
reasons for occurrence 518 
root 520 
thermal stress analysis 574-5 

toe 519 
transverse base metal 519 
transverse weld metal 518 
under restraint 562-4 

Cracking index 534 
Cracking potential 627 
Cracking temperature 555 
Cracking tests 543-61, 572-4 

recent trends and comparison of results 556-61 
Cracking threshold 549 
Cracks, transverse 484-90 
Critical crack length 414-18, 592 
Critical solidification range, 521, 527 
Critical stress 331,402 
Critical stress intensity factor 408 
Cross-welded specimens 426 
Cruciform test 547 
Crystal structures 337 
Cylindrical shells 

subjected to external pressure 507-8, 511-13 
thermal stresses 162 

Deep Submergence Rescue Vehicle (DSRV) 6 
Deep Submergence Search Vehicle (DSSV) 6 
Deflection 179 
Deoxidation effects 382 
Design 619-26 
Differential heating 320-2 
Dimensional changes, determination of 109 
Dimensional effects 312 
Dislocation 88,201 

in circular ring 98 
in multiply-connected region 96 
stress problem caused by 105 
stressed body 96 

Displacement fields 159 
Distortion 2-4, 36, 108-10, 145, 155, 163, 164, 

174,177,184-6,190,229,236-327,627 
acceptable limits 23^ 
allowable standards 245-53 
analysis methodologies 238-44 
analysis studies 244 
buckling 236 
design control 624-5 
due to angular change 243 
effect on buckling 333 
effect on buckling strength 491 -517 
fundamental types 236 
general introduction 236-45 
in aluminum structures 286 
longitudinal 622 
longitudinal bending 236 
methods of reducing 628 
minimizing 236 
of ring-type specimen 243-4 
of ship bottom plating 500-7 
out-of-plane 277, 283-8, 330, 503-7, 625 
problem and its solution 236 
reduction methods 312-22 
removal 237-8, 322-5 
reviews 238 
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rotational 236, 253 
transient 239 
Watanabe-Satoh's formulas 244-5 

Double plate effect on fatigue strength 622 
Double-tension test 368-9 
Drop-weight test 358-60 
Ductile fractures 341, 586-91 
Dye penetrant inspection 607 
Dynamic tear test 360-2 

Elastic strain 193, 194 
Elastic strain release 199 
Elastic theory 110 
Elasticity modulus. See Young's modulus 
Electrical-resistance welding 47 
Electrodes 20, 48 

characteristics 244 
coated 48,78,531,532 
continuously fed 51 
covered 47, 193, 255, 267, 280, 387, 389 
heat flow 85-86 
large vs. small diameter 627-8 
low-hydrogen 530, 531, 542 
mild steel 390 
moisture content 531 
size of 267 
tungsten 50 

Electrogas welding process 54-57, 394 
Electromagnetic hammer 325 
Electron-beam welding 57, 301 
Electroslag welding 52-54, 394 
Endurance limit 456-8 
Engineering cost 620 
ESSO test 368 
Explosion bulge test 367 
Explosion crack starter test 356, 367 
Extensometers 115-17, 140, 232 
External pressure 

cylindrical shells subjected to 507-8, 511-13 
spherical shells subjected to 507-11 

Fabrication 626-33 
Fatigue 

high-cycle 450, 453 
high-stress 450 
low cycle 450,458-60,614 
low stress 450 

Fatigue crack growth 450, 460-4, 598-602 
Fatigue crack initiation 450 
Fatigue crack starter notches 410 
Fatigue fracture 341, 449-77 

characteristics of 450-3 
effect of residual stresses on 466-8 
effect of weld defects 594-602 
introduction to 449-53 
prevention 621 

Fatigue life 614 
Fatigue strength 11, 453, 464-6, 624 

and reinforcement 597-8 
double plate effect on 622 

methods of improving the 468-76 
Fatigue testing-stress cycles 453 
'F'-cooling curve 84 
Ferrous alloys 6 
Fillet welds 622 
Finishing temperature 383 
Finite-element technique 158, 159, 166, 281 
Flame gauging 267 
Flame-heating 238 
Flame straightening 322-4 
Fluorescent penetrant inspection 606-7 
Fluxes 49 
Forced chilling 261-5,317 
Fracture 

brittle. See Brittle fracture 
cleavage 336-41 
control guide lines 384-5 
ductile 341,586-91 
elementary concepts 336-41 
fatigue. See Fatigue fracture 
intergranular 336 
low-applied-stress 373-8,418-19 
macroscopic appearance 337-9 
microscopic observations 339 
shear 336-41 
transgranular 336 
types of 341 

Fracture analysis diagram (FAD) 359-61, 385 
Fracture appearance transition temperature 362 
Fracture liability 620 
Fracture mechanics 104, 106-8, 240, 374, 464 

theory 404-14,421,483,569-75 
weld cracking 572 

Fracture propagation 375 
Fracture propagation tests 367 
Fracture roughness 620 
Fracture strength 426 
Fracture stress 402 
Fracture tests 428-9 
Fracture toughness 336-99 

aluminum 32-33 
correlation of test results 373 
definition and terminology 11, 408 
dynamic loading tests 367 
effects of chemical composition and manufacturing 

processes 378-83 
evaluation tests 369-73 
titanium alloys 43-44 
static tests with small specimens 364-7 
trends in 23 
values of 414-18 

Fracture toughness tests 409-10 
Freezing-cycle hot-tension test 523, 525 
Fusion welding 47 

Gage length 138 
Gannert exten someter technique 115-17 
Gas metal-arc process 51-52, 174, 393 
Gas-shielded-arc welding 50-52 
Gas tungsten-arc welding 50, 51, 344 
Glass 12 
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Glycerine substitution method 536 
Goodman diagram 455-6 
Goursat's stress functions 99-102 
Grid systems 140 

dividing technique 122 
Griffith theory 401-2 
Gunnert drilling method 144, 120-1 
Gunnert extensometer 232 
Gunnert strain indicator 141 

Hardness measurement techniques 113, 131-3 
Harmonic functions 104 
H-beam 334 
Heat-affected zone (HAZ) 28, 50, 52 

cooling rate 77-88 
determinations of thermal history 75-76 
effects of welding conditions 80 
heat input control 80-84 
loss of strength 36 
structure prediction 69 
thermal cycles 76 
thermal history 75-84 

Heat dissipation 61 -62 
Heat flow 

in electrodes 85-86 
in weld metal 85-86 
in weldments 60-87, 109-10, 159-60 

analysis of 177-9 
basic considerations 62-67 
computer-aided analyses 68-69 
development of mathematical analyses 67-69 
dimensionless expressions 71-73 
effect of heat-source shape 65-66 
fundamental equation 64 
linear and non-linear theories 66-67 
mathematical analysis 62-69 
quasi-stationary state and non-stationary state 

64-65 
simple solutions for analysis 69 
summary of past studies 68 
temperature changes at start and end of 

weld 75 
temperature distribution in non-stationary 

state 73-75 
temperature distribution in quasi-stationary 

state 69-71 
three-dimensional case, finite thickness 

70-71 
three-dimensional case, semi-infinite plate 70 
two-dimensional case, finite breadth 71 
two-dimensional case, infinite plate 71 

Heat generated by welding arc 60-61 
Heat input 80-84, 181, 182, 184, 267, 302, 303, 

311,626-67 
Heat-treatment 16, 29-30, 630-2 
Heating, distortion caused by 317-20 
Heyn-Bauer machining technique 120 
Holes, stress concentration around 584-6 
Hooke's law 90, 102 
Hoop stiess 582 
Houldcroft fishbone test 544 

Hydrodynamics 104 
Hydrogen content in weld metal 541 
Hydrogen cracking 113,133, 489, 531, 560 
Hydrogen embrittlement 478-90 
I-beams 295,296,313 
Impact test. See Charpy V-notch 
Implant test 553-6 
Inclined plane 89 
Inclusions 578, 582-4, 610 
Incompatibility 103, 104, 110, 200 
Incomplete fusion 578-9 
Inherent shrinkage 246 
Intermittent welding 298, 311, 314, 622 
Internal pressure 437 
Interpass temperature 628-9 
Iron-binary alloys 527 
I-shaped structural model 428-9, 440-7 
Isothermal transformation (ITT) diagram 81 

J-integral 404 
Joining technology development 8-10 
Joint characteristics 244 
Joint design 313 
Joint efficiency 1 
Joint mismatch 272-4 
Joint penetration 579-80 
Joining processes 47 
Joint restraint 313, 314, 534-6, 628 

cracking under 562-4 
critical 536 
historical development 561-2 
reaction stress under 562-4 
theory 570-1 
see also Restraint degree : Restraint intensity 

Kommerell-type longitudinal-bead-weld bend 
specimen 366 

Lap joints 622 
Laser welding 57 
Lehigh restraint test 366, 544 
Linear net heat input 181, 184 
Linear net heat intensity 181, 184 
Liquid-solid phase joining 47 
Lloyd's Register of Shipping 354-5 
Load-deflection diagram 334, 335 
Local compression 472 
Longitudinal-weld underbead-cracking test 547 

Magnetic particle inspection 603-4 
Malisius' formula 254-5 
Manganese additions 381 
Manufacturing process variables 378, 382-3 
Material cost vs. total cost 620 
Materials development 4-8 
Materials selection 10-13 
Mathar-Soete drilling technique 117-19 
Mechanical properties 90-92 



Mesnager-Sachs boring-out technique 120 
Metal movement 151, 164, 173, 179, 180, 186, 

238, 270, 272-4, 298-9 
Microcracking 417, 526, 527 
Microfissuring 548 
M icrofla ws 414-17 
Miller index 126 
Minimum energy principle 279, 281 
M.I.T. one-dimensional programs 152-6 
Multilayer welding 228, 229, 270, 314 
Multipass welding 155-6, 172, 192, 194, 265, 

297-8,313 

Narrow-gap welding process 52 
Naval Research Laboratory 355-8, 367 
Navy tear test 365 
Nickel additions 382 
Nitrogen effects 382 
Non-destructive testing 2, 602-9 
Notations x 
Notch-bend tests 366 
Notch effects 107, 343, 621 
Notch sensitivity 350-1 
Notch toughness 20, 343, 350-63 

evaluation 353-7, 363-73 
of specifications 385-9 
of weld metals 385-97 
of weld metals below 120,000 psi yield strength 

394-6 
of weld metals over 120,000 psi yield strength 

396-7 
requirements 384-5 

Notched tensile specimens 374 

One-dimensional analysis 277 
One-side submerged-arc welding 50 
Overloading 468-70,476 
Oxygen effects 45, 382 

Peening 314, 470-2, 632-3 
Penetrant inspection 605-6 
Penetration defects 599 
Phase transformation 261 
Phosphorus effects 382 
Photoelastic coatings 140 

drilling technique 123-4 
Pine-needle heating 323 
Plane strain 409 
Plane strain analysis 161-2 
Plane stress 196 
Plane stress analysis 161-2 
Plastic buckling of welded plates 496-7 
Plastic deformation 110, 330, 335, 412, 420 
Plastic strain 193, 194, 198 
Plastic strain release 199 
Plastic zone 194, 335,411 
Plate structures under compressive loading 

494-500 
Plug welds 202-3,624 
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Plywood 13 
Poisson's ratio 583 
Porosity 35, 46, 578, 582, 588-9, 610 
Prebending effects 288-94 
Preheating 288, 532, 533, 537-43, 628-9 
Pressure vessels 253, 459, 613-14, 633 
Prestraining 288-94, 315, 383 
Principle of virtual work 158-9 
Prooftesting 633 

Radiographic inspection 602-3 
Rapid chilling 315 
Ratio Analysis Diagram (RAD) 26-28, 362 
Reaction stresses 141, 192, 194, 233, 551, 562-4 
Red-hot heating 324 
References xi 
Reinforcement 622 

and fatigue strength 597-8 
Relative toughness of weldment 488 
Reliability evaluation 607-15 
Reliability improvement 615 
Repair welding 569 
Residual stresses 2-4, 88-111, 297, 420, 437 

analysis techniques 189-91 
analytical determination 200-1 
analytical simulation 189-91 
buckling stresses caused by 310 
compressive 428, 475, 499 
definition 92 
distribution 191, 192, 199, 201-8, 442 
effect of external restraints 314 
effect of material properties 208-22 
effect of specimen length 222-5 
effect of specimen size 222-5 
effect of specimen width 225 
effect of welding parameters 180-4, 627 
effect of welding sequence 229-33 
effect on buckling 334-5 
effect on buckling strength 491 -517 
equilibrium condition of 92-94 
in heavy weldments 225-9 
in restrained butt welds 193-201 
longitudinal 191, 201, 224, 228, 612 
macroscopic and microscopic 92 
magnitude and distribution 189-234 
mathematical analysis 144-5 
measurement of 112-47 

characteristics of techniques 137 
classification of techniques 112-13 
cost and time factors 139 
field application 139-40 
hydrogen-induced cracking technique 113, 

133 
in heavy and complex weldments 144-5 
selection of techniques 136-40 
stress-corrosion cracking technique 113, 

133-6 
stress-relaxation techniques 112, 114-24 
stress-sensitive properties 113,130-3 
X-ray diffraction 112, 125, 139 

occurrence of 94 
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parameters affecting 108-10 
produced by mismatching 95-102 
produced by uneven distribution of non-elastic 

strains 102-4 
tensile 428, 475, 499 
terminology 92 
theory 570-1 
thickness-direction distribution 138 
transverse 191,224 
under tensile loading 329-30 
vs. fracture mechanics theory 106 
vs. vortex theory 104-6 
see also Fatigue fracture; Hydrogen embrittle-

ment; Stress corrosion cracking 
Resisting cross-section 294 
Restraining jig 290 
Restraint degree 239-43, 253, 261-5, 561-71 
Restraint intensity 536, 540, 551, 562-9 

effect of crack stopping hole 569 
effect of joint length and weld length 568 
effect of plate thickness 567-8 
effect of specimen size and saw cuts 569 
of structural welds 566-7 

Restraint weld cracking tests 572-4 
Rewelding 267 
Rigid-restraint cracking (RRC) test 549-51 
Rigidity modulus 90 
River pattern 339 
Robertson test. 367, 372 
Rocket motor case 344 
Root gap effects 267 
Rosenthal-Norton sectioning technique 121-2, 144 
Rotational distortion 267-70 

Saturn V Space Vehicle 9 
Scallops 624 
Semi-automatic processes 49 
Shear modulus 90 
Shielded metal-arc welding 47-49 
Ship bottom plating 

buckling strength 500-3 
distortion of 500-7 

Ship plate, heavy mild-steel 390 
Ship structures 

brittle fracture 341-3, 347, 349, 353-7, 373, 
400, 592, 621 

corrugation damage 500 
Shrinkage 36, 110, 117, 199-201, 204, 229, 233, 

236 
allowances 245, 248 
analytical study 244 
inherent 245 
longitudinal 236 

butt welds 294 
fillet welds 294 

reviews 238 
transverse 236, 239, 241, 242, 244 

butt welds 253-74 
fillet welds 274 

SI units ix 
Silicon additions 382 
Slag inclusions 578, 610 

Slenderness ratio 331,494 
Slip planes 337 
Slot welds 624 
S-N diagrams 453-6, 458 
SOD test 368,372 
Soldering 8 
Solid-phase welding 47 
Solidification process 521 
Specifications 609 
Spherical shells subjected to external 

pressure 507-11 
Spot heating 323, 473-5 
Spraragen-Ettinger's formula 255 
Stäblein successive milling technique 119-20 
Steels 4-8, 12-28, 295-8, 357 

carbon 134,380 
C-Mn 555,559 
die 414 
ferritic 80 
high strength 4, 12-21, 23-28, 52, 80, 133, 134, 

166-73,211-18,380,391,530,537,612 
HT 16 
HT-60 542,630 
HT-80 542,551,630 
HY-80 4, 11, 12, 21-23, 52, 81, 84, 165, 391, 

511,523,525,621 
HY-100 6, 11, 12,21,81 
HY-130 6,11,12,165,169,614 
HY-140 6 
HY-180 12 
HY-230 460 
line-pipe 559, 561 
low-alloy 80, 134,380 
low carbons 13-21, 48, 208, 209, 280, 288, 290, 

302, 619 
maraging 11, 12 
medium-strength 463 
microalloy 560, 561 
mild 417 
notch-tough 391 
over 120,000 psi yield strength 23-28 
TIT 50 16 
quenched and tempered 21,52,81 
SAE-4330 482 
ship 387 
structural 13 
ultrahigh-strength 173, 209, 417, 418 
up to 80,000 psi yield strength 13-21 
up to 120,000 psi yield strength 21 

Straightening by flame heating 322-4 
Strain 89-91,110,297,314,315 
Strain energy 104, 106, 108, 233, 402 
Strain energy release 199, 429-35 
Strain energy release rate 407, 418, 430, 432, 434 
Strain gages 114-15, 139, 140, 143-4, 164, 173, 176 
Strain hardening 156, 157 
Strain measurement 136,140-4 
Strain rate 156, 158 
Strain-relaxation 92 
Strength of ideal solid and actual structures 400-1 
Strength of welded structures 

fundamentals 328-35 
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idealistic' 328-9 
'realistic' 328-9 

Strength-to-weight ratio 10 
Stress 88-89,91 
Stress analysis 3 
Stress changes in body 96 
Stress components, determination of 138 
Stress concentration 422, 424-5, 457, 468, 621 

around cavity 582 
around holes 584-6 
around inclusions 582-4 
around sharp notch 107 
caused by out-of-plane distortion 330 
due to weld defects 581-6 

Stress concentration ratio 424-5 
Stress corrosion cracking 11, 113, 133-6, 478-90 
Stress distribution 330, 443, 488, 612 
Stress functions 99-102 
Stress intensity 88 
Stress intensity factor 108, 240, 405-7, 435-40, 

444-7, 461, 463, 488, 490, 570, 571, 612 
Stress-relaxation techniques 112, 114-24 
Stress relieving 324-5, 420, 424, 434, 435, 612, 630, 

633 
Stress-strain diagram 332, 403 
Stress-strain relationship 90,110 
Stress-temperature curve 94-96 
Stretching 317-20 
Striations 460 
Structural discontinuities 421 -2 , 621 
Structure-insensitive properties 401 
Structure-sensitive properties 401 
Submerged-arc welding 49-50, 300, 388, 390, 391 
Sulfur effects 382 
Surface effect ships (SES) 8 
Surface energy 402, 483 

Tantalum 210 
T-bars 295,296,313 
T-beams 320, 322 
Temperature vs. fracture stress relationship 525 
Temperature changes at start and end of weld 75 
Temperature distribution 

in non-stationary state 73-75 
in quasi-stationary state 69-71 

Tensile loading, residual stress under 329-30 
Tensile restraint cracking (TRC) test 549-51 
Tensile stresses 310, 330 
Tensile tests 367-70 
Thermal conductivity 62, 63, 66, 261 
Thermal diffusivity 63, 66 
Thermal expansion coefficients 261 
Thermal pattern 628 
Thermal-pattern alterati on 315-17 
Thermal properties 66 
Thermal severity number (TSN) 546 
Thermal stresses 92, 109, 148-9 

analysis 574 
assessment of current status and future prospects 

186-7 
bead-on-plate welding 159 

computer simulation 180-6 
during welding along longitudinal edge of strip 

173-80 
effects of welding parameters 180-4 
experimental studies on 164-80 
high-strength steels 166-73 
one-dimensional analysis 151-6, 165, 179 
studies of 150 
three-dimensional analysis 162-4 
two-dimensional analysis 156-62, 166, 180 

Thick plate, thermal stresses 162-3 
Tipper test 365 
Titanium 12,36 

contamination 45 
mechanical properties of welds 46 
oxygen effects in 45 
porosity 46 
welding processes 44-46 

Titanium alloys 8, 12, 36-46, 219-22, 460 
alloying elements 43 
contamination 45 
fracture toughness 43-44 
impurity effects 42 
in commercial production 41 
mechanical properties 41-43 
mechanical properties of welds 46 
optimum material trend line (OMTL) 43 
porosity 46 
welding processes 44-46 

Transition temperature 350-1, 362-3, 367, 619 
Triangular heating 323 
T-section beams 298 
Tungsten inclusions 578 
Two-dimensional analysis 281 -3 

Ultrasonic techniques 113, 130-1, 140, 604-5 
Undercut 580 
Unfairness of welded plating 248-51 
Units ix 
Utility function 613 

Van der Veer test 365 
Varestraint test 547-9 
Vertical automatic welding processes 52-57 
Vibratory stress relieving 324-5 
von Mises' yield criterion 157 
Vortex theory 104-6 

Watanabe-Satoh's formulas 244-5, 255 
Weld cracking. See Cracking 
Weld defects 2, 344, 577-617 

common 578-80 
development of rationale for accepting 610-15 
effect on brittle fracture 591-3 
effect on ductile fracture 586-91 
effect on fatigue fracture 594-602 
effect on structural strength 577 
location effects 596 
nature and extent of 577 
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stress concentration due to 581 -6 
Weld location 155 
Weld metal 204 

heat flow 85-86 
notch toughness 385-97 

Weld metal zoning 27 
Weldability 561 
Weldability index 84 
Welded-and-notched wide plates 375, 418 
Welded pipes 207-8 
Welded shapes and columns 205-6 
Welded structures 

advantages 1 
problems with 2 

Welding arc, heat generated by 60-61 
Welding conditions 288, 313 
Welding processes 47-57,313 
Welding sequence 314 

Welding speed 181, 182, 184, 185, 267 
Welding techniques, development 8-10 
Wells-Kihara test 372 

X-ray analysis 126 
X-ray diffraction 112, 125-30, 139, 140 
X-ray diffractometer 112, 128, 130 
X-ray film 112, 126-30 
X-ray machines 602 

Yield function 158 
Yield strength 4 
Young's modulus 90,91,331,583,599 

'Z'-cooling curve 84 


