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Foreword 

THIS PUBLICATION, Steel Forgings: Design, Production, Se/ec- tee A01 on Steel, Stainless Steel and Related Alloys. The author 
tion, Testing, and Application, was sponsored by ASTM Commit- is Edward G. Nisbett. 
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Introduction: Why Steel Forgings? 
TIlE BEGINNINGS OF TIlE IRON AGE IN AUSTRIA 
about 3000 years ago mark  the start of iron and steel forging, 
since at that time hot working by hammering was part  of 
the process for producing wrought iron, and for making 
products in both wrought iron and steel. The crude smelting 
furnaces using high-grade iron ore, charcoal, and fluxes pro- 
duced small quantities of iron that had to be forge welded 
together by hand to produce useful stock. Initially, this was 
the main purpose of forging. The hammers  used were quite 
substantial, examples weighing about 80 lb (36 kg) having 
been found. Hand hammer  working by smiths persisted as 
the main shaping procedure for iron and steel until the Mid- 
die Ages in Europe when lever operated Olivers were intro- 
duced. Several accounts of Olivers [ 1] have been traced to 
the north of England and one at Beaumarais Castle near  An- 
glesey in North Wales in 1335. Their use continued into the 
eighteenth century. The Oliver consisted of a hammer  at- 
tached to an axle by a long shaft that was tripped by a foot- 
operated treadle. A swing shaft then rotated the axle and 
raised the hammer  for the next blow. A sketch (Fig. 1.1) from 
a book [2] published in 1770 gives some idea of the appa- 
ratus. As demand and the size of the iron blooms increased, 
the Olivers were superseded by water-powered tilt hammers.  
The melt and forge shops were generally close together since 
both operations went hand-in-glove; hence, the modern con- 
cept of an integrated melt and forge shop goes back a long 
way. An example of a water-powered tilt hammer  at the Ab- 
beydale Industrial Hamlet near Sheffield, England is shown 
in Fig. 1.2. Another tilt hammer  design is shown in Fig. 1.3. 
This used the elastic energy from bending a wooden board 
to augment the gravity drop of the hammerhead. 

It is generally acknowledged that the industrial revolu- 
tion started in earnest with the commercial production in 
1775 of James Watt's condensing steam engine. This facili- 

tated the introduction of steam-powered mills that enabled 
wrought iron and later steel plates to be hot rolled. 

The invention of the steam powered forging hammer, 
credited to James Nasmyth in 1839, met Isambard Kingdom 
Brunell's need for 30-in. (750-mm) diameter wrought iron 
propeller shaft forgings for the S.S. Great Britain, (Fig. 1.4), 
a bold stride forward in naval architecture. Nasmyth's paint- 
ing of the forging operation for the shafting (Fig. 1.5) also 
illustrates the use of a porter bar by the forge crew to posi- 
tion the forging, a task that nowadays would be handled by 
a manipulator. A forging of this size was well beyond the 
capabilities of the water powered forging hammers  available 
at that time. At over 60 ft (18 m) in length the propeller shaft 
(Fig. 1.6) is interesting because it was made by joining two 
30-in. (750-mm) diameter wrought iron stub shafts (that ran 
in bearings) by a riveted iron cylinder. The wrought iron 
plates used for the cylinder were 6 ft by 2 ft and 1 in. thick 
(1800 x 600 x 25 mm). The four cylinder condensing steam 
engine developed 1600 horse power (1200 kW) from steam 
at 5 psi (35 kPa) raised from salt water. The ship was com- 
pleted in Bristol in the South West of England in 1843 and 
made the first steam powered crossing of the Atlan- 
t i c -una ided  by sails--in 1845 at an average speed of 9.3 
knots. Incidentally, this ship has been restored and now oc- 
cupies the original dry dock in Bristol (Fig. 1.7) where she 
was built over 160 years ago. 

Steel forgings, like hot rolled bar  and plate, are the prod- 
uct of hot compressive plastic working used to consolidate 
and heal as-cast shrinkage voids and porosity, as well as 
break up the as-solidified structure of the product from the 
steel making furnaces. The availability of the steam hammer  
and the ability to work steel under it in different directions 
gave forgings the integrity that they are known for today. 
This improvement in material integrity and the ability to hot 
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Fig. 1.1raThe Oliver forging hammer. 
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Fig. 1.2--Twin water powered tilt hammers at the Abbeydale Industrial Hamlet near Shef- 
field, England. This is a restored operating museum facility for demonstrating the art of 
scythe-making. The ti l t hammers were li~ted by a series of cogs set in iron collars (1) fitted 
on the drive shaft (2). As the shaft rotated the cogs lifted the hammers (6 and 9) and then 
fell under gravity on the anvils (3). The shaft was driven by the water wheel through an 
oak toothed spur wheel (4). The scythe starting stock (5) consisted of strips of steel that 
were heated in a coke or charcoal fired hearth and then forge welded together under the 
fast moving Steeling Hammer (6). This operated at 126 blows a minute when the main 
shaft rotated at 2 rpm. This forge welding operation produced a "Mood" that was then 
cut in half by the shears (7). After reheating the Mood halves were forged again under 
the Steeling Hammer to form "Strings" (8) that began to take the shape of a scythe blade. 
On further reheating the Strings were forged under the slower running Plating Hammer 
(9) at 66 blows/rain to form the scythe blade, or "Skelp." (Courtesy Sheffield City Museums, 
Sheffield, UK) 

Fig. 1.3--Water powered forging hammer or Tilt Hammer. The cast iron hammer head "A" 
weighed about 500 Ib (225 kg), and was attached to a wooden shaft about 9 ft (2.75 m) 
long. The opposite end of the shaft was fitted with a cast iron collar (b) that acted as a 
pivot. The water wheel drove a large wooden wheel called the "Arm-Case" (F) that was 
fitted with projecting iron tipped wooden blocks. As the arm-case rotated, the blocks 
engaged the hammer shaft and lifted it against a spring board (c) called a "Rabbet." After 
being lifted by the block, the hammer fell under gravity, assisted by the stored energy in 
the bent rabbet. The hammer averaged about 120 to 160 blows/min. (From D. Lardner: 
Cabinet Cyclopaedia, pp. 86-87, London 1831) 



Fig. 1 .4~A cross section through the hull of the S.S. Great Britain 
demonstrates the locations of the four cylinders of the Boulton 
Watt condensing steam engine, and the chain drive to the fabri- 
cated propeller shaft. To give an idea of scale, the beam of the 
vessel was 51 ft (15.5 m) and the chain drive wheel had a diameter 
of 18 ft (5.5 m) and a width of 38 in. (950 ram). The four cylinder 
steam engine had 88 in. (2200 mm) pistons. (Courtesy of The Great 
Britain Project, Bristol, UK) 

work the wrought iron or steel close to the required contour 
became the attributes associated with forging today. 

At this point it should be noted that cold forging used 
to shape relatively small parts uses hot worked starting 
stock. 

It is not proposed to discuss the various steel making 
processes in any great detail here, but it should be noted that 
these do have an effect on the properties of the hot worked 
material made from them, and influence some differences 
between forgings and hot rolled plate. An excellent overview 
of steel making and processing is included in a book entitled 
The Making, Shaping and Treating of Steel [3]. 

A definition of a forging was written by ASTM Commit- 
tee A01 on Steel, Stainless Steel, and Related Alloys and was 
published about 40 years ago as ASTM A 509, Standard Def- 
inition of a Steel Forging. This was discontinued in 1985 
when it was incorporated into ASTM Specification A 788, 
Steel Forgings, General Requirements. The current text is 
short and is worth repeating here: 

Steel Forging--The product of a substantially com- 
pressive plastic working operation that consolidates 
the material and produces the desired shape. The plas- 
tic working may be performed by a hammer, press, 
forging machine, or ring rolling machine and must 
deform the material to produce an essentially wrought 
structure. Hot rolling operations may be used to pro- 
duce blooms or billets for reforging. Forgings may be 
subdivided into the following three classes on the ba- 
sis of their forging temperatures. 

i. Hot-worked forgings--forgings produced by 
working at temperatures above the recrystalliza- 
tion temperature for the material. 

2. Hot-cold-worked forgings--forgings worked at 
elevated temperatures slightly below the recrys- 
tallization temperature to increase mechanical 
strength. Hot-cold worked forgings may be made 

Fig. 1.S--James Nasmyth's painting of his patented steam hammer forging the propeller 
shaft stubs for Isambard Kingdom Brunel's S.S. Great Britain. These were the largest 
wrought iron forgings of the day. Notice the manually operated crane, and the porter bar 
crew rotating the forging and passing it between the dies. (Courtesy of The British Mu- 
seum Science Collection) 



Fig. 1.7--The S.S. Great Britain under restoration in the Great West- 
ern dry dock in Bristol, UK where the keel was laid in 1839. (Cour- 
tesy of  The Great Britain Project, Bristol, UK) 

Fig. 1.6--Sketches of the Great Britain propeller shaft fabricated 
from riveted wrought iron plates and forged wrought iron bearing 
stubs. The relationship of the four-cylinder steam engine and the 
chain drive to the propeller shaft is shown also. (Courtesy of The 
Great Britain Project, Bristol, UK) 

from material previously hot worked by forging 
or rolling. A hot-cold-worked forging may be 
made in one continuous operation wherein the 
material is first hot worked and then cold worked 
by control of the finishing temperature. Because 
of differences in manufacture hot-rolled, or hot 
and cold finished bars (semi-finished or finished), 
billets or blooms are not considered to be forg- 
ings. 

3. Cold-worked forgings--forgings produced by 
plastic working well below the temperature range 
at which recrystallization of the material occurs. 
Cold-worked forgings must be made from mate- 
rial previously hot worked by forging or rolling. 

The wrought product forms for steel include plate, 
shapes, bar, sheet, strip, tubes, pipes, extrusions, and forg- 
ings. Generally, extrusions are included with forgings, but 
the definition of a forging excludes rolled plate and bars. 
This is because forgings, besides conforming approximately 
to the finished shape of the required component,  are not ex- 
pected to exhibit the traits of laminar inclusions through 
thickness weakness sometimes associated with hot rolled 
plate, or the central unsoundness sometimes associated with 
hot rolled bar. These points will be discussed in more detail 
later. 
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Why Use Forgings? 
FORGING, AS A METAL WORKING PROCESS, HAS 
the ability to form the material to the desired component 
shape, while refining the cast structure of the ingot material, 
healing shrinkage voids, and improving the mechanical 
properties of the material. The amount of subsequent ma- 
chining should also be reduced, although this depends on 
the geometry of the finished part and the forging processes 
used. 

Cast ingots were the traditional starting point for forg- 
ings, either forging directly from the ingot, or from a bloom 
or billet that had been hot worked from an ingot. With the 
wide use of strand (continuously) cast steel, this source is 
now commonly used as the initial stock and, since the cast 
shape can closely resemble that of the wrought bloom or 
billet, lengths of this material are frequently referred to as 
billets or blooms. To avoid confusion, Specification A 788 
requires continuously cast material that has not received hot 
working, to be supplied and identified as cast billets or cast 
blooms. 

The choice of manufacturing route may be dictated by 
the required properties in the part, integrity criteria, or sim- 
ply economics. Frequently all of these apply. 

mill capacity to a maximum of about 14 in. (350 mm). Rolled 
bar is frequently used as starting stock for forgings. 

Steel Castings 

Steel castings offer another method of producing shapes, 
particularly if there are contained bores or chambers, such 
as is the case for valve bodies or complex items like turbine 
steam chests. While castings have an advantage in that the 
mechanical properties tend to be isotropic, particularly if so- 
lidification has been controlled to avoid coarse columnar 
grains, the mechanical properties tend to be lower than 
those of an equivalent wrought product. Additionally, it is 
common for the mechanical test specimens to be taken from 
separately cast keel bars from the same heat. These may rep- 
resent material capability rather than the actual properties 
of the casting itself. 

The prospect of shrinkage cavities in castings is always 
present, together with the risk of defects associated with gat- 

Steel Plate 

Hot rolled plate material is ideally suited to flat shapes, as 
for example in parts of a ship's hull, and can be formed read- 
ily into curved or cylindrical shapes. Directional properties 
in plate tend to vary between the longitudinal and transverse 
directions depending on the relative amounts of rolling work 
in each direction. Some control of this is exercised in the 
ASTM steel plate specifications in that the required tension 
tests are taken from transverse test specimens that are ori- 
ented at right angles to the direction of major rolling work. 
During fabrication or in some service applications where 
rolled plate can be stressed in the through thickness or short 
transverse direction, serious problems have arisen due to a 
marked reduction in tensile ductility in this orientation, 
sometimes referred to as the short transverse direction. Al- 
though this problem can be overcome at some cost, the use 
of a forging could be considered. 

Hot Rolled Bar 

Rolled bar, by virtue of the manufacturing process, tends to 
have markedly different properties in the direction of rolling 
(longitudinal) as compared to the transverse direction, and 
this should be taken into account when specifying it. The 
effects of hot work applied during rolling tend to be more 
pronounced on the outer fibers of the starting stock as com- 
pared to the central area, and this effect becomes more pro- 
nounced as the bar diameter or cross section increases. This 
problem limits the size of hot rolled bar, depending on the 
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Fig. 2.1--Upset forging, compressing the ingot to reduce the axial 
length and increase the diameter. The length after upsetting is typ- 
ically half of the initial length. (Courtesy A. Finkl and Sons Company) 
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Fig. 2.2--Integrally forged shell flange and nozzle belt and integral flange and closure 
head forging for a PWR vessel. Forgings to SA-508/SA-508M Class 3 are preferred for these 
nuclear reactor vessel components. (Courtesy of the Japan Steel Works Ltd.) 

ing, runners, and feeder heads. This means that extensive 
nondestructive examination and weld repair have to be al- 
lowed for especially in critical products. By the nature of the 
casting process reoxidation of the steel during casting and 
hydrogen pick up are ever present risks. 

Steel Forgings 

Because of the functions that they are intended to fill, forg- 
ing designs frequently include large heat-treated section 
sizes, and may be of irregular shape, so that significant 
stresses may be applied in service in all three principal axes, 
i.e., longitudinal, transverse, and short transverse. By careful 
selection of the starting ingot size and forging steps it is pos- 
sible for a forging to exhibit favorable properties in all three 
directions. In other instances, for example, in an upset disk 
forging (Fig. 2. i), favorable mechanical properties can be ob- 
tained in a radial direction around the full circumference, 
something that would not be possible in a disk that was sim- 
ply cut from a rolled plate. 

Fabrication by welding from plate, bar, and tube can 
and has supplanted forgings in some applications. For ex- 
ample, in the days of riveted construction, the development 
of hollow forged monoblock steam drum forgings for water 
tube boilers enabled thicker drum walls to be made than was 
practical for riveted seams. This enabled steam pressures to 
be increased with consequent improvement in efficiency. Im- 
provements in welding processes and procedures enabled 

Fig. 2.3--Rough machined steam turbine rotor ready for final ma- 
chining and installation of the turbine blades. Mechanical test spec- 
imens have been taken from the bore shown on the right. Ultra- 
sonic examination to ASTM Specification A 904 could be applied to 
a bore of this size. (Courtesy EIIwood National Forge Company) 



Fig, 2.4--Rough machined generator rotor forging, and typical slotting operation for the 
generator windings. (Courtesy Westinghouse Corporation) 

Fig. 2.S--Continuous grain flow, closed die forged diesel electric locomotive crankshafts. 
The counterweights were welded to the webs before heat treatment. (Courtesy Ellwood 
National Crankshaft Company) 



Fig. 2.6--Trepanning the bore of a large forged steel centrifugal casting mold. The core 
bar is typically used as starting stock for other applications. 

Fig. 2.7--Forged high strength alloy steel pressure vessel with threaded closures. Inter- 
rupted breach threading for rapid closing and opening is often used in this type of pres- 
sure vessel. Wall thicknesses up to about 14 in. (350 mm) have been used for such vessels. 

high-pressure boiler drums to be made from rolled and 
welded plate. These drums could be made larger in terms of 
both diameter and length by this procedure. Although one- 
piece forgings fell out of favor for this application, the use 
of specially forged components such as nozzles that were 
welded into the drums became more common, adding en- 
hanced integrity to the assembly. While this combination of 
forged components and rolled plate has become a standard 
practice for major components such as boiler drums, the use 
of forged rings joined by circumferential welds has become 
popular for large vessels such as catalytic crackers in oil re- 
fineries, and for the nozzle belt (Fig. 2.2) in some nuclear 
reactors. 

Forgings then are the manufacturing method of choice 
for critically loaded items, such as turbine and generator ro- 
tors (Figs. 2.3 and 2.4), crankshafts (Fig. 2.5), centrifugal 
casting molds (Fig. 2.6), high strength pressure vessels (Fig. 
2.7), marine propeller shafts (Fig. 2.8), ordnance compo- 
nents (Fig. 2.9) and pressure containing parts such as noz- 
zles (Fig. 2.10), extrusion containers (Fig. 2.11), pump hous- 
ings (Fig. 2.12) and piping fittings (Fig. 2.13). 

Within the specification and application of steel forg- 
ings, certain manufacturing methods lend themselves to 
quantity production and product quality. Structural grain 
flow in a forging is a sought after quality in terms of appli- 
cation reliability and performance, particularly when fatigue 



Fig, 2.8--Examples of forged shipshafts with integral flanges in carbon and alloy steels. 
The propeller shaft shown at the bottom left side was made from Monel for a nonmag- 
netic minesweeper application. Shaft sections up to about 40 ft (12 m) in length can be 
produced depending upon the application; however, individual section length is often 
dictated by factors such as accessibility in the ship so that multiple flanged joints are 
required. 

Fig. 2.9--Guided 2000 Ib (905 kg) penetrator warhead in an aircraft bomb bay. The war- 
head, shown here between the nose guidance kit an@the aft fins, was made from a high 
strength quenched and tempered Ni-Cr-Mo-V alloy steel forging. 



Fig. 2.10--Nuclear reactor vessel nozzle alloy steel forging to SA-508, Class 3, main steam 
pipe penetration carbon steel forging to SA-266, Grade 2, and main steam pipe support 
and restraint, both forged to SAo266, Class 2. 

strength is of importance. In part, at least, this is because 
nonmetallic inclusions are aligned with the direction of 
working and are least troublesome when this alignment is 
maintained in the finished part, hence the desirability of con- 
tour forging. 

Closed die forging often achieves this goal, but carries 
the burden of die costs and necessary volume of production, 
as well as equipment power and availability. The slab (solid) 
forged crankshaft and the continuous grain flow crankshaft 
are good examples of forging production methods developed 
to meet specific market and application needs. 

Slab forged crankshafts are so called because the forged 
blank is typically made from a big end up forging ingot (Fig. 
2.14) that is forged into a long rectangular slab (Fig. 2.15), 
thick enough to machine the bearing and crankpin journal 
diameters, and with offset stub shafts at each end, with per- 

haps a coupling flange. Bear in mind that the major segre- 
gation in the ingot lies along the central axis, so that this 
now runs along the centerline of the slab section, and has 
been diverted to run through the centerline of the offset 
arms. The slab must now be laid out to mark the positions 
of the main bearings and crankpin journals, and after rough 
milling and turning, is shown ready for twisting (Fig. 2.16). 
The twisting operation sets each crankpin section in its re- 
quired angular orientation, and is done by locally heating the 
adjacent main bearing sections to about 1900~ (1040~ Af- 
ter twisting (Fig. 2.17) the excess material in the crankpin 
block is removed. Drilling, sawing, and flame cutting are fre- 
quently used at this stage to prepare for turning the crank- 
pins (Fig. 2.18). 

The finished marine diesel engine crankshaft (Fig. 2.19) 
in this case includes an integral compressor crankshaft, an 



Fig. 2.11--Forged mufti-walled containers used in the extrusion of 
ferrous and nonferrous materials. C3ntainers are usually made from 
two or more concentric cylinders ~ssembled by shrink fitting, The 
largest container in this example had an OD of 48 in, (1200 mm) 
and an ID of 12 in. (300 ram) and an overall length of 50 in, (1250 
mm). The three part assembly of mantle or outer jacket, liner 
holder, and liner weighed about 22 000 Ib (10 t). Associated stems 
and dies are also shown. Another reported example [1 ] for a 14 350- 
ton (1300 t) extrusion press had a container OD of 88 in. (2200 ram) 
and an ID of 18 in. (450 mm) and a length of 126 in. (3150 mm). 
(Courtesy of Schmidt + Clemens + Co., Lindlar Germany) 

Fig. 2.12--Forged Boiling Water Reactor (BWR) circulating pump 
housing to SA-508 Class 3. Outside diameter 96 in. (2400 mm) and 
77 in. (1930 mm) high. Weight 16 tons (14.5 t). (Courtesy of The 
Japan Steel Works, Ltd.) 

Fig. 2,13--Large austenitic stainless steel forged piping fittings in 
Grade F316LN for a Pressurized Water Reactor (PWR) piping system. 
The fitting in the upper picture weighed 2 tons (1.8 t) and in the 
lower picture 1 ton (0.9 t). (Courtesy of The Japan Steel Works, Ltd.) 

impor t an t  i tem for a submar ine .  It is seen tha t  the  centra l  
axis of the or iginal  ingot now runs  close to the cri t ical ly 
loaded areas  of the c rankpins  and the ma in  bear ings .  This 
locat ion brings potent ia l  p rob lems  for mater ia l  qual i ty  tha t  
can show up in both  u l t rasonic  and magne t i c  par t ic le  ex- 
aminat ions .  These will be d iscussed dur ing  reviews of the 
p roduc t  specifications;  they reflect the need to car ry  out  pre- 
l i m i n a D  ul t rasonic  examina t ions  at stages much  before the 
m i n i m u m  requi rements  of test me thods  and  pract ices  such 
as ASTM A 388/A 388M, Ultrasonic Examina t ion  of  Heavy 
Steel Forgings.  
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Fig. 2,14--Alloy steel big end up, octagonal fluted forging ingot with hot top or feeder 
head. Ingot diameter 42 in. (1050 mm), and weight 44 000 Ib (1993 kg). Used to forge one 
of three sections for the slab forged crankshaft shown in Fig. 2.19. 

Fig. 2.15--Slab forgings for two of the three sections of the crankshaft. In the case of the 
first section that includes the integral compressor crankshaft, the slab section was forged 
to minimize the amount of twisting for the crankpin throws. 

Fig. 2.16--Slab notched and bored prior to twisting the crankpins into their correct ori- 
entations. The main bearings are shown rough machined. 



Fig, 2.17--Crankpins after hot twisting, and drilled prior to sawing excess material from 
the crankpin locations. 

Fig. 2.18--Crankshaft after notching the crankpins and during rough machining. The main 
and crankpin bearing journals were 9.5 in. (238 mm) in diameter. 



Fig. 2.19--Finished crankshaft with attached compressor shaft for a submarine diesel en- 
gine. The assembly had a length of 40.75 ft (12.4 m). Two were purchased for submarines 
V-5 and V-6 for the U.S. Navy in 1927. This method of manufacture continues today for 
small quantity production. Notice the forged connecting rods in the foreground. 
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Effect of Steel Making 
THE NEED FOR IMPROVED MECHANICAL PROP- 
erties and soundness in forgings has been a driving force in 
both steel making and ingot development, and it is perhaps 
significant that at one time many steel forging companies 
operated integrated facilities starting at the melt shop, and 
besides the forge, including heat treatment equipment, ma- 
chine shops, and extensive mechanical testing and nonde- 
strnctive examination facilities. This trend has changed with 
the increased complexity of steel melting practices and the 
growth of steel melting shops that provide stock for forging 
houses, either in the form of ingots or shapes from contin- 
uous casters. 

In the early part  of the last century, steel was produced 
largely in the acid and basic open-hearth furnaces and by 
pneumatic processes such as Bessemer and Thomas con- 
verters, with the electric furnace making its first appearance 
before becoming the steel making method of choice. 

It is of interest to note that when a forging heat is re- 
quired to be especially low in residual alloying elements, 
such as chromium, nickel, and molybdenum, the furnace 
charge relies heavily on steel plate scrap originally made 
from blast furnace pig iron. 

Steel making processes are generally described accord- 
ing to the type of refractory lining used in the steel making 
furnace, and are classified as being either acid or basic [ 1 ]. 
In the acid process the linings are of the siliceous type. This 
type of refractory precludes the use of the lime-based slags 
(because these would attack the acid refractories) that are 
necessary for removal of phosphorous and sulfur from the 
steel. The acid processes, therefore, are restricted to the use 
of low sulfur and phosphorous charges, and frequently use 
a single slag. The basic processes use furnace refractories, 
such as magnesite and dolomite, suited for the use of the 
basic steel making slags that facilitate the removal of phos- 
phorous and sulfur from the steel. A double slag process is 
most often used for these steels. 

The old pneumatic hot metal processes, such as the Bes- 
semer (acid) and Thomas (basic) converters that were blown 
with air, gave way to the acid and basic Open Hearth (OH) 
furnaces that could also use molten pig iron. In some in- 
stances steel from an air blown converter was combined 
with open hearth refining in what were called duplex and 
even triplex processes. 

Later developments from about 1952, using converter 
vessels blown with oxygen gave rise to a series of basic 
oxygen steel making processes. Examples are the Linz- 
Donawitz or LD process, the Kaldo, and Q-BOP processes. 
These are top blown using an oxygen lance, as opposed to 
the bottom air blown Bessemer and Thomas converters. A 
full description of these processes is included in a major 
publication, The Making, Shaping and Treating of  Steel [ 1 ]. 

For steel forging production the primary steel source is 
the electric furnace, particularly using a double slag process 

and preferably coupled with vacuum degassing and second- 
ary refining. 

In terms of bulk steel making today, continuous or 
strand casting is the most widely used method of providing 
the steel product, and in consequence, this process is fre- 
quently used in the production of forgings. The solidification 
characteristics of cast steel can produce central looseness or 
shrinkage, and a significant central segregation zone, and 
much development has gone into mitigating these effects in 
continuous casting. The question of the minimum required 
hot working reduction for this material, however, has been 
a source of disagreement over the years. In ASTM Specifi- 
cation A 20/A 20M, General Requirements for Steel Plates 
for Pressure Vessels, a minimum reduction ratio of 3:1 is 
required for continuously cast plate blooms, but this ratio 
can be reduced to 2 : 1 for plate 3 in. (75 mm) and greater in 
thickness, provided that tightened quality assurance items 
are followed including 0.004 % maximum sulfur, vacuum de- 
gassing and through thickness tension testing. This points to 
the importance of close control of the steel making process. 
As in conventional ingot practice, the risk of quality prob- 
lems tends to increase with increasing ingot or cast bloom 
size. 

Steel Refining 

The advent of secondary ladle refining, whereby steel is 
melted and the phosphorous content reduced in the electric 
furnace, followed by refining in a ladle furnace, has enabled 
the production of steel with a quality rivaling that of the 
Vacuum Arc Remelting (VAR) and Electro Slag Remelting 
(ESR) processes. This in no small measure can be attributed 
to the close temperature control and the ability to vacuum 
degas that the equipment permits. The success of this type 
of equipment is reflected in the publication of a third steel 
cleanliness rating specification by the Society of Automotive 
Engineers [2]. Specifications AMS 2300, Steel Cleanliness, 
Premium Quality, and AMS 2301, Steel Cleanliness, Aircraft 
Quality, long represented electric furnace steel product (AMS 
2301) and remelted steel produced by the Vacuum Arc Re- 
melting (VAR) or Electroslag Remelting (ESR) procedures 
(AMS 2300). A third standard, AMS 2304, Steel Cleanliness, 
Special Aircraft Quality, now represents ladle refined steels. 

As mentioned earlier, in basic electric furnace steel mak- 
ing, the usual practice for forging applications is to use the 
double slag procedure. The scrap charge is melted under an 
oxidizing basic slag, and the initial or melt-in carbon content 
is intended to be about 0.25 % higher than the final aim. 
Oxygen is blown into the heat to assist in oxidizing the car- 
bon, silicon, manganese, and notably phosphorous in the 
steel. At the end of the oxidizing period, the slag is removed, 
and with it a significant amount  of phosphorous, and the 
reducing slag is prepared. The reducing slag consists of 
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burnt lime, fluorspar, and silica with coke added to form 
calcium carbide. The object here is to take sulfur into the 
slag and to alloy the heat as required before tapping into the 
ladle. Grain refining additions are usually made just before 
tapping, or during vacuum degassing. From there the steel 
can be teemed into ingot molds, or delivered to the tundishes 
of a continuous caster. Vacuum degassing and inclusion 
shape control can be done in the ladle prior to teeming, or 
the steel can be vacuum stream degassed during teeming. 

Ladle Refining Furnace (LRF) 

A ladle refining system that was developed by Union Carbide 
for the manufacture of stainless steels is known as Argon 
Oxygen Decarburization (AOD). In this the steel, first melted 
in the electric arc furnace, is tapped into the AOD converter. 
Argon is bubbled through the heat in the vessel through tu- 
yeres in the bottom, and oxygen is blown in from the top by 
means of a lance. Carbon dioxide and monoxide formed by 
reaction with the carbon in the heat are swept away with the 
argon so that equilibrium is not established. This system en- 
ables the low carbon austenitic stainless steel grades to be 
made economically, without severe chromium loss, such that 
the higher carbon stainless steel grades are now made by the 
same process and recarburized to bring them into range. The 
method when applied to low alloy steels is very effective in 
reducing the sulfur content while lowering hydrogen in the 
bath to about 2 ppm as well. Temperature in the converter 
is maintained by the oxidation of elements such as silicon. 

Perhaps inspired by the success of the AOD process, at- 
tention was turned to the development of separate Ladle Re- 
fining Furnaces (LRF). In this steel making procedure, the 
electric furnace is used to melt down the charge under an 
oxidizing basic slag for phosphorous removal, after which 
the heat is transferred to a ladle unit for the refining stage. 
Here temperature can be controlled by an electric arc, as in 
the electric furnace, and sulfur can be removed to extremely 
low levels, less than 0.001% if necessary. Alloying additions 
and vacuum degassing round out the process before tapping, 
and at all times temperature can be finely controlled. The 
economics of the process permit  utilization of the electric 
furnace, during off peak power demand periods, to melt steel 
while the ladle furnace, because of its lower power con- 
sumption, can be used during higher demand times to finish 
the heats. Several ladle refining systems have evolved, some 
of which utilize separate stations where the ladle is sequen- 
tially loaded for heat refining or degassing, while others use 
the ladle itself as part  of a processing station. Argon flushing 
is used to assist in degassing and stirring, and induction stir- 
ring is also employed in such installations. Ladle refining is 
now an essential part  of a modern steel plant, but regardless 
of the equipment available, how it is used determines the 
steel quality. A schematic description of a typical process is 
shown (Fig. 3. t). 

Ladle additions after degassing can be used for deoxi- 
dation and to trim the steel composition, although there is 
the ever present risk of hydrogen pick up. The extent of these 
ladle additions is significantly limited by steel temperature 
considerations because steel quality is highly dependent on 
the ingot teeming temperature. 

Vacuum Degassing 

The presence of hydrogen in steel forgings has long been 
recognized as a serious problem because of reduced tensile 
ductility and the risk of internal ruptures known as Flake or 
Flaking. This defect manifests itself, after an incubation pe- 
riod, as randomly oriented fissures that are often located in 
a ring about midradius to one third of the diameter  from the 
surface. The fissures are typically intergranular and if broken 
open generally exhibit a light colored flat appearance. Hy- 
drogen has some solubility in liquid steel--about  12 ppm can 
be expected--and is present during all steel making opera- 
tions, except those done under vacuum. While some hydro- 
gen is lost on solidification, a significant amount,  probably 
of the order of 3-4 ppm, is retained in the austenitic phase. 
The solubility of hydrogen in austenite decreases markedly 
on the transformation to ferrite and pearlite or other trans- 
formation products. The diffusion of nascent hydrogen in 
the steel after transformation to sites such as nonmetallic 
inclusions leads to pressure build-ups that cause local rup- 
turing, thus forming the fissures. If flake is identified at an 
intermediate stage in forging, often the material can be re- 
forged to heal the fissures enabling a flake prevention cycle 
to be applied as part of the post forge heat treatment cycle. 
Flake is highly detrimental to forging integrity, and can read- 
ily act as an origin site for a fatigue failure or brittle fracture. 

As Robert CuiTan explained in his keynote address to 
the Committee A01 Steel Forging Symposium [3] in 1984, 
the vacuum degassing of forging steels was hastened by the 
incidence of hydrogen related problems facing the producers 
of rotor forgings in the late 1950s. The use of acid open 
hearth steels gave relief from hydrogen problems at the ex- 
pense of steel cleanliness, but the basic open hearth steel, 
though cleaner, had higher hydrogen contents and the basic 
electric furnace steels, though cleaner than either of the open 
hearth processes, were the most hydrogen prone of the three. 
The use of higher steam pressures and temperatures in the 
generating plant increased operating efficiency, but imposed 
higher stresses both on the turbine and generator rotors, and 
several costly failures occurred in this period. In addition, 
the ability to conduct volumetric examinations in large steel 
sections by ultrasonic methods was being developed and this 
enabled deep-seated defects, such as flake, in rotor forgings 
to be detected. Although not all of the failures were attrib- 
uted to the presence of flake, the situation was critical 
enough for rapid installation of vacuum degassing equip- 
ment to process steel for forging ingots. 

Vacuum degassing of molten steel first appeared com- 
mercially in Europe during the early 1950s using vacuum 
mechanical pumps; however, it became more of a reality 
with the introduction of multiple stage steam ejectors and 
evolved into two main systems. These were Vacuum Stream 
Degassing (Fig. 3.1) and Vacuum Lift (Figs. 3.2, 3.3) proc- 
esses. 

In the vacuum stream degassing system, a large bell- 
shaped vessel fitted with a refractory lined tundish is placed 
over the ingot mold or a second ladle. The vessel is evacuated 
to a low pressure, less than 1000 wm, typically about 400 
~m. A ladle stopper rod in the tundish, or pony ladle as it is 
sometimes called, enables the vessel to be evacuated. The 
furnace ladle is brought into position over the tundish and 
tapped and then the tundish is opened to allow the steel to 



Fig. 3.1--5chematic diagrams of typical current steel production stages for forgings. In 
Diagram 1, for a large integrated forging operation, molten steel from several electric arc 
furnaces is refined in ladle refining furnaces (LRF) before being combined during vacuum 
stream degassing into an ingot moid. Large ingots up to 600 tons (544 t) can be made in 
this way. In Diagram 2 smaller electric furnaces supply molten steel to the LRF to be fol- 
lowed by vacuum degassing and ingot production by bottom pouring under argon shroud- 
ing. (1. Courtesy of the Japan Steel Works, Ltd. 2. Courtesy EIIwood National Forge Com- 
pany) 

flow into the vacuum chamber. Under the vacuum condi- 
tions in the bell the steel stream breaks up into droplets, 
exposing large surface areas to the vacuum, permitting effi- 
cient degassing. The ingot is allowed to solidify in the bell 
before being removed for stripping, or the degassed steel in 
the receiving ladle is transferred to a pit for conventional 
ingot teeming in air. An important metallurgical benefit from 
this procedure was recognized over 40 years ago at Erie 
Forge and Steel in Erie, Pennsylvania [4], so that vacuum 
stream degassing into the mold became de rigueur in the 
manufacture of generator and steam turbine rotor forgings, 
pressure vessels, and ordnance components. This benefit was 
that while under vacuum, carbon in the steel droplets re- 
acted with oxygen in the steel to form carbon monoxide gas 
that was swept away together with the hydrogen, thus de- 
oxidizing the steel without solid oxides of silicon or alumi- 
num being left behind. To enable this clean steel practice to 

work, the silicon had to be kept to a maximum of 0.I0 %, 
and a special provision for this was included in the rotor 
specifications. It is now increasingly common for fully killed 
forging steels to have a maximum silicon content rather than 
a range so that the clean steel benefits obtained by vacuum 
stream degassing can be enjoyed also in steels made by the 
vacuum ladle refining processes. 

Vacuum stream degassing is the preferred route for 
making very large forging ingots involving multiple heats. 
Such ingots are used for large rotor forgings and combined 
nuclear reactor components [5]. 

For the vacuum lift procedures a smaller vacuum vessel 
is used, and the steel is degassed in a series of cycles where 
only part of the heat is exposed to the vacuum at a time. One 
such method, the Dortmund-H6rder or DH system uses a 
refractory lined and heated cylindrical vacuum vessel, and a 
provision to add trim alloys and deoxidizers under vacuum, 



Fig. 3.2--Forty-five ton (41 t) Dortmund H6rder (DH) vacuum lift 
degassing unit in operation. The ladle is being raised or lowered in 
this view, but the nozzle (also known as a snorkel) always remains 
in the molten steel in the ladle under the slag cover during the 
entire degassing operation. 

through a system of hoppers. The bottom of the vessel is 
conical in shape and ends in a refractory lined nozzle. The 
vessel is blanked off with a sheet steel cone before pulling a 
low vacuum similar to that in the stream degassing process. 
The furnace ladle is loaded into a cradle under the vacuum 
vessel, and the ladle is lifted hydraulically until the nozzle 
breaks through the slag layer and is immersed in the steel. 
The sheet metal cap prevents the slag cover from being 
drawn up into the vessel, and melts off in the ladle, permit- 
ting steel to be pushed up into the vessel under atmospheric 
pressure. The steel at this juncture is not fully killed, and 
under the low-pressure conditions existing in the vessel, is 
turbulent facilitating an effective degassing action. Some 
vacuum carbon deoxidation also occurs during degassing. 
While keeping the nozzle immersed in the steel, the ladle is 
lowered and then raised again circulating fresh steel from 
the ladle into the vacuum vessel. The process is continued 
until pressure surges in the vessel subside and a finishing 
pressure less than 1000 ~m has been obtained. Toward the 
end of the degassing cycle the trim elements, particularly 
carbon and manganese, are added as well as deoxidizers 
such as ferrosilicon and grain refiners such as ferrovana- 
dium or aluminum. Following these additions, several mix- 
ing strokes are administered to ensure uniformity. Although 
provided with a carbon arc near the top of the vessel for 
heating, a close watch has to be kept on the ladle tempera- 
ture to ensure that the correct teeming temperature range 
for the grade of steel is maintained. At least 15 strokes are 
generally required for the full treatment of a 45-ton (41 t) 
heat. The vacuum carbon deoxidation that occurs during 
this procedure is not as efficient as that in the stream de- 

Fig. 3.3--Schematic of the operation of a DH vacuum degassing 
unit. A single cycle consists of raising and lowering the ladle. These 
cycles are repeated until a steady vacuum pressure indicates that 
degassing is complete. At the end of degassing, deoxidizers and 
trim carbon and alloying elements can be added under vacuum. 



gassing process, and the maximum silicon is generally lim- 
ited to 0.12 %. 

Another vacuum lift degassing procedure is the Ruhrs- 
tahl-Heraeus (RH) system. This differs from the DH system 
in having two nozzles or  legs that are immersed in the ladle. 
One leg is fitted with an argon inlet, and after being im- 
mersed in the slag covered ladle a vacuum is applied to the 
vessel, so that atmospheric pressure pushes the steel up both 
legs into the vessel. Argon is pumped into one leg and this 
effectively reduces the density of the steel in that leg, induc- 
ing a pumping action that causes the steel to circulate up 
one leg into the vessel and back into the ladle through the 
other. Through the action of the argon and turbulence in the 
vessel degassing is achieved under high vacuum conditions. 

It should be noted that although a useful reduction in 
hydrogen content can be achieved during the AOD refining 
of alloy steels--this is due to the argon gas used in the 
process sweeping hydrogen out with i t - -such steels cannot 
be substituted when vacuum degassing is a mandatory spec- 
ification requirement. Hydrogen levels in carbon and alloy 
steels produced in an AOD vessel are unlikely to be less than 
2 ppm. 

Steel Cleanliness and Inclusion Shape Control 

Frequently, forging applications involve fatigue loading and 
for this steel cleanliness, or freedom from nonmetallic inclu- 
sions, is of paramount  importance, since these can and do 
act as fatigue crack initiation sites. Reduction in the quantity 
of nonmetallic inclusions also assists materially in improving 
transverse ductility. This is particularly true when dealing 
with forgings that have received high forging reductions in 
the longitudinal direction, and where demanding transverse 
properties are required, as is the case for artillery gun bar- 
rels, for example. As part  of clean steel production, partic- 
ularly for the ordnance and power generation industries, it 
is necessary to reduce the sulfur content to levels appreciably 
less than 0.010 %, or in other words, well below the maxi- 
m u m  limits allowed in many  material specifications. 

A steel making technique that is worthy of note for forg- 
ings is inclusion shape control. The object here is to have 
the inclusions adopt a spherical or globular habit instead of 
being strung out or elongated in the direction of working, as 
is typically the case for manganese sulfide. This is achieved 
by the introduction of an element such as calcium in powder 

or wire form into the ladle after deoxidation has been com- 
pleted. The resulting inclusions resist deformation during 
forging and resemble (and would be rated as) globular ox- 
ides if the steel is examined according to ASTM E 45 Test 
Methods for Determining the Inclusion Content of Steel. 
This change effects a remarkable improvement in transverse 
ductility and toughness. In bar  materials, particularly, this 
technique has been used to obtain a high degree of ma- 
chinability while maintaining tensile ductility, by applying it 
to non-free-machining steels that have sulfur contents near 
to the permitted maximum. However, in this example the 
globular inclusions can be quite large and numerous. This 
may not be advisable for forgings that are subject to fatigue 
loading in service. A paper dealing with shape controlled sul- 
fide free machining steels [6] noted that, provided the glob- 
ular inclusion size was kept small, machinability and fatigue 
strength of engine rocker arms and crankshafts were equiva- 
lent to currently used leaded steels. However, it could be 
argued that leaded steels would not be selected for high fa- 
tigue strength. Another advantage claimed for inclusion 
shape control is that the outer coating of the globular sulfide 
inclusions affords a degree of lubricity to the cutting tool, 
increasing its useful life. 

Steel cleanliness is the major factor in the incidence of 
laminations and lamellar tearing in plate steels. The ingot 
requirements, specification and application demands, and 
hot working procedures for forgings have meant, fortunately, 
that these problems are rarely encountered in this product 
form. 
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Forging Ingots 
IN TH E EARLY DAYS OF THE M O D E R N  STEEL 
industry, ingot teeming was done by top pouring into tapered 
cast iron molds for all applications. For rolled plate appli- 
cations rectangular cross section molds were used. For bar  
and some strip applications the ingot molds were either 
square or round in shape, but for forgings the ingots were 
usually round or octagonal in cross section, and particularly 
for the larger sizes were almost invariably fluted to reduce 
the risk of surface cracking during solidification and subse- 
quent cooling. A typical big end up, octagonal, top poured 
forging ingot from 1921 is shown in Fig. 2.14, and another 
modern 600-ton (545 t) ingot cropped and heated for forging 
is shown in Fig. 4.1. 

Another important difference between forging ingots 
and those for plate or bar  application is that for the latter 
the molds, for ease of stripping, are tapered to be smaller in 
cross section at the top, referred to as big-end down, while 

the forging ingots are tapered to be larger in cross section at 
the top, or big-end up. The forging ingots are fitted with in- 
sulated hot tops that act as feeder heads to fill the shrinkage 
pipe that forms as the ingot solidifies. This was often not 
done in the case of the big-end down molds. 

Most plate and bar  mills now use continuous or strand 
casting machines as the link between steel making and roll- 
ing mill. In this process the steel is teemed from the ladle 
into a tundish from which it flows through a nozzle into an 
open-ended water-cooled copper mold. The rate of flow is 
timed such that the cast product exiting the mold has solidi- 
fied sufficiently to contain the still molten core, and solidi- 
fication continues under water sprays as the strand travels. 
The strand thus formed is guided through sets of rolls that 
maintain the strand shape before being cut into lengths. As 
previously mentioned, steel from these machines is also used 
for forging stock. 

As well as the ladle refining processes discussed earlier, 
two other steel melting procedures must be mentioned for 
their importance in forging application. These are the Vac- 
uum Arc Remelting (VAR) process and the Electroslag Re- 
melting (ESR) process. The former has been augmented by 
coupling Vacuum Induction Melting (VIM) with subsequent 
VAR processing for extra critical applications. Material from 
the vacuum procedures in this group has been specified for 
demanding forging applications in the aerospace industry, 
such as aircraft landing gear, flap tracks, and arrestor hooks, 
not to mention many rotating components in aero engines. 

Vacuum Arc Remelting 

Fig. 4.1--Six hundred-ton (544-t) alloy steel ingot that has been 
cropped and heated to forging temperature prior to being taken 
to the press, (Courtesy of The Japan Steel Works, Ltd.) 

In the VAR process a cast electrode is produced in the con- 
ventional way, preferably from vacuum degassed electric fur- 
nace steel, together with the advantage of ladle refining or 
from a vacuum induction melted heat. This electrode is then 
arc melted in a water-cooled crucible under vacuum. A 
sketch illustrating the operating principles of a VAR furnace 
is included in ASTM A 604, Standard Test Method for Ma- 
croetch Testing of Consumable Electrode Remelted Steel, 
and is reproduced here (Fig. 4.2). The melting rate is care- 
fully controlled to minimize segregation in the remelted in- 
got. As well as freedom from the adverse effects of dissolved 
gases, other benefits include the wide distribution of inclu- 
sions as the very fine globular oxide type. The quality of a 
VAR ingot is directly related to the original quality of the 
electrode, and there is no sulfur or phosphorous removal. 
During the VAR process there is a significant loss of man- 
ganese, drawn off as vapor, and this has to be allowed for in 
the chemistry of the electrode. It will be seen then that the 
composition of VAR steel must be determined from the re- 
melted ingot, or the product from it, rather than the heat 
chemistry of the electrode. The specification requirements 
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Fig. 4.2--Schematic of the operation of a vacuum arc remelting fur- 
nace from ASTM A 604, Standard Test Method for Macroetch Test- 
ing of Consumable Electrode Remelted Steel Bars and Billets. 

for composition must be followed carefully when using re- 
melted ingots, since commonly several electrodes are made 
from an original heat, and each remelted ingot represents a 
separate melting operation. Depending on the governing 
specification, it may be necessary to regard each remehed 
ingot from a common master heat as a separate heat re- 
quiting its own chemical analysis. In most other cases, it is 
only necessary to obtain the final chemistry from one of the 
remelted ingots from a master heat. For forging applications, 
the purchaser is always able to specify that a heat analysis 
is necessary from each remelted ingot. However, it should be 
remembered that the purchaser of VAR ingots will often be 
the forging producer; therefore, the forging purchaser must 
take note of the heat analysis requirements. 

the ESR furnace and enables a dry. inert atmosphere to be 
maintained during the remelting process. The development 
of a pressurized ESR furnace has facilitated the production 
of high nitrogen stainless steels [2]. 

Control of the slag composition is critical to avoid un- 
desirable effects in the steel. In one instance, severe graphi- 
tization was reported in a high carbon ESR steel of near 
eutectoid composition, as a result of excessive aluminum 
pick up from the ESR slag. Again from ASTM A 604 a sketch 
(Fig. 4.3) gives some idea of the process. 

Another application of ESR remelting is found in the 
practice of ESR hot topping a large conventional ingot, and 
is known as the B6hler Electroslag Topping process (BEST). 
The procedure involves teeming the steel conventionally into 
a cast iron mold fitted (instead of a conventional insulated 
hot top) with a water-cooled top ring. When the steel level 
in the mold reaches the bottom of the water-cooled ring, the 
ring is filled with a molten slag, and a consumable electrode 
is melted off through the slag, as in a conventional electro- 
slag crucible. The infusion of heat and clean steel to the top 
of the teemed ingot significantly alters the solidification 
characteristics, and while feeding the solidification shrink- 
age in the ingot, it is claimed to reduce the ingot segregation 
[3]. Another variation in the use of ESR was developed for 
use in the manufacture of large rotor forgings [4]. This proc- 
ess for central zone remehing is known as the MKHW Proc- 
ess and is quite involved. A very large conventional vacuum 

Electroslag Remelting 

The ESR process had its origins in Russia and like the VAR 
process uses an electrode cast from an electric furnace heat. 
Unlike the VAR process, however, the electrode is not re- 
melted under vacuum. For that reason, even when the prod- 
uct specification does not require vacuum degassing, the 
electrodes should be vacuum degassed. The melting takes 
place in a water-cooled crucible under a blanket of molten 
slag. A small electric furnace is provided at the remelting 
station to make the slag. Heat is generated because of the 
electrical resistance of the molten slag, and the electrode 
melts off with droplets of steel passing through the slag, col- 
lecting in a molten pool beneath it, and then solidifying. Sul- 
fur removal is effected during this process, and as in the VAR 
process the residual inclusions have a globular shape that is 
retained during hot working. Since the operation is not car- 
ried out under vacuum, there is a high risk of hydrogen pick- 
up during remelting, and elaborate precautions must be 
taken, such as ensuring that slag materials are dry. The pro- 
vision of a dry air hood over the furnace to exclude moisture 
is another common measure for this purpose, and a closed 
ESR furnace design has been developed [1]. This encloses 

Fig. 4.3mSchematic of consumable electrode electroslag remelting 
(ESR) operation from ASTM Test Method A 604. 



stream degassed ingot is prepared by taking the top and bot- 
tom discards followed by hot trepanning to remove the cen- 
tral segregated core. Using an electrode to the same specifi- 
cation and the trepanned ingot as the crucible, the electrode 
is remelted by the ESR process to replace the core material, 
and the new ingot is then forged in the usual way. 

Another advantage in using ESR ingots is that the 
amount  of forging reduction required is considerably less 
when compared to conventional ingots. Forging reductions 
as low as 1.5 : I have been reported to be acceptable [4]. 

Although steel from ESR furnaces showed some early 
promise for large critical power industry forgings, such as 
turbine and generator rotor forgings, low sulfur, ladle refined 
and vacuum degassed alloy steels have successfully chal- 
lenged ESR material in terms of quality and cost in many 
applications. However, for the extremely large ingots used 
for critical rotating components, there may still be a place 
for specialized procedures such as the BEST process. Much 
the same can be said of the VAR process except for the most 
severe situations when the best VAR electrode and remehing 
practices can prevail. The VAR process is a requirement in 
some specifications, so that regardless of the quality obtain- 
able from rival melting processes, this method must be used 
in making the final product. 

Ingot Mold Design, Ingot Production 
and Segregation 

As previously mentioned, forging ingots differ from those 
used in rolling plate and bar  by being cast in molds that are 
of the "big end up" type. The "big end down" type of mold 
simplified handling by the ability to lift the open-ended de- 
sign molds directly off the ingots. Although it might be ex- 
pected that a big end down forging ingot could be lifted out 
of the mold, usually it has to be lifted together with the mold 
and inverted for stripping. Both styles can be fitted with hot 
tops or  feeder heads to reduce the shrinkage voids or  pipe 
that form when the ingot solidifies; however, often the big 
end down ingots are not treated this way. This is of great 
importance because of the size of ingots used for forgings 
that can range in weight from about 2 tons (1.8 t) to over 
600 tons (545 t). Considerable investigation and develop- 
ment of ingot mold design, including computer  modeling, 
has been done over the past 100 years, including a series of 
nine reports on the heterogeneity of steel ingots published 
by the British Iron and Steel Institute [5] between1926 and 
1939. Much of this work was directed to r imming steel in- 
gots, an important starting point for certain wire, strip, and 
sheet applications, but of lesser importance for forgings. 

Alloy segregation [6] is an important topic for forging 
ingots, since this can have a profound effect on mechanical 
properties and weldability. The problem becomes more acute 
with increasing ingot size. In very large ingots where steel 
from more than one furnace is needed [7], the chemistry of 
the final heat that will essentially feed the top of the ingot 
and the hot top, or sinkhead as it is sometimes called, is 
adjusted to help compensate for alloy segregation effects. 
Nonmetallic inclusions tend also to segregate during ingot 
solidification, especially towards the top and bottom, giving 
rise to the so-called inverted "V" or "A" and "V" segregates, 
respectively. These areas are the locations for the top and 
bottom ingot discard material when making a forging. 

For the larger top poured ingots, stools are frequently 
used for the ingot mold bottom, and the joint between the 
mold and the stool is sealed to avoid leakage at the joint [8]. 
The stools are replaceable and avoid erosive wear of the 
mold. However, some washing of the mold wall still occurs 
and this causes ingots to stick in the mold, and is one of the 
limiting factors in mold life. 

Bottom pouring is now the preferred ingot teeming tech- 
nique, except when vacuum stream degassing. Bottom pour- 
ing, as the name suggests, involves setting the molds onto a 
steel plate fitted with radially disposed grooves or channels 
around a central refractory lined stem called a sprue that fits 
into a ceramic distributor block. The channels in the plate 
are lined with disposable refractory tubes that fit into the 
distributor block and end in elbows under each mold. The 
ingot molds are set on the plate over the refractory tube el- 
bow outlets, and steel is teemed from the ladle into the sprue 
until the ingots have been filled. Bags of a glass-like flux ma- 
terial are hung in the molds, and these burst as the steel 
enters the molds so that a molten glass flows up between the 
steel and the mold wall, and protects the steel as well as the 
mold. Importantly, this also imparts a very smooth skin to 
the ingot. An insulating compound, such as vermiculite, is 
thrown on top of the ingot when pouring has finished. Be- 
cause of the close proximity of the ladle nozzle to the top of 
the sprue, it is possible to shroud the molten stream effec- 
tively with argon. This helps reduce reoxidation during teem- 
ing with beneficial effects on the nonmetallic inclusion con- 
tent. Two VAR electrode molds are shown in Fig. 4.4 just 
after teeming, with the hot tops in place. 

Radical ingot designs have been proposed and produced 
in France by Creusot Loire Industrie [9] for large forging 
applications. These include long ingots for forged vessel 
shells and short stubby ingots for vessel heads and hollow 
ingots also for vessel shells. All of these ingots have been 
designed with an eye to locating segregated areas in loca- 
tions where they will be removed either during forging or by 
subsequent machining, or where, in the case of the hollow 
ingots they will be confined away from highly stressed areas 
or where weld overlays will be applied. The term LSD mean- 
ing "Lingot a Solidification Dirigee" or "oriented solidifica- 
tion ingot," rather than English terminology, is used to de- 
scribe these ingots. 

Forging Stock 

Traditionally, cast ingots constituted the basis for forging 
stock, particularly for larger sized forgings that matched the 
available ingot weights. For smaller forgings and for forging 
producers operating drop hammers  and closed die presses, 
the use of wrought billets or blooms is common. The term 
"bloom" as applied to wrought iron or steel appears to pre- 
date billet, since in medieval times the "Bloomery" included 
the iron or steel making furnace and the forge [ 10]. 

Billets are generally regarded as being smaller than 
blooms, and Specification A 711/A 711M for Steel Forging 
Stock defines a billet as having a maximum cross-sectional 
area of 36 in. 2 (230 m m  2) and a bloom as having a cross- 
sectional area greater than 36 in. 2 (230 mm2). However, these 
terms are used interchangeably, and this is noted in the ter- 
minology section of Specification A 788. 

As mentioned earlier, billets and blooms for forging 
stock are expected to have been hot worked by forging or 



Fig. 4.4~Thirty-seven-in. (940-mm) VAR electrodes immediately af- 
ter bottom pouring. The sprue pipe is visible between the molds. 
The hot tops for the electrodes are topped by the flux that was 
originally suspended in the molds from the rods lying across the hot 
tops. 

rol l ing,  a n d  th is  p r i o r  w o r k i n g  was  o f t en  t a k e n  in to  a c c o u n t  

in d e t e r m i n i n g  the  a m o u n t  of  h o t  w o r k i n g  r e d u c t i o n  t h a t  
n e e d s  to be d o n e  in m a k i n g  the  f in i shed  forging ,  pa r t i cu l a r l y  

for  c losed  d ie  forg ings .  This  m a y  no t  be the  ca se  fo r  s tock  

tha t  was  s t r a n d  cast ,  a n d  th is  is n o t e d  in Spec i f i ca t ion  A 788, 
wi th  the  r e q u i r e m e n t  t ha t  th is  ma t e r i a l  m u s t  be  d e s i g n a t e d  

as a "Cast Billet" o r  a "Cast  B l o o m."  
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Types of Forging 
FORGINGS ARE CLASSIFIED ACCORDING TO THE 
production method and fall into five major headings: Open 
Die; Closed or Impression Die; Rotary, Ring Rolling, and Ex- 
trusion. Further subdivision comes from the types of equip- 
ment  used to make the forgings: Hammer  (steam, hydraulic, 
or mechanical); Press (steam, hydraulic, multi-directional, or  
mechanical). For some specialized applications the bound- 
ary between open and closed die forging can be blurred as 
in the use of split dies for valve body manufacture or in the 
manufacture of wrought locomotive and rail rolling stock 
wheels. 

Open Die Forging 

Open die forgings [1] are free form worked between two �9 
dies, the lower of which is generally fixed. The movable die 
may be the tup of a hammer  or an attachment to a hydraulic 
ram in a press. The normal forging dies are flat rectangular 
shapes, and are frequently water-cooled. For special forging 
applications, such as mandrel forging, the bottom die is 
changed to a V shape. Occasionally, both top and bot tom V 
dies are used, and for finishing planishing or swaging oper- �9 
ations curved top and bottom dies can be employed. The 
material to be forged, in the form of a heated ingot, bloom, 
or billet, is compressed between the dies and reduced in 
cross-sectional area. Nowadays, the material is held by a ma- 
nipulator, either rail-bound or free running, so that it can be 
moved back and forth between the dies and rotated as nec- 
essary. A tong hold has to be provided for this purpose, and 
the ingot hot top is useful for this. For quite small pieces, 
the forge-smith can handle the part  manually using tongs. �9 
In the early days when forging the larger pieces, a porter bar  
was used as depicted in James Nasmyth's painting of 1871 
(Fig. 1.5). The porter bar  consists of a long steel bar  fitted 
with a cup at one end. The top of the ingot fits into the cup 
and making use of leverage the hot ingot can be maneuvered 
manually between the hammer  dies by the forge crew. Since 
only the material under the dies is worked at any given mo- 
ment, it is possible to forge very long pieces with this type 
of equipment, and the maximum forging diameter is limited 
only by the dimensions and power of the press, as well as 
the available ingot sizes. Therefore, the width between col- 
umns, and maximum opening between the dies, or press 
daylight, are important  factors, together with available 
power, in assessing a forging press. With the appropriate 
tooling and die changes, open die hammers  and presses can 
produce disk shaped parts and hollow cylinders. This type 
of equipment is versatile and ideal for many forging appli- 
cations. Forging hammers  are usually of the single acting 
type where the hammer  or tup is raised under power, and 
allowed to drop under gravity. Some double acting steam �9 
hammers  increase the forging force by pushing the hammer  
down under steam pressure, to give an intermediate effect 
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between drop hammers  and steam or hydraulic presses; the 
latter by being able to exert a more continuous force are 
more capable of properly working thick sections. 

Open die forging operations under a hammer  or press 
can be classified under six headings as follows: 

Straight or Axial Forging: In this the material is extended 
axially to reduce the cross-sectional area and increase 
the length, as in forging a ship's propeller shaft, for ex- 
ample. The working is said to be longitudinal and duc- 
tility will tend to be higher parallel to the direction of 
working than in the transverse direction. The flat top 
and bot tom dies are oriented at right angles to the lon- 
gitudinal axis of the forging, as shown in Fig. 5.1. 
Upset Forging: The ingot or billet is compressed axially 
under the press, as shown in Fig. 5.2, and the length or 
height is reduced while the diameter increases. Trans- 
verse ductility properties are improved over the axial 
properties. The ingot or billet is compressed between 
top and bottom plates that are larger in diameter than 
the ingot. 
Hot Trepanning or Hot Punching: An axially oriented 
hole is hot trepanned from the upset forging using hol- 
low steel cutters to remove the segregated ingot core 
and provide for further hot working. Hot punching is a 
similar operation, except that instead of removing the 
ingot core, the material is pushed into the wall of the 
upset forging. A thin disk is usually pushed out at the 
end of this operation. An example of hot trepanning is 
shown in Fig. 5.3. 
Ring Rolling or Expanding: This operation expands the 
bore of the trepanned or punched upset forging on an 
open die press, while maintaining the axial length of the 
piece, as opposed to making steel rings on a dedicated 
ring-rolling machine that employs powered rollers. The 
flat top die is turned 90 ~ to the axial direction and the 
piece is hot worked between the top die and a mandrel 
bar, smaller in diameter than the forging bore and sup- 
ported on horses on each side of the ring, as shown in 
Fig. 5.4. The wall thickness is reduced as the diameter 
is increased. This may be the finished shape of the forg- 
ing, or it could be a preparatory stage in opening the 
bore to fit a steel mandrel for increasing the length of 
the hollow forging. The mechanical properties will tend 
to be highest in the tangential orientation of the ring. 
Rings forged in this way are generally too large for con- 
ventional ring-rolling machines. Several descriptions of 
the equipment used to make forged rings and the prod- 
ucts produced including the very specialized generator 
retaining rings have been published [2--4]. 
Mandrel or Hollow Forging: The hollow cylinder is fitted 
over a water-cooled tapered mandrel and forged be- 
tween the flat top die and a V-shaped bottom die to re- 



Fig. 5.1--Example of straight forging in a 3.5 Ni-Cr-Mo-V alloy steel according to ASTM A 
723. This was the completion of the forging shown being upset in Fig. 5.2, and was part 
of the anchor system for a tension leg platform (TLP) in the North Sea. 

duce the wall thickness and extend the length of the 
cylinder, as shown in Fig. 5.5. It is possible to forge 
different outside diameters during this operation. De- 
pending on the degree of the initial upsetting operation, 
bore expansion, and finished length, the mechanical 
properties in the finished forging can be essentially iso- 
tropic. 
Pancake or Disk Forging: This is an extension of upset 
forging in which the upsetting operation is continued to 
increase the forging diameter and decrease its thickness. 
Depending on the forging size and press capacity, the 
later stages may be completed by "knifing" across the 
forging diameter using the flat top die, and turning the 
forging over to work both sides. For very large diameter 
disks that exceed the width between the press columns, 
special equipment may be used to permit only a part  of 
the disk at a t ime to be worked under the dies. An ex- 
ample of this is shown in Fig. 5.6. The mechanical prop- 
erties of the disk tend to be best in the tangential and 
radial directions, but will still be acceptable in the axial 
direction. 

Closed Die Forging 

In dosed or impression die forging, the starting forging stock 
is invariably a billet or bloom, since the weight and dimen- 
sions are usually critical. Upper and lower dies are con- 
toured or sunk to form the required shape when the billet is 
inserted between them. The forging force may be supplied 
instantaneously, as in drop forging, when the dies are closed 
over the billet, or more gradually when a hydraulic press is 
used. High forging pressures are required to make the ma- 
terial flow to il l / the dies, and for even modestly sized forg- 
ings such as automotive crankshafts, hydraulic or large me- 
chanical presses are generally used. Since appreciable costs 
are involved in providing the dies, closed die forging is more 

applicable to large production runs, but the advantages are 
reflected in much reduced or, in some cases, no machining, 
and favorable grain flow. Die lubrication is essential and in- 
volves the use of a material such as colloidal graphite or 
molybdenum disulfide. For the more complex forged shapes, 
the billet is preforged in an intermediate set of dies, often 
referred to as blocker dies, before forging between the final 
dies. ASTM Specification A 521/A 521M, Steel, Closed- 
Impression Die Forgings, for General Industrial Use, ad- 
dresses this type of forging. A variation of closed die forging 
involves the use of special equipment, either as a muhidi- 
rectional hydraulic press or as a system of levers and dies 
used in conjunction with a conventional open die press. This 
will be discussed later in connection with crankshaft forging. 

Extrusions 

Extrusion presses work by forcing material, contained in a 
cylinder, through a die or orifice. In the case of steel extru- 
sions, the steel is preheated to forging temperature before 
being loaded into the extrusion press. 

In Direct Extrusion the steel is pushed, from behind, 
through a contoured die placed at the end of the container 
opposite to the piston. 

In Indirect Extrusion the steel is pushed so that it flows 
back through both the die and the piston that is applying 
pressure. 

In Back Extrusion the heated steel preform is forced 
back through the annular space between the piston and the 
walls of the containing cylinder. This method produces items 
as diverse as heavy walled steel pipe and blind-ended vessels. 

Die lubricants such as colloidal graphite are an essential 
part  of steel extrusion. 

In steel extrusion, particularly for shapes such as chan- 
nels and "H" sections, the structure of the product as ex- 
truded can exhibit some variation from start to finish, since 



Fig. 5.2--Stages in the upsetting of a 40-in. (lO00-mm) VAR alloy steel ingot. In the top 
picture the previously prepared tong hold is inserted in the bottom pot die, and in the 
lower picture, near the end of the upsetting operation the forging has attained the char- 
acteristic barrel shape. 

the first product to emerge will have been worked at an ap- 
preciably higher temperature compared to the end material 
as the steel cools in the extrusion chamber. 

The extrusion containers are frequently multiwalled al- 
loy steel forging assemblies that a r e  set up in the extrusion 
press, together with any necessary stems and mandrels, as 
shown in Fig. 2.11. 

Rotary Forging Machines 

Rotary forging machines, Fig. 5.7, are designed to produce 
bars quickly by passing a rotating heated billet under mul- 

tiple hammers  that beat the material, reducing the cross- 
sectional area and increasing the length. The hammers  are 
synchronized and work rapidly over a relatively short stroke. 
Figure 5.8 demonstrates a typical hammer  arrangement.  
Surface finishes are possible that closely rival good rolled 
finishes. These machines usually have numeric controls and 
can produce rectangular shapes. Hollow sections can be pro- 
duced also by forging over a mandrel: for example, 120-mm 
tank cannon tubes, tapered from breech to muzzle, can be 
produced in one operation from preforged and bored blanks 
using this type of equipment. Figure 5.9 illustrates the use 
of mandrels for hollow forgings. 



Fig. 5.3--Hot trepanning the upset forging removes the segregated 
central core, a preparatory step to forging over a mandrel to ex- 
pand the bore, or to reduce the wall thickness and increase the 
length of the forging. (Courtesy of The Japan Steel Works, Ltd.) 

Cold forging and swaging of automotive drive train com- 
ponents on rotary forging/swaging machines can produce 
some complex configurations, as shown in Fig. 5.10. 

Technical descriptions of the operation and use of radial 
forging machines have been presented at meetings of the In- 
ternational Forgemasters [5, 6]. 

Ring Rolling 

Ring-rolling machines are used to produce a variety of seam- 
less forged rings that can vary greatly in diameter, but are 
restricted in axial length. An upset forged disk blank is pre- 
pared by heating into the forging temperature range and is 
then punched in a press to produce a thick walled ring. This 
is then moved to the ring-rolling machine and placed be- 
tween the two powered roller dies. The gap between these 
dies is steadily reduced, pinching the blank and reducing the 
wall thickness as the ring passes between them. The axial 
length of the ring is constrained and the diameter increases 
as the wall thickness is reduced. Large ring-rolling machines 
are shown in Fig. 5.11. Following the ring-rolling operation 
the post forge treatment, as in the case of open die and 
closed die forgings, depends on the steel composition. 

Fig. 5.4--Once bored, the upset forging can be expanded on an 
open die press by forging between a special axially oriented top die 
and a mandrel bar that is rests on supports at each end of the forg- 
ing. The bottom press die does not come into play and is moved 
out of the way. The forging is rotated during this operation in 
which the axial length remains constant, but the diameter increases 
and the forging wall thickness is reduced. (Courtesy of The Japan 
Steel Works, Ltd.) 

Forging Reduction 

An important criterion for making forgings is the degree of 
hot working that goes into transforming the ingot material 
into the forged product. This is measured as a Reduction 
Ratio obtained by dividing the original ingot cross-sectional 
area by the maximum cross-sectional area of the forging. 
Expressed as a requirement, this can vary appreciably de- 
pending on the application, but a forging reduction ratio of 
3 : 1 is commonly used. In the case of a hot worked billet or 
bloom, a minimum reduction ratio of 2 : 1 is not uncommon; 
and particularly when making closed die forgings, this may 
be increased to 3 : 1 since parts of the finished forging may 
see very little further work in the final shaping operation. In 
making very long forgings, such as marine propeller shaft- 
ing, reduction ratios could well be as high as 20:1 because 
of the large size of the ingot required to make the part. While 
maximizing the properties in the axial (longitudinal) direc- 
tion, this degree of forging work tends to reduce the trans- 



Fig. 5.5--When the required bore diameter has been obtained by the procedures shown 
in Fig. 5.4, the forging length can be increased and the OD contoured as necessary by 
f i t t ing a water cooled tapered mandrel into the bore and forging between the normal 
transverse top die and a bottom Vee shaped die as illustrated. (Courtesy of The Japan Steel 
Works, Ltd.) 

Fig. 5.6--For large diameter relatively thin components such as tube sheets, the upsetting 
process is continued, increasing the diameter as the thickness decreases. The width be- 
tween the press columns is a l imiting factor in this, but with special equipment to enable 
the forging to be rotated and a reinforced top die the forging can continue outside of 
the press columns as shown. (Courtesy of The Japan Steel Works, Ltd.) 

verse ductility. Use of clean steel technology, however, will 
minimize this effect. 

Increasing the diameter of the forging stock can be 
achieved by upsetting it, and this is an essential stage in the 
manufacture of several critical forged components, such as 
turbine and generator rotors. The billet/bloom, or in some 
cases the starting ingot, is compressed, increasing its diam- 
eter and reducing the length. The degree of upsetting is 

based on the ratio of the starting length to the finished 
length; thus, when the length is reduced by half the upset 
ratio is said to be 2:1. This is the common aim for an up- 
setting operation. A ratio of about 3:1 is considered to be 
the practical limit for upsetting, since there is a tendency for 
a long column to buckle as it is compressed. Direct upsetting 
of ingots is generally restricted to ingot diameters of 30 in. 
(750 mm) or less, largely because of lack of central consoli- 



Fig. 5.7--Typical radial rotary forcling machine in operation, The 
feed stock could be as-cast billets, wrought bar, or bored 3erforms. 
(Courtesy American GFM Corporation) 

Fig. 5.10--Example of a small, hollow cold forged automotive com- 
ponent produced on a radial rotary forging machine and sectioned 
to show the internal configuration. (Courtesy American GFM Cor- 
poration) 

Fig. 5.8--Sketch of the hammer arrangement and drive zn a radial 
rotary forging machine. (Courtesy American GFM Corporation) 

dation. The more usual course is for the ingot to be forged 
axially (saddened) first to achieve a reduction of about 1.5- 
2 : 1. The forging is then tr immed to remove the hot top and 
bottom discards (thereby reducing the length) and is re- 
heated for the upsetting operation. Because of the buckling 
risk, it is important that the ends of the forging be as square 
as possible before starting the upset. Lengthening the bloom 
during the ingot saddening procedure means that larger di- 
ameter  stubby ingots are needed for items like tube sheets, 
rather than long slender ingots, in order to avoid buckling 
problems during upsetting. The available press power is an 
important factor in upsetting, since the resistance of the 
forging to compression obviously increases as the diameter  
increases. For this reason reserve power for heavy upsetting 
operations is sometimes built into the press. The available 

Fig. 5.9--Use of a rotating mandrel for hollow forging in a rotary forging machine. (Cour- 
tesy American GFM Corporation) 



Fig. 5.11--Examples of large ring rol l ing machines. The upper picture shows a mill capable 
of producing rings wi th  an OD up to 23 f t  (7 m). The radial power is 800 tons (725 t) and 
the axial power  500 tons (45 t). The lower picture taken from the control room of a 
modern ring rol l ing mill gives an impression of how such operations economize on man- 
power. In this example the maximum radial power  is 1000 tons (907 t) and the axial power  
is 500 tons (45 t). A tapered gear ring is being forged. (Courtesy SMS Eumuco Wagner 
Banning, Wit-ten, Germany) 



daylight,  tha t  is the m a x i m u m  opening  between the dies, is 
also ano the r  fac tor  in the  upset t ing  capabili ty.  Fo r  a large 
piece tha t  approaches  the  l imits  of the press,  when the upse t  
is par t ia l ly  comple ted  it is somet imes  necessary  to resor t  to 
a "knifing opera t ion"  to finish it. In  this the large c i rcu la r  top 
upse t t ing  die plate  is r emoved  and  the no rma l  r ec tangu la r  
die is used to forge across  the top of  the upset  cy l inder  and  
gradual ly  increase  the  upset .  Ideally, the comple ted  upse t  
b lank  should  have a dis t inct  barre l  shape.  

Fo r  hol low cyl indr ical  forgings o r  large rings,  a hot  tre- 
pann ing  o r  punch ing  opera t ion  would  follow the upset,  and  
this may  be done  wi thout  the  need for an  in te rmedia te  re- 
hea t ing  opera t ion .  For  a sol id forging such as a rotor, a tong 
hold  would  be necessary  to facil i tate d rawing  the forging 
back  to size and  forming  any necessary journals .  In  this  case 
the tong hold general ly  is made  before  the upset ,  and  it is 
a c c o m m o d a t e d  in a top  o r  b o t t o m  pot  die  dur ing  the upset ,  
as  shown in Fig. 5.2. 

The upse t t ing  opera t ion ,  by increas ing  the diameter ,  en- 
ables  a h igher  longi tudina l  reduc t ion  ra t io  to be ob ta ined  
than  would  have been the case from the or iginal  ingot  o r  
billet.  

Fo r  disk shaped  forgings, such as  tu rb ine  wheels  o r  tube  
sheets,  the  upse t t ing  opera t ion  is con t inued  to ob ta in  the  

requi red  d iamete r  and  thickness.  This is somet imes  referred 
to as pancaking.  In Fig. 5.6 this  final s tage is shown being 
done outs ide  of the press  columns.  

Unless the or iginal  stock, be it ingot  o r  billet,  has  re- 
ceived sufficient axial working (saddening)  before  upset t ing,  
centra l  looseness  or  voids may  make  the forging unaccept -  
able  unless  a s izeable bore  is a par t  of  the design. 
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Heating for Forging 
FORGING CREWS SOMETIMES SEEM TO WORK 
according to the "Hotter is Better" maxim, possibly because 
the steel may appear to move more easily, and the reduction 
in forging time can lead to greater financial rewards; how- 
ever, as explained here the choice of forging temperature 
must  be approached carefully. 

A vitally important stage prior to forging is heating the 
ingot, bloom, or billet to forging temperature. The appro- 
priate forging temperature will vary somewhat, depending 
on the type of steel involved and the hot working that has to 
be done. By definition, hot working is started above the re- 
crystallization temperature for the steel, and it is desirable 
to finish hot working close to this temperature. For most 
steels, the power needed for hot working a given section size 
decreases with increasing temperature. Time taken to do the 
forging work can be reduced also when the work is heated 
to higher temperatures. There is an upper limit, of course, 
to the forging temperature that can be used before serious 
and even permanent  damage is done to the material. This 
begins as excessive grain growth and then as incipient grain 
boundary melting and oxidation. Care, therefore, must  be 
exercised not only in specifying the forging temperature, but 
also in the design, maintenance, and use of the heating 
equipment. This subject is dealt with in more detail in Chap- 
ter 13. 

Heat to Forge Furnaces 

Forge heating furnaces are frequently natural gas fired, car 
bottom batch furnaces, operating under a slight positive 
pressure, and designed to avoid flame impingement on the 
work pieces. This may be accomplished with burners ar- 
ranged along the side walls, such that one row fires under 
the furnace charge--accomplished by the use of transverse 
bolsters laid across the car bot tom--while  on the opposite 
wall the burners fire over the charge. This arrangement pro- 
vides for circulation of the combustion gases. The furnace 
temperature is controlled by dividing the working space into 
horizontal zones, each of which is fitted with control and 
check thermocouples that are set close to the top of the fur- 
nace charge. The control thermocouples regulate the heat 
input from the burners assigned to them, and the check ther- 
mocouples provide back up information, useful in diagnos- 
ing problems. 

The zone temperatures are recorded on a chart. Com- 
puterized controls are available to cover the ramp up to the 
forging temperature, as well as the soak time at temperature. 
Good housekeeping is important to avoid excessive scale 
build up on the furnace car that could interfere with gas 
circulation within the furnace. Generally, several forge heat- 
ing furnaces are required to permit  the loading of ingots 
freshly stripped from the ingot molds into a relatively cool 
furnace before being brought up to forging heat, while other 
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ingots are being forged and still others are in the heating 
process. This is necessary to allow for efficient use of the 
forging equipment. The use of mineral wool insulation pads 
rather than fireclay bricks for furnace insulation does enable 
more rapid cool down on completion of a forging run. The 
furnace car is moved out of the furnace so that the ingots 
can be removed by means of tongs operated from a crane, 
or by a mobile manipulator, and taken to the press for work- 
ing. Overloading the furnace frequently leads to uneven tem- 
perature distribution and may sometimes be the cause of 
localized flame impingement. 

Batch furnaces with stationary hearths can be used for 
forge heating. However, removing the ingots from these re- 
quires the use of a manipulator, or  a porter bar  through the 
furnace door. 

For some forging operations, such as preparing a slab- 
forged crankshaft for twisting, heating is done in temporary 
gas fired furnaces built around the area to be heated. Tem- 
perature control is much more difficult in these situations, 
but very high temperatures may not be required if the 
amount  of work to be done is slight. This type of heating is 
sometimes used for forge repairs. 

The need to supply properly heated stock to the forging 
equipment in a timely manner  is of great importance to the 
economic running of a forging operation. This need has 
spurred the development of continuous furnaces, such as the 
rotary hearth units, especially for smaller closed die opera- 
tions. 

While enough time has to be allowed at forging temper- 
ature for the temperature in the ingot or billet to equalize 
through the section (this also permits some coring or seg- 
regation effects from solidification to equalize also), it must  
be remembered that grain growth is occurring as well, to- 
gether with decarburization and scaling. Fifteen to 30 
minutes per inch of ingot or billet cross section is generally 
regarded as adequate for this purpose. Holding work at forg- 
ing temperature for excessive times, perhaps because of 
equipment or scheduling problems, must be discouraged. In 
such situations, the furnace temperature should be reduced 
within the austenitic range, until it is possible to proceed 
with forging. 

In some steel mill operations, when rolled bar and strip 
are the principal products, heating for hot working is done 
in some type of soaking pit. While, no doubt, some soaking 
pit designs are capable of good temperature control, some 
are little more than top loaded refractory lined chambers  
fitted with a single large burner placed in one wall, set so as 
to fire over the top of the charge. The flue is set lower, in the 
same wall as the burner, and a thermocouple is set beneath 
the burner. Temperature control of the charge in such facil- 
ities is tenuous at best, and uniform heating can be dubious. 
They are not recommended for forging applications. 
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Because forging furnaces operate at high temperatures, 
a great deal of waste heat is involved. Considering flue gas 
outlet temperatures in the range of 2100~ to 2350~ (1150~ 
to 1290~ and the cost of natural gas, heat recovery by 
means of recuperative burners or waste heat boilers is an 
economic option. 

Reheating 

It is not uncommon for a partially completed forging to be 
reheated before proceeding to the next step. For example, 
when upsetting is required, the ingot may first be heated to 
2200~ (1200~ for the initial saddening, then reheated to 
2350~ (1290~ for upsetting, and then to 2150~ (1180~ 
for finishing. The temperatures chosen should be considered 
with care, remembering to avoid possible overheating at the 
higher temperatures, and choosing the final temperature 
with a view to finishing the forging at a low temperature, in 
most  cases appreciably lower than 1700~ (925~ to avoid 
having an excessively coarse grain size. 

Sometimes, a forging has to be reheated for completion, 
but is now too long to fit in a furnace. Heating the unfinished 
end of the forging in this circumstance must be approached 
gingerly, to avoid the onset of problems such as flake in the 
finished part, which should be insulated to control cooling 
until the forging can be completed. The use of vacuum de- 
gassed steel does help to minimize the risks in such a cir- 
cumstance. 

Planning of the forging steps is also important to avoid 
a situation where a reheat is necessary to complete only one 
part  of the forging, such as a journal of a rotor, since this 
would mean reheating the whole forging, most of which 
would see no further hot working. Grain coarsening from 
this circumstance might be difficult to correct. 

Induction Heating 

For many repetitive forging operations, particularly those in- 
volving closed die forging, induction heating is an attractive 

option for the heat to forge part of the cycle. Induction heat- 
ing is clean and fast, the equipment is compact, and the sys- 
tem is well suited to automated material handling systems. 
The induction heating furnace includes a water cooled cop- 
per coil sized to suit the billet being heated--one of the dis- 
advantages of the method is that a given coil can only accept 
a billet cross section within fairly closely defined size limits, 
and the billet cannot be allowed to touch the coil. Low fre- 
quency power sources are used for forge heating applica- 
tions, as opposed to high frequency units used for surface 
hardening operations. 

Resistance heating results from the currents generated 
in the workpiece by the induction coil, and the temperature 
rise is rapid in the outer fibers of the material. The depth of 
heating in the workpiece from electrical resistance is limited 
to about 2 in. (50 mm), and the deeper-seated material to- 
wards the center is heated by conduction. Therefore, time 
for this to happen in the thicker billets must be allowed, but 
it has to be remembered that the temperature of the outside 
of the part  will continue to rise as long as current flows in 
the coil. For sections over about 4 in. (100 mm) in diameter, 
therefore, a soak period with little or  no power applied may 
have to be allocated. The importance of temperature conlrol 
in induction heating cannot be overstated. The temperature 
reached in the billet is a function of the billet size and the 
electrical power input in terms of kilowatts. The temperature 
of the billet entering the furnace must be taken into account 
also, since this will affect the final temperature after a given 
power input. 

Temperature measurement  is generally done using an 
optical pyrometer  system, such as Ircon tubes; however, 
these must be positioned to read the surface temperature in 
the furnace, or immediately after the piece leaves it, in order 
to minimize the effects of scaling. Surface scale tends to cool 
rapidly and can give misleading indications of low temper- 
atures. While billet overheating is the major risk associated 
with induction heating, problems such as not filling the dies 
properly or internal bursts may be encountered through not 
allowing time for heat transfer through the section by con- 
duction. 
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Post Forge Practices 
O N C E  F O R G I N G  IS COMPLETE,  T H E  Q U E S T I O N  OF 
handling the part must be considered. Generally, except for 
the austenitic stainless steels, before the part is allowed to 
cool and transform, several factors have to be taken into ac- 
count. These include the type of steel used, whether or not 
vacuum degassing was employed in making it, the size of the 
forging, and the type of post forge heat treatment, if any that 
the part will be given. 

Austenitic stainless steel forgings are generally permit- 
ted to cool in air after completion of forging, unless they are 
small enough for a direct solution-annealing quench from 
the forging temperature. However, this implies a high finish- 
ing temperature, since the required solution treatment tem- 
perature will be upwards of 1900~ (1040~ Some product 
specifications will permit this practice, provided that the fin- 
ishing temperature for forging was higher than the mini- 
mum solution treatment temperature for the grade of steel 
involved. This saves the expense of a separate solution an- 
nealing treatment downstream in the manufacturing se- 
quence.  The specification requirements in this regard must 
be watched, however, since some do not allow the practice 
at all and some prohibit it for grades intended for use at 
elevated temperatures such as the "H" grades. This is espe- 
cially true for forgings that will be used under the ASME 
Boiler and Pressure Vessel Code. 

The ferritic forgings must be permitted to transform on 
cooling after forging, but there are dangers in doing this. 
Bearing in mind that flake can only occur after an incubation 
period following the austenite transformation, it follows that 
the post forge cycle must allow this transformation to occur 
safely. Prior to the introduction of vacuum degassing, this 
often involved controlled cooling of the forging below the 
lower critical temperature, perhaps in a furnace, under an 
insulated hood or under a refractory insulating medium. 
This was then followed by an extended subcritical heat treat- 
ment cycle designed to facilitate the diffusion of hydrogen 
from within the part. This cycle was frequently very long, 
running for many hours per inch of cross-sectional area, so 
that for a large forging in a nickel-chromium-molybdenum 
alloy steel such as SAE 4340, about two weeks could elapse 
before the forging would be ready for further processing. 
Sometimes the cycle would involve reaustenitizing the forg- 
ing to refine the microstructure before embarking on the 
subcritical part of the cycle. 

Vacuum degassing of the steel significantly simplifies the 
post forge handling by reducing the risk of flake, and for 
many grades it is possible to forego the flake heat treatment 
cycle and simply cool in still air and proceed with the rest 
of the processing. Since flake can affect carbon as well as 
alloy steels, this was a very significant improvement. How- 
ever, vigilance must be maintained on the vacuum degassing 
operation during steel making, ensuring that only minimal 
ladle additions are made after vacuum degassing, for ex- 

34 

ample, and that the degassing equipment is properly main- 
rained. It should be noted, however, that unless the forge 
facility has its own melt shop, the condition of the suppliers 
vacuum degassing equipment and their practices may not be 
known. 

For some vacuum degassed alloy steel forgings, cooling 
in still air on completion of forging has been found to be 
successfial. The 2.25 % Chromium--1% Molybdenum alloy 
known as F22 in the ASTM Specifications A 182/A 182M 
Forged or Rolled Alloy Steel Pipe Flanges, Forged Fitting and 
Valves and Parts for High Temperature Service, and A 336/ 
A336M Alloy Steel Forgings for Pressure and High Temper- 
ature Parts, is a good example. If cooled slowly, or annealed, 
this material tends to have poor machinability, being de- 
scribed as "gummy," but if cooled after forging in still air the 
machining response is very much improved. A common alloy 
steel, SAE 4130 is also amenable to air-cooling after forging. 

For steels of higher hardenability, such as those of the 
nickel-chromium-molybdenum type, simple air cooling after 
forging is generally unsatisfactory, for several reasons: 

1. Depending on the shape of the forging, especially when 
section sizes vary widely, the transformation products 
may vary considerably from one part of the forging to 
another. At the least, this may only adversely affect ma- 
chining. 

2. Depending on the forging section size, composition, and 
the delay before further processing, it is possible that 
cracking may occur during heating for subsequent qual- 
ity heat treatment. 

3. Depending on the section size, vacuum degassing effi- 
ciency, and particnlarly composition, the risk of flake 
damage. 

As previously mentioned, before the advent of vacuum 
degassing, post forge flake prevention cycles were essential 
for essentially all ferritic steel forgings, both carbon and al- 
loy. These were long in terms of furnace time, and usually 
included a normalizing stage for grain refinement. For vac- 
uum degassed steels, the carbon and many of the low alloy 
grades do not require flake prevention cycles and, as was 
mentioned for Grade F22, may have acceptable machina- 
bility without the need for a post forge heat treatment cycle. 
For the higher hardenability alloy steels, a post forge 
heat treatment cycle is desirable to improve machinability 
through tempering of the transformation products, and to 
offset flake damage. Frequently, a subcrifical annealing cycle 
typically at 1250~ (675~ is adequate for this purpose. 

Of particular note, precipitation hardening copper bear- 
ing low alloy steels included in Specifications A 707/A 707M, 
Forged Carbon and Alloy Steel Flanges for Low Temperature 
Service as Grade L5, and A 859/A 859M, Age Hardening Al- 
loy Steel Forgings for Pressure Vessel Components as Grades 
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A and B, have been found to be particularly prone to flake 
damage, even when the heats were degassed under high vac- 
uum conditions. For these materials a flake prevention cycle 
after forging is essential, but the subcritical anneal approach 
has been found to be acceptable. 

Several different approaches have been used to deal with 
post forge cooling. Some of these rely on retarding the cool- 
ing rate after forging. This has been done by piling forgings 
in a heap and covering them with a refractory lined hood to 
cool slowly over a number  of days. Sometimes an auxiliary 
burner is provided in the hood to further slow the cooling 
process. In other cases, forgings are buried in an insulating 
medium such as granulated blast furnace slag, and again left 
to cool slowly over several days. Although such systems can 
and do work, care has to be exercised, particularly for the 
sensitive grades, to make certain that the operating guide- 
lines, often developed by trial and error over a considerable 
time, are not violated. 

A class of materials known as Micro Alloyed Steels is 
used for small forgings, particularly in the automotive field, 
and these develop the required mechanical properties during 
the post forge cooling period. These will be discussed further 

in Chapter 9 on heat treatment and also in the review of 
Specification A 909, Steel Forgings, Microalloy, for General 
Industrial Use. 

Aside from guarding against hydrogen related problems, 
another  function of post forge heat treatment is to prepare 
the material for subsequent machining operations by reduc- 
ing hardness and, if necessary, provide a spheroidized mi- 
crostructure to help both machining and later heat treat- 
ment. 

In summary, the post forge stage in the manufacture of 
steel forgings must be carefully considered with regard to 
maintaining integrity and in preparation for further process- 
ing. The cost benefits in the use of steel forgings, other than 
those involving ASTM Specification A 909, in the as forged 
condition rather than after a quality heat treatment, need to 
be carefully weighed against the risks. Particularly in the 
larger section sizes, perhaps of the order of 6 in. (150 ram) 
or greater, the as forged structure may be quite coarse de- 
pending on the forging finishing temperature. While tensile 
strength may not be adversely affected, ductility and tough- 
ness may have suffered, so that anticipated "typical" prop- 
erties may be absent. 
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Machining 
FOR MOST APPLICATIONS, EVEN CLOSED DIE 
forgings will require some machining. Machining of open die 
forgings is expected to be more extensive, and can involve 
almost all of the operations to be found in a modern ma- 
chine shop. Machining, apart  from bringing the forging to 
the required dimensions, also removes surface scale and im- 
perfections as well as the decarburized skin. Depending on 
the application, some closed die forgings may be acceptable 
for use simply after scale removal, as for example, by shot 
blasting. The decarburized surface, however, remains in this 
case, and will offer reduced fatigue strength. Examples of 
the use of die-forged components with at least some as- 
forged surfaces include some automotive suspension parts 
and some piping fittings. Good examples of combined as- 
forged and machined surfaces are the closed die forged or 
continuous grain flow crankshafts used in automotive, lo- 
comotive, marine, and aero applications. In these applica- 
tions, the areas that see low operating stresses in service--  
such as the webs--are  left in the descaled, as forged 
condition, while the highly stressed main bearing and crank- 
pin journals are machined to close tolerances and high sur- 
face finishes. In this example, variations in section size, and 
therefore mass in the as forged locations, caused by forging 
tolerances, are countered by dynamic balancing of the fin- 
ished crankshaft. 

Depending on the manufacturing philosophy of the forg- 
ing producer, the amount  of excess stock on an open die 
forging will depend to some extent on the amount  of t ime 
and the number  of tooling changes taken at the press to 
make the forging, and the cost and efficiency of the machine 
shop in roughing off most of the excess stock. Another re- 
lated factor in this is how much of the work in making a 
hollow product, like a pressure vessel shell, is done at the 
press in making a hollow forging, as opposed to making a 
solid forging and machining the bore. Undoubtedly, in terms 
of the hot forging work done, the hollow forging far exceeds 
the solid forging that is subsequently bored. This is because 
of the sheer magnitude and number  of the forging opera- 
tions required to make a large hollow forging. As previously 
explained, these include: 

Operation 
Prepare ingot for upset 
and sadden 
Upset 
Hot Trepan 
Expand the bore 

Draw length to size and 
reduce wall thickness 

Forging Work 
About 1.5 : 1 

50 % 
Remove ingot core 
Trepan bore size versus 
Mandrel diameter 
(Wall thickness reduced by 50 % 
is often a requirement) 

For the solid forging, the work could include ingot sad- 
dening, upsetting, and drawing back to the required outside 
diameter. The need to upset forge would depend on the re- 
quired ingot diameter relative to the required forging di- 
ameter  to assure a forging ratio of at least 3 : 1. Another fac- 
tor that has to be taken into account is that the weight of 
the solid forging must fall within the capabilities of both the 
melt and forge shops, as well as the machine shop. 

After completion of forging, and usually before the post 
forge cooling and heat treatment cycles are begun, it is usual 
practice to remove the forging discard material. For a hollow 
forging, and often when an upsetting operation is to be used, 
some of the ingot discard is taken during ingot preparation. 
For example, the bottom discard including the ingot plug or 
stool if used could be removed by flame cutting before up- 
setting. Similarly the hot top, if not required as a tong hold, 
as is the case for hollow forging, could be removed before 
upsetting and hot trepanning. In the case of a solid forging, 
the tong hold and any remaining bottom discard would be 
removed by flame cutting very soon after completion of forg- 
ing, so that the remaining heat in the piece is used to ad- 
vantage. 

For both solid and hollow open die forgings, the first 
operation is to lay out the forging to locate centering marks 
and ensure that the required major dimensions can be met. 
For large hollow forgings it is often necessary to fit a spider 
into the bore to provide centers for turning the outside di- 
ameter  (OD). Initial turning operations involve the use of 
high horsepower lathes and carbide tooling without coolant 
to hog off excess stock, not to mention heavy surface scale. 
Large circular carbide tipped saws and bandsaws as shown 
in Fig. 8.1 are frequently used to cut forgings to length or to 
separate multiple forgings. 

Boring forging is a highly specialized procedure for 
many industrial and defense related applications. Fre- 
quently, this is done on very long pieces of the order of 40 
ft (12 m) or more in length, and involves the use of special- 
ized boring lathes. Boring can be done in two ways, by re- 
moving the material entirely as chips or swarf, an operation 
sometimes known as spade drilling, or by trepanning a core 
from the piece, a typical cutter being shown in Fig. 2.6, and 
then opening the bore to the required size by additional bor- 
ing cuts using special hognose boring heads, so called be- 
cause of their shape. These heads are often made from hard- 
woods mounted on a steel mandrel and are designed to 
support and align the cutters. In both systems again carbide 
tooling heads are used. The choice of system is one of eco- 
nomics. For blind bores trepanning is possible, but requires 
that the end of the core be notched by the use of special 
trepanning head cutters, and this limits the bore sizes that 
can be made in this way. For through bores in long pieces 
trepanning is efficient and can be used over a wide range in 
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Fig. g.l--Large bandsaw used during rough machining operations on forgings. 

bore sizes from about 5 in. (125 ram) to over 30 in. (750 
mm). Depending on the type of steel used there can be a 
significant economic value to the core bar removed during 
machining beyond its worth as heavy scrap. 

Bore finishing operations intended to impart  final di- 
mensions and surface finishes are often done using rotary 
hones; however, these operations would be delayed until af- 
ter heat treatment. Straightness in long bored forgings es- 
pecially after heat treatment can be a problem, and bending 
under a straightening press or localized mechanical peening 
can be done to correct unacceptable bowing. 

Machining of large disk shaped forgings is usually done 
in vertical boring mills, and specialized machines of this type 
are used also for surface contouring and short boring oper- 
ations that might be associated with making pump blocks, 
or integral nozzles in forged vessel shells. This type of com- 
bined component  reached astonishing heights with the pro- 
duction of forged nuclear reactor pressure vessel heads and 
sections with integrally forged nozzle belts, as shown in Fig. 
2.2, that were welded to forged shells by circumferential 
seams only. This eliminated weld joints that are difficult to 
examine under in-service inspection rules. Rules of this de- 
scription have engendered other forging designs ideally 
suited to open die forgings. Examples, again associated with 
nuclear power plants, are the containment penetrations, Fig. 
2.10, for main steam, water, and instrument lines. Where 
these pass through the concrete shielding walls, the process 
pipes are kept away from the concrete by the use of guard 
pipes that are concentric with the process pipe, providing an 
annular space for insulation. This guard pipe is attached to 
the process pipe, and to avoid a fabrication with many  welds, 
and to assure that any circumferential welds are located 
clear of the concrete of the containment system, forged pipe 
sections, up to 40 ft (12 m) in length, were produced with 
an integral guard pipe head at one end. Some of these were 
produced as solid forgings subsequently bored and heat 
treated, and some were produced from back extruded steel 
pipe forgings with the integral guard pipe head section spun 

from excess stock left at one end. Consultation with the forg- 
ing manufacturers is essential for this type of innovative de- 
sign procedure to work. 

Although lathes, milling machines and vertical boring 
mills are commonly used in machining forgings, the larger 
pieces often require custom designed machines to accom- 
modate their size and particular machining needs. Figure 8.2 
shows a marine steam turbine rotor forging in a large lathe, 
and demonstrates the substantial supports that are necessary 
in operations such as gashing the rotor body between adja- 
cent wheels. 

Grinding 

Surface grinding can play an important part  in the finish 
machining of forgings, particularly when dealing with loca- 
tions obtained after surface hardening by carburizing, ni- 
triding, or flame or induction hardening. In the hardened 
condition such finishes are extremely difficult or impossible 
to machine with conventional tooling, and grinding is a cost- 
effective method of achieving dimensional requirements 
and high degrees of surface finish. The drawback is the real 
risk of locally overheating the surface and inducing surface 
cracks. These tend to be oriented at right angles to the di- 
rection of travel of the grinding head, and often appear as a 
circumferential or longitudinal track. The cracks are typi- 
cally short, straight, and with forked ends. They frequendy 
will not be visible to the eye, requiring magnetic particle or 
liquid penetrant examination to reveal them. The cracking 
mechanism begins with local heating during contact with 
the grinding wheel producing skin temperatures high 
enough to locally austenitize the mater ial-- temperatures  of 
the order of at least 1500~ (815~ by immediate 
quenching by heat conduction to the underlying base ma- 
terial, aided by the presence of the grinding coolant. The root 
causes of this problem are inadequate dressing of the grind- 
ing wheel such that it does not cut the surface properly, or 
accidentally using excessive feed, but both of these are re- 



Fig. 8.2--A large steam turbine rotor forging in a lathe used for turning the rotor journals 
and gashing the blade wheels. Some idea of size can be gained from the size of the 
mechanical test core holes in the end of the shaft portion. The test cores themselves are 
about 1 inch (25 mm) in diameter and the holes left by the trepanning tool are over 13/4 
in. (45 mm) in diameter. Lathes of this type have high kWh power ratings. (Courtesy of 
EIIwood National Forge Company) 

lated in that excessive heat is generated at the working sur- 
face, despite the apparent copious supply of coolant. White 
(untempered) martensite forms in the heated and quenched 
area and with it localized cracking. This type of defect is 
unacceptable for most applications, and is especially deadly 
for any that involve cyclical loading. Since the component  is 
at finished size when these defects form, recovery is fre- 
quently impossible. This type of cracking is similar to the 
heat checking that is associated with bearing seizures and is 
shown in Fig. 11.3. 

Fear of grinding cracks should not make the manufac- 
turer shun the use of surface grinding; rather, the problem 
should be recognized and work procedures written and fol- 
lowed to assure that they are most unlikely to occur. In pass- 
ing, it should be noted that the use of poor quality grinding 
media, and particularly the use of substandard diamonds for 
dressing the grinding wheels, should be avoided. This is 
mentioned because those responsible for obtaining these 
materials may not be aware of their importance. 

Mention is made here of highly specialized grinding sys- 
tems known as Creep, or Creep Feed Grinding, whereby very 
heavy grinding cuts can be made on hardened surfaces with- 

out causing cracking or softening. Part of this technology 
involves the use of grinding wheels that permit a high vol- 
ume flow of coolant within the wheel itself, as opposed to 
only flooding the wheel surface and the surrounding work 
piece. The longitudinal flute forms in the corrugating rolls 
used to make corrugated paper board can be produced by 
this process in one or two grinding passes. 

Because very little stock needs to be removed from a 
nitrided surface, quite often this surface hardening operation 
is done after grinding, and only very light surface finishing 
work is done afterwards to remove the white layer and shine 
the surface. However, even this operation must be ap- 
proached with care. A situation was encountered during the 
failure analysis of a nitrided crankshaft in SAE 4130 mate- 
rial. The multiple origin fatigue failure was traced to grind- 
ing cracks in a nitrided main bearing thrust face located on 
the web just above the main bearing fillet. It was later found 
that the thrust face had been ground using a dulled grinding 
media, and that the resulting fine grinding cracks were not 
detected during final magnetic particle examination, possi- 
bly because of their radial orientation. 

Before leaving the subject of machining some mention 
should be made of machinability. This is a complex subject 



in its own right, and is only mentioned here in terms of some 
of the effects that the forging material itself lends to the sub- 
ject. It is well known that some nonmetallic inclusions assist 
in improving machinability by acting as chip breakers, and 
some globular inclusions produced by inclusion shape con- 
trol are claimed to assist both as chip breakers and in pro- 
viding some lubricity to the cutting tool. The use of man- 
ganese sulfide as a means to improve machinability is 
common, particularly for some automatic lathe operations. 
Free-machining steels, such as the 11xx series in Specifi- 
cation A 29/A 29M, "Steel Bars, Carbon and Alloy, Hot 
Wrought and Cold Finished, General Requirements for," are 
deliberately resulfurized (0.08-0.13 % S for example) during 
steel making, and the steels for some bar materials are 
leaded (0.15-0.35 % Pb) for this purpose. These materials 

generally have inferior mechanical properties to the non 
free-machining grades, and also for the leaded steels lead 
fume could pose a serious health risk for fabrication by 
welding. For the high sulfur or selenium steels inclusion 
shape control by means of calcium or mischmetals can help 
in maintaining ductility, the improvement being most 
marked when the inclusions are small and widely distributed 
[ 1 ]. It should be remembered always that the advantages of 
free-machining materials are left in the chip box or on the 
machine shop floor. 
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Heat Treatment 
THE PUBLISHED ISOTHERMAL TRANSFORMATION 
and continuous cooling transformation diagrams for the 
standard steel grades are extremely useful in understanding 
the capabilities of these materials, and should be considered 
in conjunction with the published hardenability data, such 
as that included in ASTM Specification A 914/A 914M, Steel 
Bars Subject to Restricted End-Quench Hardenability Re- 
quirements, when setting up a heat treatment cycle. The em- 
phasis in this chapter is on techniques and equipment. 

Annealing 

Unless otherwise prefaced, the term Annealing applies to the 
slow furnace cooling of ferritic steels from the austenitic 
temperature range to below the lower critical temperature 
Arj. Although this is sometimes referred to as Full Annealing, 
if the forging specification or order calls for annealing, then 
this heat treatment is required. It should be noted that the 
benefits of annealing are only obtained if the treatment is 
applied after the forging has been allowed to cool and trans- 
form after completion of the forging work. Simply slow cool- 
ing after finishing forging will offer some protection from 
defects such as flake, but will do nothing to refine the mi- 
crostructure or even out structure differences throughout the 
forging. Annealing applied after the forging has transformed 
will permit structure refinement, significantly reduce resid- 
ual stresses, and improve machinability. 

As an extension of the post forge heat treatment, Spher- 
oidizing Anneals are used, as the name suggests, to spheroid- 
ize the carbides to markedly improve machinability, partic- 
ularly for the high carbon grades such as those used for ball 
and roller bearing applications. These treatments tend to be 
long and are, therefore, expensive in terms of furnace time. 
The spheroidizing effect is achieved by holding the material 
just under the lower critical temperature for the grade. 
Sometimes cycling the part  just above and then just below 
this temperature assists in this goal and reduces the holding 
time. The degree of spheroidization is measured by micro- 
structure evaluation. Spheroidizing also assists in subse- 
quent heat treatment by enabling more complete carbide so- 
lution when the steel is austenitized. 

The third annealing variant is Subcritical Annealing. This 
was referred to under post forge handling, and involves heat- 
ing the forging to a temperature below the lower critical tem- 
perature, followed by air or furnace cooling. This is similar 
to a tempering or stress relieving operation, but the hold 
time at temperature may be extended, particularly if hydro- 
gen diffusion is sought. 

For the austenitic materials, a solution treatment is usu- 
ally called for and this is frequently referred to as a Solution 
Annealing treatment, and is followed by water quenching or 
some equivalent rapid cooling procedure. A requirement for 
most austenitic steel forging specifications, this cycle is 
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sometimes permitted in the form of quenching or rapid cool- 
ing from the forge finishing temperature. To be effective this 
procedure sometimes referred to as In Process Annealing ob- 
viously needs the quench or cooling facilities to be close to 
the press. For large forgings this approach is not practical. 

Micro-Alloyed Forgings 

In contrast to many rolled bar, plate, strip, and tubular fer- 
ritic steel products that are frequently used in the as hot 
worked condition, most forgings are expected to be heat 
treated before use. Exceptions to this are the micro alloyed 
forging materials where the intent is that control of the cool- 
ing rate after forging is sufficient to develop the required 
mechanical properties. This demands close control on the 
forging parameters in terms of forging temperature, hot 
working, and finishing temperature. The cost of a heat treat- 
ment cycle is, therefore, avoided. It will be apparent that for 
this to work on a consistent and reliable basis that a repet- 
itive programmed operation is required, as would be the case 
for the large-scale production of essentially identical closed 
die forgings. There are significant size limitations for this 
type of forging. The micro-alloyed forging steels are mainly 
carbon manganese steels with vanadium, niobium (colum- 
bium), molybdenum, and or titanium in small amounts,  
each less than 0.30 %. Minimum yield strengths up to 100 
ksi (690 MPa) are possible in these steels. Microstructure 
requirements can be used as an additional quality assurance 
tool. Many forgings of this type are used in automotive ap- 
plications, and ASTM Specification A 909, "Steel Forgings, 
Microalloy for General Industrial Use," can be used for forg- 
ing procurement purposes. A forging procedure is advisable 
when ordering this type of forging. 

Carbon and Alloy Steel Forgings 

Except for very small forgings weighing a few pounds or 
kilograms, typical perhaps of the micro-alloyed type, for the 
most part the use of nonheat treated forgings can have 
serious drawbacks, not the least of which is lack of uniform- 
ity. This risk increases with the forging size. Brittle fracture 
in service has been associated with forgings that had not 
received a full reaustenitizing heat treatment following post 
forge transformation. The forging finishing temperature in- 
fluences the microstructure that will form on cooling, and in 
a large forging the temperature at which hot working ends 
can vary significantly throughout the piece. It follows then 
that even when forgings are not required to be heat treated 
that serious thought should be given to applying heat treat- 
ment  none the less, since this can accomplish grain refine- 
ment and aid in equalizing the effects of  variations in the 
forging finishing temperature. 
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Normalizing is the simplest of the suitable heat treat- 
ment procedures that can be used for this purpose and con- 
sists of heating the material into the austenitic range, hold- 
ing or soaking at temperature long enough to permit the full 
cross section to come up to temperature, followed by cooling 
in still air to ambient temperature. The effect is to refine 
markedly the microstructure, and this probably accounts for 
the name of the term. The temperature used for this opera- 
tion depends largely on the carbon content of the steel but 
often could be 1650~ (900~ In situations where the ma- 
terial is austenitized twice as in a Double Normalize and Tem- 
per cycle, or preparatory to a Quench and Temper cycle, the 
temperature for the initial normalizing is sometimes raised 
to 1700/1750~ (925/955~ to help take carbides into so- 
lution. The choice of austenitizing temperature is a compro- 
mise between efficiently taking carbides into solution and 
avoiding grain growth. Time at temperature is often mea- 
sured after the furnace thermocouples come up to temper- 
ature, and a frequently used yardstick for this is to allow 1 
h/1 in. (25 mm) of maximum section thickness. If thermo- 
couples that actually contact the piece are used, then this 
time span can be reduced, but not below 30 min/in. (25 mm) 
of maximum section thickness. Although by definition cool- 
ing for a normalizing cycle is done in still air, fans are often 
used to speed the cooling, particularly if the forging exhibits 
very marked section changes, as in the case of a large di- 
ameter  roll with integral arms or trunnions when fans might 
be directed onto the roll body section. 

Tempering, that is heating the forging to a temperature 
lower than the lower critical temperature, is often used after 
normalizing, particularly for the higher carbon grades. This 
tends to reduce the hardness attained after normalizing and 
reduces any residual transformation stresses. However, for 
plain low to medium carbon steels (carbon up to about 0.50 
%), especially in section sizes over about 4 in. (I00 mm), 
tempering will show little noticeable effect on the tensile 
properties, unless the normalizing cycle has given rise to a 
bainitic microstructure. 

Rapid cooling from the austenitizing temperature is 
used to develop bainitic or martensitic microstructures, and 
this type of heat treatment is used to develop the opt imum 
strength and toughness properties in both carbon and low 
alloy steels. The cycle consists of an austenitizing stage, fol- 
lowed promptly by rapid cooling, usually by liquid quench- 
ing, although in a few cases forced air or forced air with 
water misting is used. Following this rapid transformation, 
the forging is given a subcritical tempering cycle. This heat 
treatment is usually referred to simply as a Quench and Tem- 
per cycle. As in the case of normalizing, the choice of aus- 
tenitizing temperature for the quench and temper depends 
on the steel composition, or more particularly on the carbon 
content, but for the common low alloy steels such as Grades 
4140 or 4340 of Specification ASTM A 29/A 29M, a common 
temperature would be 1550~ (845~ and if a preliminary 
normalizing cycle were to be used this would be done at 
1650~ (900~ 

Although not always necessary, particularly when a well- 
developed forging procedure enables a low finishing temper- 
ature to be achieved on a consistent basis, the preliminary 
normalizing cycle is a most useful preparatory step to aus- 
tenitizing for quenching. This is particularly true for a bored 
or hollow cylindrical forging, when the initial normalize has 
been found to significantly reduce the risk of quench crack- 

ing. This becomes particularly important with higher alloy 
grades with carbon contents over 0.35 %. 

Variations exist on the theme of these basic heat treat- 
ment cycles used in order to extract (sometimes coax is a 
better word) the required properties from a particular ma- 
terial in a particular forged shape and size. Double quench- 
ing with or without a preliminary normalize is an example 
of one such option. 

While tempering of forgings after normalizing is some- 
times optional, in practically all cases it is mandatory after 
quenching. After effective quenching, particularly when 
transformation to martensite has been achieved, the mate- 
rial is typically hard and brittle and it is necessary to temper  
the steel to improve ductility and toughness at the expense 
of some hardness or tensile strength. Depending on the ma- 
terial used this trade off need not be too severe. Generally 
speaking, for the low alloy steels tempered martensite gives 
the best combination of yield strength, tensile strength, elon- 
gation, reduction of area, and impact toughness. Lower bain- 
itic structures are not quite as good, but are better than the 
properties obtained from an upper  bainitic structure. These 
structural choices, of course, are achieved during the 
quenching operation. For most steels, as the tempering tem- 
perature is raised the tensile strength and hardness decrease 
and the ductility and toughness increase. The degree of im- 
provement in toughness and ductility, however, is also tied 
to steel cleanliness. For a few steels, (for example Grade 84 
of Specification A 579/A 579M) secondary hardening effects 
occur as the tempering temperature is raised, and this effect 
can be used to advantage, because toughness is not neces- 
sarily degraded. 

Age Hardening: Although usually associated with several 
nonferrous materials such as aluminum alloys, age harden- 
ing or precipitation hardening is applicable to certain stain- 
less steels such as the Maraging group, as included as Grades 
71 though 75 in Specification A 579/A 579M, Superstrength 
Alloy Steel Forgings, and Grades 61 through 64 that include 
the group known generally as 17-4PH and 15-5PH stainless 
steels. The heat treatments for these alloys involve solution 
treatment, after which most of the machining is completed 
before the hardness is increased by intermetallic precipita- 
tion during the aging stage. The Maraging steels are low car- 
bon, nickel-cobalt-molybdenum containing alloys with tita- 
nium and aluminum and their heat treatment is discussed 
in the Metals Handbook [I]. 

The nickel-chromium-copper age hardening alloys of 
the 17-4PH and 15-5PH types also require solution treatment 
prior to the age hardening cycle, and this is discussed also 
in the Metals Handbook [1]. Following the heat treat- 
ment procedures for the age hardenable stainless steels is 
essential. 

Heat Treatment Equipment 

Successful heat treatment hinges not only on quality steel 
and properly prepared forgings but also on first class equip- 
ment including furnaces, rigging, and cooling facilities, as 
well as the necessary expertise. 

Furnaces 
Precise temperature control in terms of rate of temperature 
rise, set temperature, and uniformity within the furnace 



working zones are critical for effective heat treatment. ASTM 
Specification A 991/A 991M, Test Method for Conducting 
Temperature Uniformity Surveys of Furnaces Used to Heat 
Treat Steel Products, gives the basis for establishing mini- 
mum furnace requirements and is embodied in Specification 
A 788, Steel Forgings, General Requirements. 

Furnaces for the heat treatment of the larger forgings 
are usually of the batch type, while continuous furnaces are 
most often used for smaller parts especially when larger 
quantities are involved. 

Batch Furnaces 
Batch heat treatment furnaces fall into two main types, ver- 
tical and horizontal. In the vertical type, the parts can be 
hung in the furnace, or in the case of very heavy, forgings 
may be supported on a structure (usually temporary) at the 
bottom of the furnace. In the horizontal type the forgings 
are supported on bolsters resting on the furnace car bottom. 
The furnace car generally runs on rails to facilitate loading 
and unloading. Except for relatively short units up to about 
10 ft (3 m) in length, industrial horizontal and vertical batch 
furnaces are divided into individually controlled heating 
zones to facilitate temperature control. The furnaces are typ- 
ically natural gas fired, although provision may be made for 
dual fuels, using oil as an alternative. Experience with nat- 
ural gas supply restrictions, especially in the colder areas, 
and cost has made this type of furnace operation prudent in 
the past. However, although oil is an acceptable fuel for forge 
heating purposes, gas firing is much preferred for heat treat- 
ment  operations because of superior temperature control 
and reduced maintenance. Soft fiber type refractories are 
now preferred for furnace lining, permitting rapid cool down 
of the furnace at the end of the cycle. 

H o r i z o n t a l  F u r n a c e s  
The furnaces are designed to work under a light positive 
pressure to enhance uniformity, and it is most important that 
attention is paid to sealing round the furnace car and the 
door. As with any furnace, the load must be properly placed 
within the working zone, and provision is made for adequate 
furnace gas circulation around the workpieces. One some- 
times sees pictures of components piled high on a furnace 
car, and the inference is that either the heating was uneven 
or an excessively long time was allowed for the load to come 
up to temperature. 

Support  rigging is needed in horizontal car bottom fur- 
naces, to hold the forgings clear of the car floor and permit 
crosswise gas circulation. As in the case of the horizontal 
forge heating furnaces, firing is achieved by means of a row 
of natural gas burners firing across the car below the level 
of the bolsters, and on the opposite furnace wall a second 
burner row firing over the charge. In this way flame impinge- 
ment is avoided and circulation promoted. During austeni- 
tizing cycles there is a tendency for scale to build up on the 
furnace car, and this should be removed before it impedes 
furnace gas circulation. The furnace car bolsters also per- 
form another duty in supporting the load and minimizing 
distortion risks, so that the span between bolsters should be 
considered with respect to the forging dimensions. 

Furnace thermocouples are normally inserted through 
ports in the furnace roof, and again the use of a control or 

zone thermocouple and a check couple is common for each 
furnace zone. The vertical position of the thermocouples 
should be adjusted to lie just above the load. Also for more 
critical work, thermocouples can be attached to the work- 
pieces, or held in contact with the load. 

Recuperative burners are available to economize on fuel 
costs. 

Small muffle furnaces of the type used in tool heat treat- 
ment and laboratories are simply loaded and unloaded 
through the furnace door. This type of furnace is frequently 
heated by an electrical resistance wire wound around the 
furnace lining, or by exposed glowbar strips heaters, al- 
though gas firing is also used on occasion. For some appli- 
cations, particularly for annealing and post forge heating cy- 
cles, the forgings are placed on a refractory floor and an 
insulated hood fitted with burners for heating is placed over 
the charge. 

Vertical Furnaces 
Vertical heat treatment furnaces are invaluable for the heat 
treatment of long products, particularly if they are bored, 
and for critical components such as turbine and generator 
rotor forgings. The forgings are usually hung in the furnace, 
often from the furnace door, permitting even heating, and 
freedom from sagging that might occur during the soak stage 
of the austenitizing cycle if the part  were to be laid horizon- 
tally over bolsters on a horizontal furnace car. Like the hori- 
zontal furnaces the vertical furnace working space is divided 
into zones generally of the order of 10 ft (3 m) in length. 
Typically, the burners are disposed in circumferential belts 
and are oriented to fire tangentially into the furnace space 
to assist in circulation and avoid flame impingement. The 
furnace flue is typically situated at the bottom of the furnace, 
and like the horizontal type heating is done by natural gas, 
and the furnace operates under a slight positive pressure. 
Vertical furnaces are generally easier to seal than the hori- 
zontal type, not having the long leakage path round the fur- 
nace car. 

Although vertical furnaces take up less floor space than 
horizontal type, sufficient headroom must be allowed to per- 
mit crane loading and unloading. For a furnace that can ac- 
commodate  perhaps a 40-ft (12-m) long shaft, it is apparent  
that a similar amount  of overhead clearance will be required 
to get the forging in and out of the furnace. For this reason, 
it is common for vertical furnaces to be installed at least 
partially in pits. However, the level of the site ground water 
table can present problems in facilitating this. Some inno- 
vative designs aimed at overcoming the headroom problem 
have used a vertically hinged furnace shell. 

Although in general forgings are suspended from the 
doors in vertical furnaces, it occasionally happens that this 
is not possible due to the weight of the piece, or because of 
a need to use cold rigging. In this circumstance the use of a 
stool in the furnace would enable the part to be lowered into 
the furnace before starting the cycle, and supported in the 
working zone without impeding gas circulation. The stool 
would be removed at the end of the cycle. 

At least a part  of the rigging used to suspend the piece 
in the furnace must withstand the full austenitizing temper- 
ature and the soak time being used during the cycle. For 
many applications common materials such as SAE 4130 will 
suffice, rather than a heat resisting nickel base alloy, and give 



repeated service before stretching under load and scaling sig- 
nificantly enough to thin the cross section. 

Temperature control is maintained by permanent  zone 
thermocouples that penetrate the vertical furnace wall. Con- 
tact thermocouples are often used to record the forging tem- 
perature as well. Readings from this source can be used to 
indicate when the forging has reached the required temper- 
ature. 

Continuous Furnaces 
For the repetitive programmed heat treatment of essentially 
the same type of component,  continuous furnaces may be 
used. These use a moving heat resistant belt or hearth and 
accept the component  cold, heat it at a controlled rate to the 
required temperature, and after the required soak time the 
part  exits the furnace for quenching or other controlled cool- 
ing operation. The furnaces are usually horizontal but may 
be in-line or  rotary, and heating may be done by oil, gas, or  
electrical methods. Although generally used for repetitive 
smaller products such as automotive parts, specialized heat 
treatment lines have been set up for some fa i ry  large prod- 
ucts such as oil field Kelly Bars, and for the military, tank 
cannon barrels. A disadvantage of such installations is that 
they require the material to have hardenability characteris- 
tics within close limits, and may be unable to deal with a 
heat of steel that falls just outside the expected norm, a sit- 
uation that conventional batch heat treatment could handle 
with little or no difficulty. 

Continuous heat treatment lines often include quench 
facilities, and these can be expected to be dedicated to the 
materials commonly put through the facility. They are also 
a potential Achilles Heel for product specifications clauses 
that permit relaxed mechanical testing requirements for heat 
treatment in continuous furnace lines. 

gas or radiant tubes and are sometimes of the continuous 
type, but vacuum furnaces are of the batch type, are electri- 
cally heated, and often include facilities for controlled cool- 
ing using an inert gas. 

The use of electrically heated furnaces for large forgings 
is uncommon, possibly because of peak and off peak elec- 
tricity tariffs, but some examples are known where electric 
vertical furnaces have been used for subcritical tempering 
applications. Some form of air circulation is required for 
such furnaces. 

Cooling~Quench Facilities 
If precise control is required in furnace operation, equally 
great care must be taken in the provision and operation of 
the cooling facilities, particularly if this involves liquid 
quenching. 

As mentioned earlier normalizing is, by definition, cool- 
ing in still air from the austenitizing temperature. An im- 
portant part of this is unobstructed cooling with free air 
circulation, meaning that the part  should not simply be 
dumped on the floor, but be placed on rails or bolsters. This 
is particularly the case for air hardening steels. For large 
parts carefully aimed fans may be necessary to direct cooler 
air over the work. For some specialized components such 
as chromium-molybdenum-vanadium high temperature tur- 
bine rotor forgings, air cooling is done while the rotor, sus- 
pended vertically, is rotated in a cooling tower with ducted 
forced air directed tangentially over the rotor surface. This 
enhanced air cooling is used to coax improved toughness 
properties from the air-cooled forgings. 

Leaving forgings to cool in a pile on the furnace car is 
not recommended for uniform normalizing, since heat from 
the car refractories and bolsters will contribute to uneven 
cooling. 

Induction Heating 
Increasingly, induction heating is being employed for contin- 
ued production of the same part. As mentioned in connec- 
tion with induction heating for forging, temperature control 
is vital and can only be achieved with a rigidly defined proc- 
ess. While gating methods can be used to eject components 
that are under or over the preset temperature limits, great 
care must be taken to assure that if the rejected parts are to 
be reheated that they have fully cooled to ambient temper- 
ature before starting through the line again. Closely matched 
material in terms of hardenability is required as is the case 
for continuous furnace lines. The advantages lie in speed, 
low energy consumption, and space saving. Induction heat- 
ing is unlikely to be used for the general quality heat treat- 
ment of open die steel forgings. 

Controlled Atmosphere/Vacuum Furnaces 
In situations where decarburization or scaling cannot be tol- 
erated, as for example in heat treating tools where a hard- 
ened cutting edge must  be maintained, or  for components 
such as springs that are heat treated in the finished state, 
and where decarburization would seriously reduce fatigue 
strength, heating to the austenitizing temperature under vac- 
uum or in a neutral or  reducing atmosphere can be used. 
Controlled atmosphere furnaces are often heated by natural 

Liquid Quenching 
Three liquid media are used in liquid quenching. These are 
water, oil, and water  based emulsions generally of water  and 
a polymer. The quenching medium is contained in a tank 
fitted with some form of agitation device and provision for 
both recirculation and make-up. The tanks generally follow 
the format of the furnaces, horizontal tanks with horizontal 
furnaces, and vertical tanks with vertical furnaces. Horizon- 
tal and vertical spray quenching equipment needs an adja- 
cent storage tank as a reservoir. Adequate circulation of the 
quenching medium is an essential feature of any quench fa- 
cility and should be a part of the original design. 

Water Quenching 
Water is probably the most commonly used, and with its 
high heat capacity, the most efficient quench medium. It 
should be remembered, however, that above about 120~ 
(50~ the efficiency of water as a quenching medium drops 
off because of the onset of steam formation, since steam 
bubbles on the quenched surface act as insulators. It is this 
tendency, or in other words, the suppression of steam blan- 
keting that requires the use of efficient quench tank agita- 
tion, so that cooler water is continuously brought into 
contact with the hot surfaces of the workpiece. This is 
particularly true of quenching hollow items where it is 



often difficult to get a free exchange of water through the 
bore. The real danger here is that steam blanketing will 
occur in the bore and lead to quench cracking. This is one 
of the situations where preliminary normalizing of high 
hardenability forgings is helpful in avoiding quench 
cracking. 

Good quench tank agitation can be achieved with me- 
chanical impellors or by the use of high volume pumps to 
circulate the water in the tank, or both. The use of com- 
pressed air for this purpose, although visually impressive, 
is not recommended, since it reduces the heat capacity of 
the tank. If the part is suspended in the quench tank by 
means of the crane that was used to remove it from the 
furnace, then the crane can be used to cycle the forging 
up and down in a vertical tank, or back and forth in a hori- 
zontal tank. This is particularly helpful during the im- 
portant initial stages of the quench, especially for hollow 
components. Use of piping nozzles can be very helpful in 
dealing with bored products by directing a positive stream 
of cold water into the bore. A technique for prequenching 
the bore of long forgings, such as large cannon barrels, for 
perhaps a minute or two prior to immersing the whole 
forging in the tank has been used in some shops as a means 
of preventing bore quench cracking, but it should not be nec- 
essary to go to such lengths. Ensuring that the quench water 
is cold at the outset is a sound recipe for successful heat 
treatment; however, this is not always as easy as it sounds. 
Often the source of the water is the city's water supply, and 
depending on the source this can get quite warm during the 
summer months. This could mean a make up water temper- 
ature of over 80~ (25~ for a tank whose starting temper- 
ature was already high. In one such situation, a refrigeration 
unit had to be installed to bring the initial water temperature 
down to an acceptable number. The quench tank water tem- 
perature should never exceed 75~ (25~ before quenching 
starts and should never exceed 120~ (50~ at any time dur- 
ing the quench. In some locations, quench water is available 
from private wells rather than municipal supplies, and heat 
exchangers are not required. In one such instance, the well 
water maintained a more or less even temperature of about 
55~ (13~ year round, greatly assisting the quenching effi- 
ciency. 

Monitoring of the water temperature during quenching 
is an important quality assurance tool, since this infor- 
mation can provide guidance on the performance of the 
operation and when assessing the results of mechanical test- 
ing and nondestructive examinations. The water tempera- 
ture should tend to rise fairly quickly in the first few minutes 
of the quench, then the rate of rise should decrease, level 
out, and then gradually fall. When lifted out of the tank 
near the end of the quench, the surface temperature of the 
part should be measured--infrared thermometers are very 
useful for this--and then measured again after a short time 
period, 5 rain is commonly used. If the surface temperature 
rises by more than 100~ (55~ the part should be im- 
mersed for a further time period until a lesser tempera- 
ture bleed back is observed. Such data are most helpful 
if the situation should arise that the anticipated prop- 
erties were not obtained. Unfortunately, the collecting of 
such data is sometimes axed in the interests of reducing 
costs. 

It is important for the forging to be quenched properly 
to avoid the formation of undesirable transformation prod- 
ucts, particularly in the heavier sections. More than one brit- 
tle failure in high strength nickel-chromium-molybdenum 
steel, such as the example shown in Fig. 9.1, has been traced 
to over hasty cessation of the quench stage of the heat treat- 
ment cycle. 

It goes without saying that the time taken from the 
opening of the furnace doors until the piece is immersed 
in the quenchant should be as short as possible to avoid 
slack quenching situations. For this reason the cranes used 
in the heat treatment shop should be capable of rapid 
lifting and movement, and in turn the shop personnel should 
be well trained and rehearsed in the movements that 
have to be made. This is necessary in terms of safety as 
well as efficiency, and applies to any heat treatment opera- 
tion. 

Although the medium carbon steels such as Grade 1045 
of ASTM A 29/A 29M can be water quenched with a reason- 
able degree of safety, in the case of the alloy steels such as 
the chromium-molybdenum 4100 series and the nickel- 
chromium-molybdenum 4300 series the heat carbon con- 
tent should not exceed 0.35 % if water quenching is to be 
used. 

Brine is sometimes used to increase quenching effi- 
ciency. Like oil and polymer emulsion quenching media, this 
requires the use of a heat exchanger, and unlike these other 
quench media could cause serious corrosion in the quench- 
ing system, including the pumps and piping. 

For the alloy steels in particular, retained austenite is a 
factor to be remembered since more than about 0.5 % in the 
microstructure is likely to adversely affect the mechanical 
properties. In most cases, retained austenite is transformed 
during tempering, and double tempering is especially useful 
for this purpose. Holding at cryogenic temperatures, for ex- 
ample, by the use of liquid nitrogen is helpful for the trans- 
formation of retained austenite in the more highly alloyed 

Fig. 9.1--Brittle failure during hydrostatic testing of a large thick- 
walled alloy steel pressure vessel for a cold isostatic press. Investi- 
gation showed that the principal cause was poor heat treatment 
that left the forging with a high ductile to brittle transition tem- 
perature. 



steels, and is necessary for some of the superalloys such as 
Grade 82 in Specification A 579/A 579M before tempering. 
It  should be noted that martensite formed during cryogenic 
temperatures is untempered, and some form of tempering 
afterwards is desirable if not mandatory. 

Oil Quenching 
Oil quenching is considerably less drastic than water 
quenching and is, therefore, applicable to high hardenability 
steels, in particular those with carbon contents higher than 
0.35 %. Many tool steels fall into this category as well as 
common alloy steels such as the SAE grades 4140 and 4340. 
The oils used today are mineral based and vary in viscosity 
index. The typical oil quench facility used for large forgings 
must  have provision for heating the oil prior to the quench- 
ing operation. This is because circulation and agitation of 
the oil is difficult at ambient temperatures, and in associa- 
tion with this if quenching proceeds into cold oil, slack 
quenching, uneven heat extraction, and a high risk of crack- 
ing and fire are likely. Typically, the oil is heated to about 
120~ (50~ before starting the quench. A heat exchanger is 
necessary to cool the oil as it circulates. This is usually water- 
cooled and points to a maintenance area that requires care- 
ful supervision. Water leaking into the quench oil will cause 
excessive foaming during quenching, much as the effect of 
plunging a basket of French fries into hot oil. This can have 
the potentially disastrous effect of overflowing the tank, and 
heightens the fire risk. The opposite scenario of oil leaking 
into the cooling water system can lead to an oil film on the 
water-side of the heat exchanger with a drastic loss in cool- 
ing efficiency. The volume and, hence, heat capacity of the 
oil quench facility relative to the weight and form of the forg- 
ing to be quenched must be kept in mind. A bored piece 
exposes a much greater hot surface area to the oil than the 
same part that has not been bored prior to heat treatment, 
albeit that the heavier solid forging brings more heat to the 
tank in total. Since the flash point of the oil would be ex- 
pected to be about 350~ (175~ too large a piece could 
start a dangerous fire, being fed by additional hot vapor from 
the tank as the forging is being cooled. 

Oil quenching tends to produce less dimensional distor- 
tion and reduced risk of cracking than water quenching, of- 
ten at the expense of lesser mechanical properties in the 
quenched material. As has been mentioned, however, partic- 
ularly when the carbon content exceeds 0.35 % and depend- 
ing on the configuration of the forging, oil or polymer 
quenching may have to be used. As an example, a particular 
forging in SAE 4340 with a heat treated section size of 6.5 
in. (163 ram) was required to meet a low temperature 
Charpy value that while unattainable by oil quenching, was 
possible if water quenching was used. The material could not 
be changed to a lower carbon, higher nickel grade, but the 
shape was symmetrical with no section changes. Water 
quenching was successful when careful attention was paid 
to machining the forgings for heat treatment, including 
rounding all of the edges to remove sharp corners. 

One technique, known as water to oil quenching, that is 
used when dealing with a forging that is marginally too large 
for a given oil quenching facility is to initially quench the 
part  in water for a short interval, perhaps 2-3 min, and then 
transfer the forging, while still in the austenitic state, quickly 

to the oil tank. This can effectively and safely reduce the 
initial temperature before completing the quench in oil. The 
risk of carrying entrained water to the oil is negligible be- 
cause of the high temperature of the forging, but of course, 
the oil and water tanks must  be close to each other for this 
to work. 

There are variations in the capabilities of quenching oils, 
and reputable suppliers are available to advise on the appro- 
priate grade for a particular application, particularly if the 
need is to process essentially the same product through the 
heat treatment line. 

A potential environmental problem associated with oil 
quenching occurs during the subsequent tempering cycle. 
This is because of smoke associated with burning off oil that 
has not drained from the part  at the end of the quenching 
operation. 

Polymer Quenching 
Emulsions of special polymer compounds with water are im- 
portant in the heat treatment of steel. The quenching effect 
can be controlled by the type of polymer used and its con- 
centration in the emulsion. Generally, they are regarded as 
being slower than direct water quenching and faster than oil. 
Excess quenchant can be rinsed off the part  before temper- 
ing if need be, but essentially there is little if any smoke 
produced during the temper cycle. This type of quenching 
medium has been very useful in heat treating partially ma- 
chined forgings such as multibore pump blocks in high 
strength nickel-chromium-molybdenum-vanadium steels, 
where although the carbon was kept lower than 0.35 %, the 
forging configuration with intersecting bores during heat 
treatment prompted bore cracking when water  quenching 
was used. However, when the carbon content of the steel is 
high, great care must  be taken in quenching bored forgings 
in polymer emulsions. Unless very thorough flushing of the 
quench medium through the bore can be assured, especially 
during the early stages, and simply agitating by lowering and 
raising the part  in the tank may not be enough, the emulsion 
tends to separate on the hot bore surface leading to spotty 
water quenching and inevitable cracking. 

As in the case of oil quench tanks, heat exchanging 
equipment must be provided to cool the polymer emulsion, 
although here dilution by water is of importance only in 
terms of maintaining the required polymer concentration, 
and this simple operation must  be done on a regular basis. 
It should be mentioned that there is no fire hazard with poly- 
mer  emulsions. 

It will be seen then that for a heat treatment facility that 
intends to handle a variety of material types and forging 
configurations the quenching options are many and varied, 
and compete for floor space, since necessarily they must  
be located near  the furnaces and be readily accessible by 
crane. In some facilities, holding tanks are provided so that 
the same tank can be used for both water and polymer 
quenching. 

Polymer Concentrations 
Polymer concentration requirements vary according to the 
application and the maker's recommendations. Typically, 
they lie in the range of 15-20 %. A concentration of 17 % of 



a polymer from a major supplier was found to be acceptable 
for quenching alloy steel crankshafts with carbon contents 
up to 0.45 %. Some heat treatment shops use low concen- 
tration polymer emulsions at about 5 %, where the steel in- 
volved would normally be water quenched. The justification 
for this is not clear. Generally, as the polymer concentration 
increases the quench severity decreases and the quenching 
effect draws closer to oil. 

Spray Quenching 
It will be readily appreciated that when considering the heat 
treatment of specific components on a continuing basis the 
entire heat treatment facility can be designed, equipped, and 
operated in a highly efficient and reproducible manner. How- 
ever, flexibility in dealing with other shapes and materials 
may be sacrificed. It is also apparent that in quenching, rapid 
controlled cooling and minimal distortion are desirable at- 
tributes. Spray quenching facilities have been used success- 
fully in alloy steel plate manufacture, and these have found 
their way into steel forging heat treatment as well. Generally 
in spray quenching forgings, the goal is to keep the surface 
continuously wetted with cold water while, if the shape per- 
mits, rotating the part  to ensure uniformity and reduce dis- 
tortion. The equipment usually is designed to allow flexibility 
in handling forging shape, configuration, and weight, but 
again if sufficient numbers of a given design are to be pro- 
duced, then a dedicated quenching rig can be designed. The 
water supply is usually a nearby water quench tank, into 
which the water can be recirculated. High capacity pumps 
are a requirement, since the forging surface must be kept 
flooded at all times. The water is sprayed onto the part  
through a system of jets, and these can be chosen according 
to the volume of water to be supplied and the desired pattern 
of the spray. The sprays would be arranged in longitudinal 
rows or in rings, such that there is an overlap between ad- 
jacent spray heads, and similar rows would be arranged 
around the piece. The forging is often set on a series of 
driven and idler rolls to enable it to be rotated between the 
spray heads. The spray heads themselves should be capable 
of being adjusted radially to maintain a given distance from 
the forging, thus enabling various shapes to be quenched 
evenly, as for example when quenching a roll shape with in- 
tegral journals. Bored or hollow forgings can be dealt with 
in this type of quenching rig also by the use of a spray wand 
introduced into the bore after the forging has been set 
on the rolls. Blind-ended vessels have been successfully 
quenched in this type of rig. 

The use of polymer emulsions in this type of equipment 
must  be approached with caution by assuring adequate flow 
through the jets because of the risk of the emulsion breaking 
down and separating on contact with the hot surfaces. 

Alternate Heat Treatments 

Conventionally, heat treatment of the ferritic carbon and al- 
loy steels takes place in two distinct temperature zones. One 
(usually the first and known as the austenitizing stage) is 
done at a temperature selected within the austenitic zone 
where complete transformation to austenite is sought, 
though not always complete solution of all of the carbides 
present, particularly in some tool steels. The other stage 
takes place at temperatures below the lower critical temper- 

ature and is known as the tempering stage, or if this is the 
only heat treatment, a subcritical anneal. 

If instead of choosing a temperature in the austenitic 
range, a temperature is chosen between the upper  and lower 
critical temperatures [2] (that is in the intercritical range), 
when the steel is cooled a marked grain refinement takes 
place. Although the tensile and yield strengths are reduced 
slightly by this procedure, the notch toughness is usually sig- 
nificantly enhanced because of the resulting fine grain size. 
The procedure works with both quenching and air cooling 
from the intercritical temperature, although the toughness 
enhancement is more apparent after quenching, and quench- 
ing also lessens the drop in the tensile strength. 

It should be noted that this procedure does not work 
when the properties of an alloy steel depend on age hard- 
ening or transformation to martensite. 

Heat Treatment Rigging 
Handling of forgings through the heat treatment process can 
make or break the success of the operation. Just as care has 
to be taken in the choice of material and heat treatment pro- 
cedure to obtain the required mechanical properties in a 
given component,  then just as surely thought must  be given 
to how to handle the part through the process. For example, 
small parts can be set up in baskets to facilitate loading into 
the furnace and transport from the furnace to the quench 
tank, but is it simply a matter  of piling as many parts into 
the basket as it will safely hold? If the basket is piled up with 
forgings, is enough time being allocated for heating the 
charge, or was this reckoned simply on the size of the indi- 
vidual pieces? If sufficient furnace time has been allowed, 
how will the load behave in the quench tank--as  if as a solid 
mas s - -o r  just as though the load was made up of individual 
well-spaced items? These aspects can have a significant ef- 
fect on the results, and the test coupon provisions may not 
be representative of the load, depending on the disposition 
in the furnace and the quench tank. The heat treatment shop 
crew may not always be aware of the consequences of an 
overloaded furnace basket. Staying with the concept of a fin-- 
nace basket for a moment,  consider the situation where the 
components have been bored before heat t rea tment - -and  
this is generally the desirable way to heat treat parts that are 
designed to have a bore- - i t  might be expedient to lay them 
down in the basket to avoid them falling over, but when 
quenched, the bore might then be at right angles to the di- 
rection of quenchant flow and the bore surfaces might not 
then get quenched properly. This can cause uneven harden- 
ing, distortion, and possibly cracking. Unless the methods 
actually used were faithfully documented, and alas this is 
often not the case, an investigator might chase lots of eso- 
teric theories in trying to correct an otherwise simple prob- 
lem. Therefore, rigging a forging or forgings for heat treat- 
ment  deserves careful thought and planning. There are two 
basic approaches to the handling of forgings in heat treat- 
ment. One is to use hot rigging, and the other cold. 

Hot Rigging 
As mentioned above in the case of a furnace basket or tray, 
hot rigging accompanies the part  through the furnace and 
into the quench tank, and frequently through the tempering 
cycle as well. The rigging will provide a means of holding or 



supporting the forging in the furnace, transporting it in the 
desired orientation to the quench facility by crane, removing 
it from the tank, and proceeding through the temper cycle. 
The rigging will also accommodate any venting device that 
may be needed to permit the escape of trapped air or steam. 
This type of furnace rigging is particularly useful for heat 
treatment in a vertical furnace. Even for rigging that is to be 
used repeatedly, it may not be necessary to resort to expen- 
sive heat resisting alloys. Commonly available alloy bar and 
plate steels have been used to good effect to make heat treat- 
ment rigging. In one example the forge shop processed num- 
bers of long SAE 4130 forgings that were subsequently tre- 
panned, giving a supply of core bars that were used for heat 
treatment furnace rigging. As a word of caution, the rigging 
material should not be of high hardenability material, since 
this may crack after transforming. Distortion and scaling 
will usually determine its useful life, and that, in terms of 
hours at the austenitizing temperature, will fall far short of 
life determined by creep damage. However, the equipment 
should be inspected carefully between periods of use, and 
loads must  be kept low. In vertical furnace operation, that 
part  of the rigging used for hitching to the crane is arranged 
to be above the furnace door so that the crane hook can be 
engaged and support the load before the door is opened, thus 
reducing delays in removing the forging and proceeding to 
the quench tank. One such furnace door design uses com- 
pressed-air-operated, insulated split cast steel door shells. 
The furnace doors support the load until the time comes to 
open them, when the load is transferred to the crane. 

The rigging may be made up from separate parts that 
are to a degree interchangeable. An example would be a 
thick base plate, or spider, through which a central stem is 
passed. The spider plate is retained by an integral boss at 
the bot tom end of the stem. The stem could be passed 
through the bore of a long hollow forging and the piece 
blocked up clear of the spider plate to permit water flow up 
the bore, and ports would be provided in the spider plate as 
well to assist in cooling the bore. A distance piece located 
on the stem near the top of the bored forging would assist 
in keeping the part  upright. 

For solid block forgings to be treated in a vertical fur- 
nace, they could be blocked up off the base plate and chained 
around the stem using carbon steel chain held in place by a 
simple pin. Long solid forgings are often provided with a 
transverse hole drilled in a prolongation at one end. A steel 
pin is used to secure the forging to a clevis or fork, and an 
extension of this passes through the furnace door to carry 
the forging in the furnace. This system can be used a l so- -  
but with care- - for  a bored forging, provided that the forging 
bore is not obstructed by the transverse support pin (such a 
situation could seriously impede the bore quench). Turbine 
and generator rotor forgings are heat treated vertically using 
a more sophisticated version of this rigging that enables the 
forging to be rotated during cooling, particularly if fast air 
quenching is required. 

For long hollow bored forgings, such as tank gun bar- 
rels, forged in groups from a single heat of steel, it is desir- 
able to make up economic furnace heat treatment loads by 
having several forged tubes in the same vertical heat treat- 
ment charge. One method of accomplishing this is by the 
use of a spider plate, similar to that shown in Fig. 9.2, in 
which holes have been drilled round the periphery, each 
large enough to accept the muzzle end prolongation of a gun 

Fig. 9.2--A group of bored alloy steel cylinders about to be water 
quenched in a vertical tank. Notice the hot furnace rigging consist- 
ing of a bored spider plate and a central stem. The forgings were 
about 20 f t  (6 m) in length. (Courtesy EIIwood National Forge Com- 
pany) 

barrel. Ample clearance is necessary round the muzzle where 
it passes through the plate and between the adjacent (larger 
diameter) breech ends. A central hole in the plate accepts a 
short stem that will pass through the furnace door to carry 
the load. The integral prolongation (that includes mechani- 
cal test material) at the muzzle end of each gun barrel is 
machined to provide a ring larger in diameter than the muz-  
zle OD but capable of passing through the holes in the rig- 
ging support plate. The barrel muzzles are fed through the 
support plate and held in place by half rings fitted between 
the muzzle ring and the plate. Sufficient annular space must 
be allowed between the gun barrels and the furnace wall to 
ensure that they are hung within the furnace working zone, 
which is of course smaller in diameter  than the furnace ID. 
In this way, the barrels are austenitized together, lifted from 
the furnace to the vertical quench tank, and vertically 
quenched with the bores unobstructed. 

In a vertical heat treatment procedure, when a prelimi- 
nary normalizing cycle is to be employed, the use of the 
higher normalizing temperatures would be expected to cause 
excessive wear and tear on the rigging. In such circum- 
stances, the normalizing part  of the cycle could be done in 
a horizontal furnace, provided that the parts can be sup- 
ported to minimize distortion. This also indicates that al- 
though heat treatment in a horizontal furnace would not be 
expected to require elaborate rigging, care must  be taken to 
keep the furnace car refractories in a good state of repair 
and to provide adequate quality support for the furnace con- 
tents. These must not be permitted to rest directly on the 
furnace car refractories, but must be blocked up from it to 



allow free circulation around the forgings and promote even 
heating. 

The foregoing gives some idea of the scope of the hot 
rigging used particularly in vertical furnaces; however, it 
should be noted that hot rigging used in the furnace is trans- 
ferred to the quench tank and competes with the forgings in 
the business of heat extraction. In some instances, the com- 
bined weight of forging and rigging can deny the forging the 
best available quench. In such a situation, it may be neces- 
sary to look for an alternative way to support the piece in 
the furnace and take it to the quench facility. 

An alternative hot rigging system uses austenitic 300 se- 
ries stainless steel bails, made from bar stock of about 2 in. 
(50 mm) diameter, bent into a hairpin configuration, and 
welded with adequate preheat to the forging using a suitable 
austenitic stainless steel filler such as SAE Type 309. These 
bails are attached to discard material, such as a test prolon- 
gation. The forgings are hung in the furnace by means of a 
steel pin passed through the bail and attached to side plates, 
or for multiple pieces attached via the bail to a spider plate. 
An example is shown in Fig. 9.3. This also demonstrates the 
use of thermocouple pockets tack welded to the piece for 
temperature monitoring during heat treatment. 

Figures 9.4 and 9.5 demonstrate, respectively, the use of 
rotor style hot rigging and twin-welded bales for the vertical 
heat treatment of 3.25 % Ni-Cr-Mo-V forgings for an offshore 
tension leg platform application. 

C o l d  R i g g i n g  
As the name suggests, cold rigging is not heated in the fur- 
nace with the forging and is used to aid in transporting it 
from the furnace to the quench tank. This type of rigging is 
used widely in both horizontal and vertical heat treatment 
furnace practice. Some equipment is designed specifically 

for a particular forging design; others are adaptable to a 
wider range of applications and are supplied commercially 
rather than being made in house to suit particular needs. 
Typical of this kind of rigging is the lifting fork carried by a 
crane and inserted under the forging when the furnace door 
has been opened and the car rolled out. The loaded fork is 
taken to the quench tank and the parts are immersed. Forks 
can be used on irregularly shaped forgings like large crank- 
shafts as well as cylindrical shapes when a tine is slipped 
into the bore. 

A simple but effective use of cold rigging off the hori- 
zontal furnace car is the expedient of slipping a chain sling 
round a piece or pushing a bar through a bored hole and 
using chain slings on each side to lift it. 

Large flat forgings like tube sheets require some thought 
before planning a quench. If the forging has no bore and 
especially if it is dished on one side, then picking it up flat 
off a furnace car and quenching it will result in steam trap- 
ping or blanketing on the underside. The forging needs to be 
presented to the tank at an angle, preferably vertical, al- 
though this is unlikely to be possible with horizontal quench 
tanks. This means having a special lifting rig and possibly 
having the piece inclined in the furnace. If the diameter per- 
mits, some tube sheets are hung vertically in a vertical fur- 
nace to accommodate this problem. The use of scissor type 
tongs, sometimes known as Heppenstall Tongs, set over the 
edge of a tube sheet can be used to lift and transport it at 
the correct orientation from a horizontal furnace car, to a 
vertical quench tank. Right angled brackets have been used 
to lift large rings from car to quench tank, and the large bore 
permits good water  circulation. An example of this is shown 
in Fig. 9.6. 

For large heavy cylindrical forgings, such as polyethyl- 
ene reactor vessels for example, vertical heat treatment is 
preferred, but the weight of the forging and the associated 

Fig. 9.3--Two pressure vessel shells to ASTM A 508 Class 2 being checked for temperature 
rise after water quenching. Note the use of type 316 austenitic stainless steel bar as sup- 
port straps or bales when hanging the forgings in a vertical furnace. Also note the 1-in. 
(25-mm) tubes tacked to the OD to act as thermocouple pockets. 



Fig. 9.4--tdot rigging, of the type sometimes used in the heat treatment of rotor forgings. 
Although this particular system would not permit the forging to be rotated during air 
cooling, tl~is forging was to be water quenched. The forging is being loaded into a vertical 
furnace through the split cast steel door. This runs on wheels that can be seen in the 
foreground. 

mass of a thick base plate and stem rigging could tend to 
jeopardize the quenching operation. A solution is to support 
the forging on a temporary fabricated stool in the furnace. 
The stool is substantial enough to bear the weight of the 
forging during austenitizing, but does not interfere with fur- 
nace atmosphere circulation. It  remains in the furnace when 
the forging is removed. The quenching operation is achieved 
by dropping a cold stem into the vessel bore after opening 
the furnace doors. The stem is fitted with hinged fingers that 
drop open when they pass through the bore, Fig. 9.7, to en- 
gage on the bot tom of the forging. Stabilizing fins may be 
provided on the stem also to prevent the forging tilting when 
it is lifted. Lifting is then begun and the forging is carried 
over to the tank. Since the rigging was cold, no excess heat 
is added to the quench load, and also since they are cold, 
the lifting fingers can be designed on the basis of their cold 
strength. 

In talking of rigging, either hot or cold, mention must 
be made of the difficulties associated with quenching blind 
bored forgings. This is not an uncommon problem. If the 
vessel is quenched blind end up, the bore fills with the 
quench medium and essentially no bore circulation occurs 
after that. Severe bore cracking is the inevitable result. If  the 
forging is quenched with the bore down, the bore partially 
fills with water and then the trapped air and steam pressure 
prevents the cavity from filling completely. Bore cracking is 
again inevitable. If the cylinder is quenched horizontally, the 
bore fills but air and steam still tend to get trapped and 
cracking and soft spots result. The solution for vertical 
quenching is to orient the piece so that the bored end goes 
into the quench first, but the forging is fitted with a U-shaped 
vent tube, Fig. 9.8, and is austenitized in the inverted posi- 
tion. The vent tube must be placed so that the end is close 

to the blind end of the vessel. The outer end of the U-tube 
must extend beyond the bottom of the vessel so that when 
immersed in the tank the tube end projects above the surface 
in the quench tank. When the forging is quenched, the 
trapped air in the bore exhausts through the vent tube fol- 
lowed immediately by a plume of steam and water. For a 
large forging, this jet can reach a height of over 20 ft (6 m) 
and drench any unfortunate bystanders on the wrong side of 
the tank! For horizontal quenching, Fig. 9.6, an L-shaped 
vent tube serves a similar purpose, although the initial jet 
may not be quite as spectacular. It should be noted here that 
the tube bends should be made using a tube bender or  weld- 
ing fittings. The use of threaded malleable iron fittings for 
the U-section will not work, since these crack on first hitting 
the water and stop the venting action. Austenitic stainless 
steel tubing is ideal for this purpose. 

Another aspect of a multistage heat treatment cycle that 
is not always taken into account is the timing of the various 
stages. As mentioned previously, applying a normalizing 
treatment ahead of the austenitize and quench treatment can 
yield significantly improved heat treatment response. This is 
frequently used on high hardenability materials. The nor- 
malizing stage could be done in a different furnace or even 
in another heat treatment facility from the one where the 
austenitize, quench, and temper cycle will be run. Furnace 
scheduling can come into play, and it may be expedient to 
delay the start of the next austenitizing cycle by a few days. 
This can have drastic consequences in the form of cracking 
that is found after quenching and tempering. The problem 
was not caused by quench cracking, but by the effect of 
irregular residual transformation stresses in the as normal- 
ized material. This was experienced in nickel-chromium- 
molybdenum-vanadium forgings, and rnetallographic exam- 



Fig. 9.5--A similar alloy steel forging to that shown in Fig. 9.4, but 
fitted with two type 316 austenitic stainless steel bales to reduce 
the heated weight and keep heat treatment rigging clear of the 
forging. A compressed air cylinder used to operate the vertical fur- 
nace doors is visible to the left foreground. 

ination showed, by the presence of decarburized crack 
surfaces, that the cracking was either present before or oc- 
curred during the heating period for the austenitizing stage 
before quenching. The fix was to commence the austenitiz- 
ing stage within about 12 h of cooling from the normalize, 
or if that was not possible to endure the cost of a short tem- 
pering stage after normalizing. 

It will be seen then that by following a common sense 
approach and by keeping some basic principles in mind, 
most heat treatment problems can be prevented by careful 
planning, or solved if by chance they are encountered the 
hard way. A short list could include: 

B. Material C. Forging 
A. Heat Treat Used Size D. Requirements 

Chemistry & Weight & Specification 
Manufacture Shape Properties 

Cycle Mandated 
Or Producer's 

Choice? 

For an austenitize, quench and temper cycle water is the 
preferred quench medium, since this can usually be expected 
to give the best mechanical properties with the minimum of 
environmental problems. 

The steel chemist~ to be used may dictate the choice of 
quench medium, bearing in mind the carbon upper limit of 
0.35 % for safe water quenching. The steel hopefully has 
been vacuum degassed and made to a clean steel practice. 
However, when the steel has not been melted and prepared 
for a particular forging application, and available stock must 
be used, the heat treatment cycle must be adjusted accord- 
ingly. For example, SAE 4330 is not considered to be a Stan- 
dard Grade and is not included in ASTM Specification A 29/ 
A 29M. The forging manufacturer may then have to use SAE 
4340 and adjust the heat treatment accordingly. 

If left to the choice of the producer, the choice of hori- 
zontal or vertical furnace may be based on furnace availa- 
bility, but the shape, form, and weight of the forging should 
enter into this particularly with regard to distortion risks and 
venting. If the forgings are amenable to heating in a hori- 
zontal furnace, there may be economies in scale to be 
gleaned by heating several forgings in the same furnace load 
and quenching them singly or in small groups, the furnace 
car being run back into the furnace and kept under heat until 
the load has been quenched. Sometimes two furnaces are 
useful for this type of operation, the quenched forgings being 
loaded into the second furnace for holding preparatory to 
the temper cycle. 

The specification may require that a certain type of heat 
treatment furnace, a vertical unit for example, be used. In 
this instance the choice is made. Occasionally, the specifi- 
cation may require the use of a specific quench medium, oil 
for example, regardless of the composition. This can be par- 
ticularlv onerous if additional mechanical property require- 
ments are needed, beyond the limits of the original specifi- 
cation. This kind of dilemma must be addressed at the 
inquiry and order stage, rather than when the parts are ready 
to heat treat! For some government procurement, this can 
pose a problem since taking exceptions can make the bid 
nonresponsive. As an example, a particular specification that 
called for a normalize and temper heat treatment cycle for 
an alloy steel was specified for a large frequently purchased 
component. In order to obtain the necessary mechanical 
properties, experience had shown that it was necessary to 
quench and temper the forgings. This need was understood 
and the accepted path was to bid the order without exception 
and then request a deviation on the heat treatment after the 
order was awarded. However, one has to be sure of one's 
ground before accepting a situation like this! 

Tempering 
Although there is often some flexibility in choosing the op- 
timum austenitizing temperature for a particular steel com- 
position and forging, the requirements for tempering are 
more demanding. There is usually a fine balance between 
meeting the required minimum tensile and yield strengths, 
and optimizing ductility and toughness. This means close 
furnace temperature control and attention to the required 
tempering time. Cooling from the tempering temperature is 
also important. Commonly this is done in air to avoid the 
expense of tying up the furnace for a slow cool, and this can 



Fig. 9.6--Use of cold rigging, i.e., not heated in the furnace with the forging, to lift and 
support the very large nuclear forging from the furnace to the quench tank. (Courtesy of 
the Japan Steel Works, Ltd.) 
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Fig. 9.7--An example of cold heat treatment rigging that could be used to lift a long and 
heavy forged cylinder from a vertical furnace. The stem is dropped through the bore until 
the hinged feet clear the bottom of the forging when they drop down enabling the 
forging to be lifted quickly. The upper fins help stabilize the stem at the center of the 
bore, but do not obstruct coolant flow through the bore during quenching. The fixture 
does not need to be designed to withstand the furnace temperature. 

min imize  t ime spent  going th rough  embr i t t l ing  t empe ra tu r e  
zones for suscept ib le  mater ia ls .  The specif icat ion m a y  re- 
quire  tha t  the  forging be quenched  f rom the t emper ing  tem- 
pe ra tu re  for  this  reason.  This has been a r equ i remen t  for  
some  weldable  n i cke l - ch romium-molybdenum alloys such as 

HY-80 in mi l i ta ry  specifications.  Caut ion is required,  how- 
ever, when mach in ing  is car r ied  out  af ter  quenching,  be-  
cause  if s tock removal  is a symmet r i ca l  unaccep tab le  dis- 
tor t ion m a y  result .  An example  of  this  was seen in the  
mach in ing  of  a large s t ruc tura l  forging in HY-100 nickel- 
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Fig. 9.8--Sketches showing the use of vent tubes during quenching. 
The U-tube is used during the vertical quenching of blind bored 
forgings to vent steam and air from the bore. One end of the tube 
must be positioned close to the blind bore end face and the other 
maintained above the level of the quench medium, at least during 
the early stages of the quench. For the horizontal quenching of a 
blind bored cylinder, the vent tube is L- shaped. 

c h r o m i u m - m o l y b d e n u m  alloy steel, s imi lar  to Grade  4N of 
Specif icat ion A 508/A 508M, Quenched  and  Tempered  Vac- 
uum-Trea ted  Carbon  and  Alloy Steel Forgings  for Pressure  
Vessels. The forging was made  as a large d i ame te r  disk, 
abou t  20 in. (500 m m )  thick. In  o rde r  to assure  full volu- 
met r ic  u l t rasonic  examina t ion ,  the forging had  been  bo red  
before  a hea t  t r ea tmen t  cycle tha t  inc luded wa te r  quenching  
af ter  temper ing .  The final m a c h i n e d  conf igurat ion inc luded 
a square  coun te rbore  on one side. While  this  was being done  
in a vert ical  bor ing  machine ,  the  forging w a r p e d  severely as 
the  coun te rbore  was be ing  formed.  Since quenching  af ter  
t emper ing  was mandatory ,  change  in manufac tu r ing  proce-  
dure  was necessary  to include the coun te rbore  before  hea t  
t rea tment ,  and  to revise the u l t rasonic  examina t ion  proce-  
dure  accordingly.  

Rap id  cool ing af ter  t emper ing  resul ts  in high res idual  
s t resses  in the  forging, and  since these are  compress ive  at  
the  quenched  surface  and  so helpful  in improving  fatigue 
strength,  this  m e t h o d  has  been  p roposed  for  improving  the  
fat igue s t rength  of  axles for ra i l road  app l ica t ions  [3]. 
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Mechanical Testing 
BEYOND HEAT TREATMENT CYCLES SUCH AS 
spheroidizing that are used to enhance machinability, the 
primary reason for heat treating a forging is to establish cer- 
tain minimum strength properties in the component. This 
cycle is referred to in different ways. It may simply be Heat 
Treatment; Final Heat Treatment; Heat Treatment for Prop- 
erties; or as is used expressively in Europe, Quality Heat 
Treatment. The latter has an air of confidence about it, and 
certainly anyone doing any heat treatment at all would like 
to think that their work has quality. 

When a forging is specified, certain minimum mechan- 
ical properties are anticipated. These may range from simply 
a surface hardness value to tensile, ductility, and toughness 
characteristics, as dictated by the design criteria. The chosen 
material specification will be critical in establishing the like- 
lihood that the design requirements will be met. 

Essentially the same material at the same strength level 
can show up in several specifications written for specific ap- 
plications that differ in scope. Some knowledge of the his- 
tory behind the individual specifications can be useful in un- 
derstanding why they were written and why in some cases 
the expectations far outshine the realities. This will be 
looked at in more detail later, but a brief example here might 
be helpful in illustrating the mechanical testing aspects. 

Often for plain carbon steels the same grade can be 
found in a number  of forging specifications with heat treat- 
ment  being an important variable. In the following list of 
ASTM specifications the heat treatment requirements are 
contracted to: 

At first glance, most of these specifications for carbon 
steels have the same requirements, but some study will show 
that there are significant differences that influence cost and 
quality. The use of small quantities of alloying elements is a 
distinguishing feature, and the heat treatment together with 
mechanical testing requirements and frequency are linked 
with the scope descriptions. 

Despite having Charpy impact testing as a require- 
ment, flange forgings made to Grade LF2 of Specification 
A 350/A 350M, Carbon and Low-Alloy Steel Forgings, 
Requiring Notch Toughness Testing for Piping Compo- 
nents, have been the subject of complaints worldwide 
for failure to exhibit the required notch toughness, and 
some changes have been made to try to address this prob- 
lem. Some failures were traced to fraud, but some were 
attributed to the mechanical testing requirements. A de- 
tailed critique of this specification will be addressed 
later. 

The cost of forgings tends to rise with the mechanical 
testing complexity of the specification, but of course, the as- 
surance that the forging has acquired the required properties 
rises as well. 

Most forging specifications require that tension tests be 
taken at a midwall location in hollow or bored items and at 
the midradius or quarter thickness location in solid com- 
ponents. It will be appreciated that the condition of a forging 
has an important influence on the post-heat treatment me- 
chanical properties: 

A = Anneal, generally intended to be a full, not subcritical anneal 
N = Normalize 

NT = Normalize and Temper 
QT = Quench and Temper 

Specification G rade / Tensile / Yield Strengths 
ASTM No. Class ksi /MPa minimum 

A 105 N /A  70/36 [485/2501 
A 181 CI. 60 60/30 [4151205 
A 181 CI. 70 70/36 [48512501 
A 266 Gr. 1 60/30 [415/205 
A 266 Gr. 2 70/36 [485/2501 
A 266 Gr. 4 70/36 [485/25C 
A 350 Gr. LF1 60/30 [415/205 
A 350 Gr. LF2 70/36 [4851250 
A 707 Gr. L1 66/52 [4551360 
A 707 Gr. 1.2 66152 [4551360 
A 727 N /A  66136 [414/250 
A 765 Gr.1 60/30 [415/205 
A 765 Gr.2 70/36 [485/250 

Impact Test Heat Treatment 
Yes/No ,64 N; NT; or QT 

No A; N; NT; or QT* 
No not required 
No not required 
No A; N; NT; QT 
No A; N; NT; QT 
No A; N; NT; QT 
Yes N; NT; QT 
Yes N; NT; QT 
Yes A; N, NT; QT 
Yes A; N; NT; QT 
No** N; NT; QT 
Yes N; NT; NNT; QT 
Yes N; NT; NNT; QT 

*Heat treatment for forgings to A 105/A 105M is mandatory only when certain pressure rating and size categories are exceeded. 
**  Forgings to A 727/A 727M are expected to have inherent notch toughness. 
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�9 Are the permitted alloying elements present? 
�9 Is the part bored in its final condition? 
�9 Was the part bored before the quality heat treatment? 
�9 Was a significant amount of stock machined off the part 

after heat treatment? 
�9 What type of quality heat treatment was used? 
�9 What provision was made for mechanical test material? 
�9 How much and what type of mechanical testing is re- 

quired? 
�9 What is the required frequency of mechanical testing? 

All of these items have an impact on the manufacturing 
costs for the forging, including the hidden costs for possible 
reheat treatments, retesting, and replacement. 

How then are forgings tested for mechanical properties 
and how does this vary from specification to specification? 

ASTM writes and maintains an extensive list of Standard 
Test Methods and Practices that describe various methods of 
hardness, tension, bend, impact, and fracture toughness test- 
ing that are applicable to steel. The most frequently used of 
these are referenced in an important specification, A 370, 
Standard Test Methods and Definitions for Mechanical Test- 
ing of Steel Products. This standard is maintained by ASTM 
Committee A01 on Steel, Stainless Steel and Related Alloys, 
and is referenced in all of the steel product specifications. 

Hardness Testing 

Hardness has always been a criterion for the strength of steel 
with resistance to marking by a file often being used as a 
rating system. The simplest form of mechanical testing is the 
hardness test with requirements listed as a minimum, max- 
imum, or range in a familiar scale such as Brinell, Vickers, 
or Rockwell. The most commonly used system for steel is 
still the Brinell test, developed by Swedish metallurgist J. A. 
Brinell and announced in 1900. His test relates hardness to 
the area of the impression left by a 10-ram diameter hard- 
ened steel ball under an applied static load of 3000 kg. This 
test is the basis for Test Method E 10 Brinell Hardness Test- 
ing of Metallic Materials, first published in 1924, about a 
year before the inventor's death. 

Some minimum number of hardness tests on a forging 
may be required, but there may be few other requirements. 
It should be remembered that this is a surface test and is 
strongly influenced by decarburization during heat treat- 
ment. If the part has been machined after heat treatment, 
then this is unlikely to be a factor, but equally if much sur- 
face stock is removed after hardness testing, the actual hard- 
ness may be appreciably lower than that recorded. This will 
depend both on the size of the heat treated cross section and 
the material. Hardness testing, .as the only test of mechanical 
properties, can give some indication of the material tensile 
strength from the approximate conversion tables found in 
Specification ASTM E 140, Hardness Conversion Tables for 
Metals, and show that the forging was in fact heat treated; 
but even this has to be approached with caution. Quite a few 
years ago, when large aircraft were powered by piston en- 
gines, a particular design of two row radial air cooled en- 
gines used a crankshaft built up from three forged parts, the 
shaft itself with an offset center bearing journal section, the 
front counterweight with an integral stub shaft, and a rear 
counterweight with an auxiliary drive shaft. The crankshaft 

was built up by means of a split collar on each counterweight 
forging. These facilitated clamping the counterweights to the 
crankshaft by means of a pair of large high strength fitted 
bolts. The counterweights and shaft were closed die forgings 
in a SAE 4340 type of steel, and were oil quenched and tem- 
pered in heat lot batches together with representative test 
blanks for tension and Izod impact tests. The crankshaft as- 
sembly involved carefully measuring the bolt extensions as 
they were being tightened. A problem cropped up when, 
apparently, a front-end counterweight clamp was observed 
to be collapsing during the bolting process. Investigation 
showed that the counterweight was soft, far below the min- 
imum hardness limit, except for a small area near the coun- 
terweight heel at the opposite end to the clamp location. The 
conclusion was that the forging had not been heat-treated. 
The counterweights were purchased in the heat-treated con- 
dition from the forge shop, and all were subject to receiving 
inspection including BrineU hardness testing. 

The counterweights being heavy stubby pieces, were dif- 
ficult to handle. The receiving hardness testing procedure 
was to support the forging by a sling and place the Brinell 
impression near the heelhthe  very location that did meet 
the hardness requirements. Investigation at the forge shop 
showed that they tested the forgings in the same location. It 
was noted that the forge shop floor near the closed die drop 
hammer was covered with steel plates, and after removing 
the forging flash, the counterweights were laid on the plates 
with the heel location and the stub shaft touching the steel 
floor plates. Evidently, the floor plate acted as a heat sink 
and quenched the counterweight heel leaving a locally hard 
surface. Why the part missed the heat treatment load was 
not determined, but hardness-testing requirements were sig- 
nificantly overhauled afterwards! 

In Specification A 370 the Brinell and Rockwell hard- 
ness tests are included. Reference is made to Test Method 
El0  for the Brinell test, since Brinell hardness numbers are 
commonly used in ASTM steel specifications, and it is noted 
here that the tungsten carbide ball is now mandatory for this 
test. The Rockwell and Vickers tests are less frequently spec- 
ified in the ASTM steel specifications, but nevertheless these 
are important hardness testing methods, particularly in con- 
junction with quality heat treatment and surface hardening. 
Test Method E 18, Rockwell Hardness and Rockwell Super- 
ficial Hardness of Metallic Materials, is referenced for the 
various Rockwell hardness testing methods. A feature of the 
Rockwell tests is that a preload is used to stabilize the com- 
ponent in the machine before the required full load is ap- 
plied. Instead of measuring the area of the impression, the 
depth that the indentor penetrates into the test surface is 
measured. The Vickers diamond pyramid hardness test, 
Method E 92, Vickers Hardness of Metallic Materials, is a 
very accurate indentation hardness testing system that uses 
loads ranging from 1 to 120 kg, depending on the applica- 
tion. The higher loads, for a given material give larger im- 
pressions that increase the reading accuracy. The measure- 
ments are made across the points of the diamond shaped 
impression using the built in microscope. In the writer's 
opinion, this is probably the most accurate of the hardness 
testing systems, and although commonplace in Europe, the 
system was never very common in North America. A typical 
Vickers hardness tester is shown in Fig. 10.3. 



Tension Testing 

The tension test is one of the most commonly specified me- 
chanical testing options for steel forgings. There are three 
basic test approaches: 

1. 
2. 
3. 

Take test specimens from a separately forged test bar. 
Take the test specimens from a sacrificial component.  
Use material provided integrally as a prolongation, as in 
an extension of the forging length or outside diameter, 
or from material that is to be removed to provide for an 
opening in the component, such as valve port in a pump 
barrel. The use of a prolongation is the common ap- 
proach in vessel forgings, made to Specifications A 266/ 
A 266M and A 508/A 508M, for example. 

The use of a separate test bar is permitted in several 
forging specifications, but the rules for this are more restric- 
tive in some than in others. While the test bar  may have to 
be heat-treated in the same furnace load as the forgings it 
represents, there probably are size differences that should be 
considered for quenched forgings. It is not uncommon for 
forgings to be taken from a furnace and quenched individ- 
ually. The difference between quenching large forgings 
weighing perhaps 2000 lb (900 kg) each and a test bar  weigh- 
ing appreciably less than 100 lb (45 kg) weighs heavily on 
the side of the test bar. 

The concept of prolongation discard from the quenched 
end of a forging deserves a few words. For annealed or nor- 
malized forgingsmand up until the time that awareness of 
brittle fracture prevention became common,  this was about 
the only heat treatment option for pressure vessel materi- 
a l s - i t  was considered to be unnecessary to limit the prox- 
imity of a tension test specimen to the heat treated end face 
of a forging. Since quenching is associated with forming 
transformation products such as martensite and bainite, it 
can be appreciated that for any given steel there is a limit 
on hardenability and hence the section size that can be 
through hardened. The distance from a quenched surface to 
the test location, therefore, assumes great importance. The 
need for lowered ductile/brittle transition temperatures that 
was expressed from about the mid-1960s onwards intro- 
duced the acceptance of quenching and tempering for other 
than enhancing tensile strength and hardness. To get a good 
representation of the strength and toughness properties of 
the quenched and tempered forging, the distance of the test 
specimens from the quenched end has to be taken into ac- 
count. 

In Specification A 508/A 508M, written originally to 
cover forgings for use in nuclear reactors, the heat treatment 
specified for all of the grades is to quench and temper, and 
it was not uncommon for a normalize, quench, and temper  
cycle to be used especially for large heavy section forgings, 
such as reactor vessel closure flanges, shell courses, and noz- 
zles. Since the applications were regarded as being highly 
critical, great care was taken in writing the specification to 
give the best assurance that the required properties were in- 
deed obtained from the forging. This, in turn, can be ex- 
pressed as uniformity throughout the forging, and that im- 
plies uniformity in chemical composition, forging, and heat 
treatment. Specification A 508/A 508M approaches this re- 
quirement by mandating that the steel be vacuum degassed, 

that the forgings be quenched and tempered, and by speci- 
~'ing a greater number  of tests as the forging size increases. 
Overall length of the forging is also considered so that for 
longer pieces testing has to be done at both ends. There are 
two main reasons for this provision, one is to look at quench- 
ing uniformity, and the other to take into account possible 
carbon segregation that is sometimes found between the top 
and bottom of large ingots. This can be great enough to af- 
fect noticeably the tension test results. 

In turbine and generator rotor forgings, Radially ori- 
ented test specimen cores are usually taken between adja- 
cent wheels in turbine rotors or from the winding slots in 
generator rotors. Another factor in considering tension tests 
is the test orientation. As a general rule of thumb, the duc- 
tility measurements in tests taken from wrought material are 
better when the test specimen axis is parallel to the hot 
working direction, known as Longitudinal Testing. These 
properties may deteriorate when the specimen is taken at 
right angles to the working direction in what is referred to 
as Transverse Testing. In hot rolled plate there is a third test 
direction taken through the plate thickness, known as Short 
Transverse Testing. 

Differences in tensile ductility, measured as elongation 
and reduction of area, are largely caused by the effects of 
nonmetallic inclusions in the steel. Increased numbers of in- 
clusions will accentuate the ductility differences between the 
longitudinal and transverse directions. Alignment and elon- 
gation and spreading of inclusions parallel to the direction 
of hot working are the major sources of these directional 
property differences. In rolled plate the inclusions, particu- 
larly the sulfide and silicate type, can be rolled out as ex- 
tremely thin plates with relatively large surface areas, known 
as laminations, and it is these that are the cause of short 
transverse ductility and strength problems. In forgings, be- 
cause of the method of hot working the sulfide inclusions 
tend to be cylindrical in shape, and typically tapered at the 
ends, cigar fashion, and the silicate types are strung out in 
length. The alumina type inclusions are more refractory and 
tend to appear  as aligned, broken, angular particles. 

In some applications the transverse ductility in a forging 
can be related closely to performance and the specification 
will require that tension testing be done in that direction. 
Artillery gun barrels are an excellent example of this. During 
firing the gun barrel bore is exposed to fluctuating heat and 
internal pressure, conditions ideal for fatigue cracking, and 
it is this problem that primarily dictates its safe working 
life--safe that is for the gun crew. The specification will re- 
quire transverse tension tests (oriented tangential to the 
bore) to be taken from prolongations of both the breech 
and the muzzle. Aside from the minimum strength (yield 
strength usually) the ductility requirement is stipulated as a 
minimum reduction of area percentage. This measurement  
is not colored by proximity to gage marks, and is responsive 
to steel cleanliness, hydrogen content, and heat treatment. 

The problem of test property directionality in forgings 
can be tackled from three aspects, hot working, steel clean- 
liness, and inclusion shape. 

Tackling the cleanliness aspect first, while it is true that 
alignment of inclusions adversely influences transverse duc- 
tility, sheer numbers of inclusions will also adversely affect 
the longitudinal ductility and strength as well. As the volume 
of inclusions is reduced, the difference between transverse 



and longitudinal ductility eventually begins to narrow, as in 
the case of highly refined double vacuum melted steel, where 
there is little significant difference between the longitudinal 
and transverse ductility even when the hot working reduc- 
tion ratio is of the order of 20: 1 or more. This trend is clearly 
seen in high quality basic electric, ladle refined, and vacuum 
degassed material with sulfur levels lower than 0.002 % and 
phosphorous contents below 0.010 %, and such steels are 
commonly available for making forgings today. Another ap- 
proach, often used in conjunction with ladle refining, is to 
use inclusion shape control [1] to render inclusions more 
innocuous in their effect on mechanical properties. This is 
done by modifying the inclusions at the end of the steel mak- 
ing process by the addition of an element such as calcium. 
The object is to make the inclusion into a stable spherical 
shape that will be maintained through hot working. The cal- 
c i u m - a n d  this is the element principally used for the pur- 
p o s e - f o r m s  a stable calcium-aluminum oxide compound 
around the manganese sulfide and silicate inclusions, rather 
like a hard sugar coating around a piece of chocolate. The 
spherical particles resist deformation during the subsequent 
hot working operations. They are classified as globular in- 
clusions. These small globules do not have much adverse ef- 
fect on transverse ductility, and so assist in making the steel 
acceptable for applications such as artillery gun barrels and 
pressure vessels. The use of calcium for inclusion shape con- 
trol tends to be frowned on for bearing steel applications. 

The effects of hot working and steel cleanliness tend to 
be interwoven, and it is worth repeating some of the forging 
concepts here in the context of mechanical testing. 

Judicious choice of ingot and forging practice can pro- 
duce a forging that is essentially isotropic, if the design per- 
mits. This is achieved by having more or less equal hot work 
done in all directions, and can be found in some hollow forg- 
ings or stubby shapes. 

A steam turbine rotor forging typically consists of a rel- 
atively short, large diameter body section where the rotor 
wheels are located, and integral arms or journals at each 
end for bearings and couplings. The arms are significantly 
smaller in diameter than the body, but may have appreciable 
length. Good properties in the radial direction are required 
for the turbine wheels, since they rotate at very high speeds 
and have to carry the turbine blades, so that the centrifugal 
forces are high. The journals are subject to bending loads, 
so that good properties are required in the axial direction. 
In order to get the opt imum radial or transverse properties 
in the rotor wheels, the forging must  be upset at some time 
during the forging procedure. This is frequently a specifica- 
tion requirement. As mentioned in the discussion on forging 
quality, the smallest ingot that meets the equipment and re- 
quired weight criteria is chosen, since this minimizes seg- 
regation effects. The rotor body diameter is obtained by 
drawing back to size from the upset, such that the direc- 
tional hot working obtained during upsetting is maintained 
giving the good radial properties in the turbine wheel sec- 
tion. 

When making a hollow forging, the upsetting work is 
followed by hot trepanning to remove the original ingot core, 
and the bore so formed is expanded over a mandrel to the 
required size. The piece is then threaded over a water-cooled 
mandrel and lengthened by forging between the top die and 
a bot tom V-die to the required size, all the time being ro- 
tated. The intent is to reduce the wall thickness by at least 

half in the process. In this case provided the axial extension 
of the forging is not excessive, the tensile properties are usu- 
ally isotropic in all three directions. 

The yield strength is measured from the tension test. At 
one time, for the carbon steels the requirement was to record 
the yield point, because many of these steels exhibited a dis- 
tinct increase in strain without an increase in stress. How- 
ever, some carbon steels, and most alloy steels, do not give 
this sharply defined yield point, and for these the Yield 
Strength is defined in Specification A 370 as the stress at 
which the material exhibits a specified limiting deviation 
from the proportionality of stress to strain. The offset 
method for determining yield strength is described fully in 
Specification A 370 and is specified for practically all of the 
ASTM steel specifications. 

Aside from strength, ductility is a most important engi- 
neering feature of steel and features importantly in its reli- 
ability. This is measured as a percentage of the gage length 
of the tension test specimen. In North America the gage 
length for the standard round specimens is taken as 4 X D, 
where D is the diameter of the specimen. In Europe the gage 
length is 5 X D. Since a great deal of the extension in the 
tension test occurs close to the fracture where the specimen 
necks down prior to breaking, the elongation value from the 
5D requirement is appreciably less than for 4D. In the test 
reporting the location of the fracture relative to the gage 
marks is helpful in assessing the elongation value, particu- 
larly in the case of marginally acceptable results. 

Reduction of Area is another ductility value obtainable 
from the tension test. This is expressed as the difference be- 
tween cross-sectional area at the fracture and the original 
area as a percentage of the original cross section. In some 
product form proposals, in order to facilitate automated ten- 
sion testing, the reduction of area measurement  may be 
dropped as a specification requirement. In the case of forg- 
ings, however, the reduction of area measurement  is as im- 
portant as elongation in assessing the results of the tension 
test. As an example, Fig. 10.1 shows three fractured tension 

Fig. lO.lmTwo examples of "Fish Eyes" in tension test fracture faces. 
These fracture abnormalities are caused by the presence of hydro- 
gen in the steel. Typically the elongation and reduction of area val- 
ues are reduced when fish eyes occur in the fracture. The effect on 
the reduction of area is evident from the third specimen from the 
same forging that was baked at 500~ (260~ before testing. 



test specimens, one exhibits a feature known as a "Fish Eye" 
and gave love elongation and reduction of area values. The 
other two samples from the same forging received a bake 
cycle at 500~ (260~ for 1 h before testing, and gave normal 
elongation and reduction of area results. The low tempera- 
ture treatment permitted some hydrogen to diffuse from the 
samples, and this effected the ductility improvement. Such 
bake cycles are permitted by Specification A 370, Test Meth- 
ods and Definitions; however, consideration should be given 
to applying an equivalent bake cycle to the forging. An effort 
to delete the reduction of area measurement for forgings is 
likely to be strongly resisted. 

Impact Testing 

The full significance of impact testing probably was not re- 
alized in general industry until the early 1940s with the Lib- 
erty ship hull brittle failures, although the failure mode had 
been observed previously in storage tank and pipeline fail- 
ures. Certainly, impact testing of alloy steels for use in aero 
engine components was commonplace more than ten years 
earlier, and the writer observed about 50 years ago that 
higher room temperature Izod impact test values were ob- 
tained from alloy steel heats that had lower phosphorous 
levels. 

Two major  impact  tests were in use: both used similarly 
sized specimen cross sections and V-notches, and some ma- 
chine designs allowed for testing both types of specimen. 
The methods were the Izod and the Charpy tests. The Charpy 
test was developed in France and the Izod, until after World 
War II, was almost exclusively used in Britain. The differ- 
ence was that in the case of the Izod test the specimen was 
firmly clamped vertically in a vice at the level of the notch 
and was struck above the notch by a swinging pendulum. 
The energy absorbed in the test was registered on a scale. 
The pendulum had a force of 120 ft-lb (165 J) at the point 
of impact. The significant drawback to the Izod test is that 
it is difficult to run the test at other than room temperature. 

In the Charpy test the notched specimen is supported on 
either side of the notch, and the pendulum strikes the spec- 
imen directly behind the notch. Again the energy absorbed 
in breaking the specimen is measured from a scale. Testing 
at temperatures other than ambient is relatively simple, pro- 
vided that a means of cooling or heating the specimen is 
available. In steels an important characteristic is that the ab- 
sorbed energy will fall steeply at some temperature known 
as the transition (from ductile to brittle behavior) tempera- 
ture. The temperature at which this occurs depends mainly 
on the steel composition and heat treatment. To establish the 
transition temperature it is necessary to run a series of im- 
pact tests at different temperatures, and since the Charpy 
specimen only need rest on the supports for a very few sec- 
onds, changing the specimen temperature and running the 
test is very easy. 

Brittle failure is a catastrophic very fast fracture that can 
run for very large distances, and there have been spectacular 
hydrostatic test failures of pressure vessels and pipelines 
from this cause. Figures 10.1 and 10.2 are examples of fast 
fracture. It  is not surprising then that Charpy impact testing 
in accordance with Specification A 370 is a requirement in 
many ASTM steel forging specifications, and for the carbon 
steels at least has been the cause of much grief. 

An unorthodox heat treatment procedure [2] involves 
partial austenitization in the region between the lower crit- 
ical (a~l) and the upper critical (a~3) temperatures, followed 
by quenching and usually tempering. At the expense of a 
slight loss in tensile strength, the grain size is reduced sig- 
nificantly, giving improved Charpy impact test results. The 
method has been shown to be applicable to section sizes over 
20 in. (500 mm). This heat treatment is included as an option 
in Specifications A 350/A 350M and A 266/A 266M. It is also 
permitted in Specification A 508/A 508M for Grades 1 
through 3A. 

Fracture Toughness Testing 

Associated with the brittle fracture problem some other 
more involved--and more expensive--fracture toughness 
tests have evolved. Probably the first was the Drop Weight 
Test developed by Pellini at the Naval Research Laboratory 
as an outcome of the Liberty ship research, and is covered 
by ASTM E 208, Test Method for Conducting Drop-Weight 
Test to Determine Nil-Ductility Transition Temperature of 
Ferritic Steels. On a frequency of use basis this is probably 
the most often used test after the Charpy impact test. The 
method is to deposit a weld bead of a brittle material (usu- 
ally some hard facing weld metal) along the length of a block 
of heat-treated test material. The weld bead is notched by 
sawing at midlength to act as a crack starter location. The 
specimen is cooled to some predetermined temperature T 
and is placed, weld bead down, on an anvil. A weight is 
dropped from a height of about 5 ft (1.5 m) onto the back 
of the specimen, which is then examined. If a crack has ex- 
tended from the weld fully across the specimen or has 
reached only one edge on one side of the weld, the test is 
declared to be a "break." Two more specimens are broken at 
a temperature of T + 10~ (T + 6~ and if neither of these 
is classified as a "break" (i.e., "no-break") the Nil Ductility 
Temperature is declared to be T. Although few ASTM mate- 
rial specifications call for the drop weight test in Test Method 
E 208--it  is covered by a supplementary requirement in 
Specification A 508/A 508M--the test has been part of the 
fracture toughness requirements for nuclear pressure vessel 
components in Section III  of the ASME Boiler and Pressure 
Vessel Code for many  years. 

Other more specialized fracture toughness tests have 
been developed and some of these can use full section thick- 
ness test pieces. A fatigue crack of a controlled size is gen- 
erated at the base of a machined notch and the Crack Tip 
Opening Displacement (CTOD) at the required test temper- 
ature is measured as the specimen is bent. Unstable fracture 
is not accepted before a given minimum CTOD value has 
been achieved. This type of test has been actively used for 
forgings intended for use in offshore tension leg oil plat- 
forms both in the Gulf of Mexico and the North Sea. While 
valuable for critical designs, this kind of fracture toughness 
testing is expensive in terms of providing the necessary test 
material, test equipment, and time to perform. 

Fatigue Testing 

Although not a formal part  of any of the forging product 
specifications, very many forgings are designed for use in 
applications where fatigue is the primary failure mode. The 
examples of this are not hard to seek, when mechanical com- 



Fig. 10.2--Brittle failure of a fabricated high-pressure water-tube 
boiler drum during initial hydrostatic test. Origin was a large un- 
detected crack at the toe of a nozzle weld that occurred during the 
post weld heat treatment cycle. 

ponents  such as axles, propel le r  shafts, tu rb ine  and genera-  
tor  rotors,  crankshafts ,  connect ing  rods,  gears, and  p in ions  
tha t  opera te  unde r  high cycle fatigue condi t ions ,  and  p u m p  
bodies  and  pressure  vessels that  endure  low cycle fat igue 
condi t ions  are  rout ine ly  specified as forgings.  

The fatigue s t rength  of  mate r ia l s  can  be de te rmined  by  
the use  of tests such as ASTM E 606, S t a n d a r d  Pract ice  for  
S t ra in  Control led Fat igue Testing, but  these are  not  inc luded 
in the  p roduc t  specif icat ions since the bas ic  mate r ia l  char- 
acter is t ics  in fat igue are known to the componen t  designers,  
and  the ac tua l  pe r fo rmance  of a service involving fatigue is 
as much  a funct ion of  the design of the  par t  as the mater ia l ,  
its hea t  t rea tment ,  and  mos t  impor tan t ly  the surface t reat-  
men t  and  finish. 

Fig. 10.3--A Vickers Diamond Pyramid hardness testing machine 
wi th sliding table and microscope with micrometer measuring de- 
vice. The load range is 1-120 kg. Although very accurate, this type 
of f loor hardness tester is difficult to use for other than small parts. 
A similar situation applies for bench Brinell and Rockwell hardness 
testers. 
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Nondestructive Examination 
AN IMPORTANT ASPECT OF QIJAEITY FORGING 
production is that the forging, having been shown to be 
made from the specified material, heat treated as prescribed 
and demonstrated to meet the mechanical property require- 
ments, is free from material/process related conditions that 
might adversely affect its performance during use, in other 
words that the forging is sound and is what it appears to be. 
It should be recognized that some potential service pitfalls 
can be mitigated by the use of appropriate nondestructive 
examination methods, while others cannot. For example, 
magnetic particle examination of the critical surfaces of a 
crankshaft is most valuable in finding indications that could 
lead to a fatigue failure, but no nondestructive examination 
of the original plate would warn of a potential brittle fracture 
problem stemming from a badly designed deck hatch corner 
in the deck of a ship whose hull plates were being operated 
close to or below their transition temperature. 

For steel forgings there are two nondestructive test ap- 
proaches, one concerned with the finished surfaces, and the 
other looking at the volumetric quality. 

Surface Examination 

Visual examination is the simplest method of surface ex- 
amination, and while other systems are important, the 
trained eye, perhaps aided by a low power magnifying lens 
is unquestionably the most important. Visual examination 
should precede any other surface examination, and should 
not be forgotten during any remedial work. 

Magnetic particle examination is a commonly used 
method for surface examination of ferromagnetic forgings, 
and this method is further defined by the method of mag- 
netization. 

Eddy current systems are frequently used in automated 
systems for products, such as seamless or welded tube, and 
are used in some inspection lines for large-scale production 
of small forgings. They can be used for both ferritic and aus- 
tenitic steels. 

Another frequently used method is the liquid penetrant 
system, and for this the material does not have to be ferro- 
magnetic. 

Visual Examination 

Visual examination is often thought of as being associated 
only with dimensional inspection; however, this is far from 
the case and the notion should be discouraged. The machin- 
ist should be doing a visual examination of the part, or of a 
representative number of components at various times dur- 
ing the shift. Not infrequently, an alert machine operator will 
notice that the chips are breaking off in an unusual and re- 
petitive manner that might indicate a crack. Porosity or a 
pocket of trapped slag remaining from ingot piping may be 

uncovered. The machining behavior itself compared with 
past experience may indicate some significant difference. 
Unexpected warping or distortion might flag a problem that 
originated in forging or heat treatment. Sharp in process 
visual examination then will often lead to the discovery of 
features that if not recognized could lead to wasted time, 
money, and resources later in the process. This kind of early 
warning can get lost if the work ethic is poor, or perhaps 
from operator greed in not wanting to run the risk of losing 
some production premium, or as unfortunately happens be- 
cause of ill informed supervision. 

The use of stereo microscopes is well recognized in 
some micro assembly and inspection operations, particularly 
in the electronics industry; however, the use of these instru- 
ments tends to be restricted to the laboratory when dealing 
with forgings. They are certainly most useful in examining 
tension and impact test fractures, for example. A class of 
stereo low power microscope that is used surprisingly little 
in the metal manufacturing industries, however, is the long 
working distance medical operating microscope [1]. These 
can be equipped with objectives that permit working dis- 
tances of 2 ft (600 mm) or more and can be used in con- 
junction with video cameras. Designed for operating room 
use, the erect image and low level of eyestrain make these 
instruments ideal for shop or field inspection at least for spe- 
cial situations. As an example, a situation arose in the 1960s 
involving two small high-pressure steam turbines used to 
drive generators in a chemical plant. The pass out or exhaust 
steam was used for process heating. The turbines were in a 
fairly new installation that was covered by loss of use insur- 
ance. A blade failure in one unit shut part of the plant down 
and necessitated the rotor being returned to the manufac- 
turer for repairs, including replacement of the stainless steel 
blades. Investigation revealed that two or three blades in one 
stage had failed by fatigue at the blade root radius where a 
sharp edge had been left. The probability of similar failures 
in the second turbine was considered to be high, and an in- 
spection was ordered on site. The question was how to do 
it. Magnetic particle examination was eliminated since the 
blades were nonmagnetic. Liquid penetrant examination 
would be difficult and messy because of the small size of the 
blades and the failure proximity to the blade root attachment 
to the rotor. The rotor would also have to be removed from 
the steam chest, and facilities for doing this were very lim- 
ited. Because of the small blade size, the austenitic material, 
technique difficulties, and lack of standards, ultrasonic ex- 
amination was going to be difficult as well. The decision was 
taken to examine the rotor blades row by row using an op- 
erating microscope. The top half of the steam chest was re- 
moved, and the microscope set up by clamping the bench 
stand to a firm support that facilitated focusing on the blade 
root area at a working distance of about 20 in. (500 mm). 
The rotor was turned manually and three or four blade root 
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areas could be examined at each step. The microscope was 
moved as necessary along the length of the rotor to enable 
all of the blade stages to be examined. Cracks were found in 
this way in three blade roots in the same stage as the failures 
in the first turbine. One successful operation of this type can 
more than pay for the equipment outright. The general setup 
used for another rotor is shown in Fig. 11.1. 

Magnetic Particle Examination 

Surface examination by the magnetic particle examination 
method is widely practiced both during forging manufacture 
and in the field. It is capable of revealing various surface, or 
when direct current magnetization is used, near surface in- 
dications. With a magnetic field applied to a ferromagnetic 
forging, magnetic flux leakage at a discontinuity will attract 
fine magnetic particles and make it readily visible. For com- 
plete coverage, the magnetic field must be applied first in 
one direction and then, after inspection, applied again at 
right angles, that is once longitudinally and then in a trans- 
verse or circumferential direction. The magnetic field can be 
generated by passing a high amperage current through the 
piece itself, by the use of a central conductor, by wrapping 
cable coils round the part  or by the use of an electromagnetic 
yoke. Although not used for routine magnetic particle ex- 
aminations strong permanent  magnets are useful sources of 
magnetic flux, particularly for difficult field situations. Per- 

Fig. 11. l - -Use of a long working distance operating microscope in 
the nondestructive examination of a steam turbine rotor. 

manent magnets, for example, were used for many years in 
the field inspection of riveted boilers for caustic (stress cor- 
rosion) cracking at rivet holes, before the introduction of 
ultrasonic examination made rivet removal unnecessary. 

Magnetic fields derived from direct current (full or half 
wave rectified ac) provide the ability to detect near surface 
discontinuities and is most useful in that respect. However, 
demagnetization afterwards is sometimes difficult. As an ex- 
ample of this, some forged cylinders were made for a nuclear 
pressure vessel evaluation study. The forgings were made to 
Specification SA-508 Class 2 and were about 36 in. (915 mm) 
in diameter  with a length of about 6 ft (1.8 m) and a wall 
thickness of about 6 in. (150 mm). Magnetic particle exam- 
ination of the finished forgings was completed to the speci- 
fication requirements, using Method SA-275/SA-275M Mag- 
netic Particle Examination of Steel Forgings, and this was 
followed by demagnetization. On arrival at the fabricator's 
facilities the first order of business was to slit the cylinders 
longitudinally to prepare for a longitudinal weld seam that 
was required for the study. On completion of the longitudinal 
cut the residual magnetic field across the gap was strong 
enough to hold a large wrench in place, making welding of 
the longitudinal seam impossible. The forgings had to be re- 
turned for further demagnetization, using considerably 
higher currents than had been used in the original magnetic 
particle examination. 

The use of an a-c power source provides adequate sur- 
face magnetization capabilities, but the depth of subsurface 
discontinuity detection is greatly reduced when compared to 
d-c magnetization. However, for certain applications, such 
as crankshafts, where the risk of severe service damage due 
to the pick up of magnetic particles from the lubricating oil 
is very high, a-c magnetization is preferred because of the 
ease of demagnetizing after the magnetic particle examina- 
tion. 

Other major ASTM standards for magnetic particle ex- 
amination are E 709, Guide for Magnetic Particle Exami- 
nation, and E 1444, Practice for Magnetic Particle Ex- 
amination. While these standards deal with the subject 
admirably, there are special shortcomings with regard to 
large forgings. This is because when dealing with large com- 
ponents the calculated current required for magnetizing can 
become very high, in frequent situations a large 20 000 am- 
pere machine would not be big enough, and worse, spurious 
indications attributable to forging grain flow would appear. 
Test Method A 275/A 275M was written because of these 
problems. This test method is a mandatory part  of many 
steel forging material specifications such as A 508/A 508M. 
It should be noted that Method A 275/A 275M provides only 
the test method, not acceptance criteria, since these lie in 
the province of the product specification. Another more re- 
cent ASTM test method for magnetic particle examination is 
A 966/A 966M, Magnetic Particle Examination of Steel Forg- 
ings using Alternating Current. This specification parallels 
Test Method A 275/A 275M, and was written to provide a 
test method for the examination of components such as large 
crankshafts where certainty of full demagnetization is im- 
perative. A companion specification, A 986/A 986M, Mag- 
netic Particle Examination of Continuous Grain Flow Crank- 
shaft Forgings, provides for acceptance criteria. 

There are variations in magnetic particle examination 
methods that should be addressed. The most sensitive is the 



wet fluorescent method. This as the name suggests uses flu- 
orescent particles suspended in a carrier liquid, and the part 
is examined under ultraviolet (black) light. The indications 
fluoresce as shown in Figs. 11.2 and 11.3, and even very 
small ones can be readily seen. This method works extremely 
well with very finely finished surfaces, such as the journal 
surfaces, fillets, and oil hole radii in large continuous grain 
flow crankshafts. If the machined surface finish is not 
smooth, retained particles in suspension can make interpre- 
tation difficult. Although makeshift viewing areas can be es- 
tablished using tarpaulins, permanent inspection booths 
with removable covers make for a better environment for the 
test. 

After the wet fluorescent method, the wet method using 
nonfluorescing particles in suspension is the next lower level 
of test sensitivity, and depending on the application and the 
minimum allowed flaw size is fully adequate for most situ- 
ations where one is looking for crack-like indications, po- 
rosity, large inclusions, or weld defects. Linear indications 
shorter than 0.125 in. (3 ram) on smooth surfaces can be 
detected readily by this method. This is probably the most 
widely used of the magnetic particle examination methods. 
The use of dry powder, especially on rough or warm sur- 
faces, is useful for the larger indications, such as quench 
cracks or hot cracking in welds. It is also a very useful sys- 
tem when following the course of an indication during its 

removal by grinding, since there is no fluid to fill the cavity 
and hinder the examination. 

The use of the residual magnetism method, where the 
particles are applied after the current has ceased to flow, is 
little used and is not generally recommended. 

Mention must be made of magnetizing localized areas 
by the use of hand held powered prods. Used particularly in 
the field, they are associated with portable kits with a lower 
current capability than would be found with the larger fixed 
shop equipment. The prods are pushed onto the test surface 
and are held in place while the current flows through the 
prods into the part. Test Method A 275/A 275M specifies the 
prod spacing on the surface--generally about 6 in. (150 mm) 
is used. The magnetic particles are applied while current is 
flowing, and after examination the same surface is magne- 
tized again at right angles to the first shot. The prods are 
then moved to another area, allowing for overlap, and the 
procedure repeated. Dry magnetic powder (available in sev- 
eral colors) is most often used in this method, but a wet 
suspension can be used also. The dry powder tends to build 
up around the pole pieces so that the overlap must cover 
these areas. For large areas, the surface should be laid out 
in a grid pattern beforehand. 

Arc strikes between the prods and the work surface are 
a distinct and serious risk and must be minimized, and pref- 
erably avoided. Various prod designs are available to help 
reduce tendencies for arc strikes, since these are a source of 
cracks and grain boundary copper penetration. A similar sit- 
uation must be guarded against when using clamps to con- 
nect power cables to the forging for direct magnetization. 
Braided copper fabric is sometimes used between the clamp 
and the forging to minimize the possibility of burning. Fig- 
ure 11.4 illustrates severe arc bums with copper deposits. 

Recording of indications is possible by using dry powder 
and picking up the indication trace with transparent adhe- 
sive tape and transferring it to a piece of white paper. An 
example of this technique used to monitor a lamellar indi- 
cation located near the manhole of a large water-tube boiler 
drum over an interval of two years is shown in Fig. 11.5. The 
test methods describe some of these options. 

Liquid Penetrant Examination 

Fig. 11.2--A fluorescent magnetic particle indication photographed 
under "black" light. The closed alloy steel die forging was heat 
treated and the as forged surface was cleaned to remove scale. 

The liquid penetrant procedures in use today are covered by 
ASTM E 165, Practice for Liquid Penetrant Examination. 
The origins of this test method are not known for certain, 
but during World War II a practice known as Oil and Chalk 
testing was used to examine magnesium alloy aero engine 
crankcases and gear covers for porosity and cracking. The 
part was immersed in a warm light mineral oil for a defined 
period, then drained and wiped dry. The surfaces were then 
sprayed with a dry chalk powder, and after a few minutes 
examined for oil stains that indicated the location of defects 
that w e r e  open to the surface. The current methods use a 
red dyed low viscosity vehicle with a low surface tension that 
is capable of penetrating into pores and fine tight cracks at 
room temperature. Time is allowed for the liquid to pene- 
trate, and then the surface is wiped clean and a fine white 
chalk like developer is sprayed on the surface. After the re- 
quired development time, the surface is examined for telltale 
red stains. As would be expected cracks produce a fine red 
line, and pores show as red dots. However, a closely pitched 



Fig. 11.3--Sketch of a typical grinding crack pattern. The shallow parallel cracks are usually 
very short and oriented at right angles to the direction of the grinding wheel. When 
viewed under some magnification the cracks have forked ends making them potent stress 
concentration points for propagation by fatigue. The similarity of the cracking pattern on 
a crankshaft bearing surface as a result of bearing seizure (lower picture) is evident. 

series of red spots frequently marks the presence of a very 
fine tight crack. The penetrant indications become more dif- 
fuse over time as more dye seeps from the indication. As 
with most surface examinations, surface finish is important, 
and a coarse machined or shot blasted surface tends to leave 
a strong pink colored background that can interfere with the 
final examination. 

As with magnetic particle examination, a fluorescent dye 
is available and the examination is done on the developed 
surface using an ultraviolet light source. As with the mag- 
netic particle examination, the fluorescent system enhances 
the inspection sensitivity. 

The liquid penetrant method, while mainly used on non- 
magnetic materials such as the austenitic stainless steels and 
nonferrous materials, is also used quite widely on ferromag- 
netic materials where the preferred magnetic particle equip- 
ment is not available. 

Volumetric Examination 

Although radiography is widely used in the examination of 
castings, both ferrous and nonferrous, and weldments, it is 
little used for steel forgings. This is not simply because of 
the size and cost of the equipment involved, the time element 



Fig. 11.4--Effect of increasing magnetizing current on copper de- 
posits from contact prods on an alloy steel forging. 

to do the examination, and the need for personnel protec- 
tion, but because of insufficient sensitivity in thick sections. 
Ultrasonic Examination has been found to be ideal for vol- 
umetric examination of steel components, and two major 
ASTM test methods have been written to detail the equip- 
ment and procedures that are recommended for steel forg- 
ings. The first and more important of these is Practice A, 388/ 
A 388M, Standard Practice for the Ultrasonic Examination 
of Heavy Steel Forgings. The second forgings standard is A 
745/A 745M, Practice for Ultrasonic Examination of Austen- 
itic Steel Forgings. The two practices are necessary because 
of the major differences in the propagation of sound waves 
in ferritic and austenitic forged materials, particularly attrib- 
utable to the coarse grain size generally found in large aus- 
tenitic steel forgings. 

The ultrasonic examination equipment has increased in 
robustness, and decreased steadily in size over the years, and 
it is not uncommon, particularly for interim examinations, 
for the ultrasonic examination equipment to be carried to 
the forging, rather than the other way around. However, 
from a scheduling point of view, and because the magnetic 
particle examination transformer/rectifiers are large and 
static, the final nondestructive examinations are usually 
done in a central location. 

Forging complexity, apart from size, sometimes dictates 
that ultrasonic examination be done at interim stages of 
manufacture, if in the final state a full 100 % volumetric 
examination is not possible. A general specification require- 
ment is that the ultrasonic examination be done after com- 
pletion of the quality heat treatment. For large and complex 
components, such as the main reactor vessel nozzles in a 
pressurized water reactor (PWR) unit, it is often the case 
that the forging is contour machined to follow the final 
shape prior to heat treatment so that important highly 
stressed final surfaces are as close as possible to the quench 
medium, and so can be expected to enjoy maximum tough- 
ness. In this format, a full volumetric ultrasonic examination 

Fig. 11.S--Magnetic particle indications lifted on site from the man- 
hole of a fabricated boiler drum by means of transparent adhesive 
tape and transfer to a white card. The area was scanned also by 
ultrasonic examination. The tamellar type defect was examined two  
years later and comparison of the two results showed litt le if any 
change. 



after heat treatment may not be possible so that an inter- 
mediate examination must be done prior to the contour ma- 
chining and heat treatment. Following heat treatment, the 
ultrasonic examination is repeated to the maximum possible 
extent. As an adjunct to this, if 100 % volumetric coverage 
is possible after heat treatment, but not in the final machined 
shape, then the part must be given the ultrasonic examina- 
tion before the final shape is generated. 

Surface finish is important for ultrasonic examination 
and is dealt with in the applicable practice. 

Geometric features, such as diameter changes in shafts, 
produce natural reflectors during ultrasonic examination 
and must be recognized, especially if they are hidden in a 
bore. The geometry aspect becomes very important when 
working on a complicated shape such as a crankshaft. 

Some types of defect have characteristic ultrasonic re- 
sponses, and recognition of these can assist greatly in the 
interpretation of what is causing the indication. For exam- 
ple, when performing a radially oriented scan through a 
solid cylindrical forging, such as a roll, a return echo from 
the opposite side is expected and, indeed, is part of the set- 
ting up process for the examination. This is known as the 
back reflection. If the back reflection should diminish or dis- 
appear during the scan, this indicates that the sound beam 
is being absorbed or scattered on its way through the sec- 
tion. This loss of back reflection may be accompanied by 
another reflection from some point within the section and 
could be caused by the presence of voids, perhaps a remnant 
of ingot piping, or a large group of inclusions. The behavior 
of the sound beam at different locations round the circum- 
ference and the appearance or disappearance of intermedi- 
ate peaks in the CRT display all help to build up a picture 
of what the discontinuity is. Loss of back reflection is a sig- 
nificant result of the examination, so much so that some ac- 
ceptance criteria is based on a 50 % or greater loss of back 
reflection (reflection peak reduced by half) occurring to- 
gether with an intermediate indication spaced between the 
initial pulse and the back reflection peak. In austenitic stain- 
less steels, this situation can be caused simply by a signifi- 
cant change in grain size, with no actual defect present. As 
an example [2], a long cylindrical forging to SA-336 Grade 
F304 intended for use in a reactor containment penetration 
application in a nuclear power station was straightened at 
the forging press by pushing on it between offset dies. The 
temperature of the piece at that time was below the recrys- 
tallization temperature. After machining and boring, the part 
was solution annealed by water quenching from the solution 
annealing temperature. An area of the forging about 6 in. 
square (150 x 150 mm) showed a large loss in back reflec- 
tion during the radial compression wave scan, and some 
short reflections were noted near the OD surface. Metallo- 
graphic examination showed an area of very coarse grain 
size that apparently was formed when the lightly warm 
worked area formed during the straightening operation re- 
crystallized to give significant grain growth during solution 
annealing. The part was not accepted, and subsequent de- 
structive examination, while confirming the presence of the 
coarse grains failed to show any defects. 

Frequency of the search units is important. For most 
applications in ferritic steels, a 2.25-MHz search unit fre- 
quency is adequate. For coarse-grained materials, dropping 
the frequency to 1 MHz may be necessary and this is often 

the case when scanning austenitic stainless steel forgings. 
Increasing the frequency to 5 MHz and reducing the trans- 
ducer size to 0.5 in. (12 mm) is useful in scanning small 
areas at high sensitivity. Generally, ferritic steels respond bet- 
ter to ultrasonic examination after heat treatment because 
of the more refined and uniform structure, and most speci- 
fications require that the examination be done after the qual- 
ity heat treatment. In some special situations a complete vol- 
umetric scan at the required sensitivity may have to be done 
before contouring the forging for heat treatment. In such 
cases a preliminary normalizing treatment should be consid- 
ered to refine the grain before the examination. This nor- 
realizing, of course, would not need to be repeated for the 
final cycle. The final ultrasonic examination is then done to 
the maximum possible extent after quality heat treatment. 

Having found an indication, there remains the problem 
of assessing its size, a necessary precursor to determining its 
acceptability. Earlier, it was mentioned that a given percent- 
age loss in back reflection, accompanied by an indication is 
used as an acceptance criterion for some product specifica- 
tions. A more meaningful system uses a distance/amplitude 
correction curve to assess an indication according to its dis- 
tance from the transducer. A group of test blocks of the same 
material and heat treatment condition, but of differing 
lengths, is used to construct the curve, each block having a 
flat bottomed hole of specified diameter drilled in one end 
to give a series of test distances. The readings from these 
blocks establish points through which the curve can be 
drawn and establish an acceptance line for the forging. The 
test hole diameter establishes the sensitivity of the test and 
may be specified in the product specification or in the pur- 
chase order. 

For the shear wave examination, notches located in the 
outside and inside diameters of the part are used for cali- 
bration purposes. These are oriented in the longitudinal di- 
rection for the circumferential scan, and in the circumfer- 
ential direction for the axial scan of the forging wall. There 
are geometric limitations on the circumferential shear wave 
examination of hollow cylindrical parts that are tied to 
length, wall thickness, and diameter. The length of the ring 
or cylinder must exceed 2 in. (50 mm), and the ratio of the 
outside to inside diameters must not exceed 2.0:1. The sen- 
sitivity of the shear wave scan is determined by the depth of 
the calibration notches. This is usually expressed as a per- 
centage of the wall thickness, and Practice A 388/A 388M 
requires a maximum depth of 3 % or 0.25 in. (6 mm). Prac- 
tice A 745/A 745M for austenitic stainless steel forgings of- 
fers two shear wave quality levels, QA-1 at 3 % of the wall 
thickness and QA-2 at the lesser of a maximum of 5 % wall 
thickness or 0.75 in. (19 mm). 

The ultrasonic examination practices will be discussed 
further in the discussion of Practices A 338/A 388M and A 
745/A 745M. 

Coupling between the probe and the workpiece is an es- 
sential part of ultrasonic examinations. This may be in the 
form of water based gels or mineral oils, engine lubricating 
oil being commonly used for this purpose. Where further 
machining or heat treatment follows the examination, the 
water-based materials are often preferred to reduce smoke, 
while at the final stage off reduces surface corrosion. 



In-Service Inspection 

While magnetic particle, liquid penetrant, and ultrasonic ex- 
aminations are done routinely during forging manufacture 
for quality and certification purposes, these test methods and 
practices are also used extensively to monitor forgings in the 
field. Such examinations are aided immensely by having the 
detailed original reports available to the inspectors, partic- 
ularly if acceptable indications have been recorded and can 
be looked at afresh after service. The importance of prior 
inspection reports cannot be over emphasized, particularly 
the retention of detailed reports that may not be required for 
the final certification, where simply an expression of com- 
plying with some product specification requirements may be 
all that is required. It is not suggested that such detailed 
reports be provided to the purchaser, unless there is some 

agreement to do so, since too much information beyond that 
required by the specification and the purchase order can fre- 
quently cause a great deal of confusion and heartache. This 
subject will be discussed further in Chapter 20; however, it 
is important to be aware of the level of the original exami- 
nations. For example, the calibrations used in the original 
ultrasonic examinations should be known, so that both the 
original and the in-service results can be compared directly. 
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Surface Treatment 
IN MANY INDUSTRIAL APPLICATIONS THERE ARE 
advantages to be had by surface treatment of forgings. The 
most important of these are: 

�9 Improve Wear Resistance 
�9 Improve Fatigue Strength 
�9 Reduce Galling 

The most common methods of surface treatment include: 

�9 Direct Hardening by Heat Treatment 
�9 Nitriding 
�9 Carburizing 
�9 Salt Bath Treatments 
�9 Hardening by Cold Working 
�9 Proprietary Chemical/Sah Bath Treatments 

The choice of surface treatment relates to the type of 
steel involved, the required surface effect, equipment avail- 
ability, and the design application. The component  designer 
usually specifies the surface treatment requirement, or may 
simply specify the end properties and leave the method of 
obtaining them to the forging supplier. The most satisfactory 
and useful arrangement is to decide on these details with the 
forging supplier before the final design is fixed. 

Direct Hardening 

The direct hardening methods are probably the most com- 
mon and span a wide range in both size and application. 
Their use depends on the base material being capable of 
yielding high hardness values, and therefore, the carbon con- 
tent is most important. The steels used then are typically in 
the medium carbon range from 0.4 to 0.65 %, and may or 
may not be alloyed, depending on the requirement for core 
tensile strength and forging size. The process consists of aus- 
tenitizing a surface layer, followed by rapid cooling to form 
a martensitic skin. The hardened surface is usually lightly 
tempered, perhaps between 200 and 500~ (110 and 260~ 
before finish grinding to size. The depth of hardening can be 
varied according to the heating system but would typically 
have a maximum depth of about 0.375 in. (10 mm), although 
much greater depths are obtained in certain special appli- 
cations such as rolls for rolling mills. 

When originally developed the heating system used gas 
burners, and went by the name Flame Hardening. A setup 
for vertical flame hardening of a roll surface is shown in Fig. 
12.1. The advent of electrical induction heating equipment 
permitted faster heating even over quite complex shapes by 
the use of special coils, and importantly automation. Known 
as Induction Hardening, such systems are widely used in the 
automotive industry for a wide range of components and 
permit the use of relatively inexpensive materials. More gen- 
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eralized induction hardening equipment for very varied ap- 
plications, such as the surface hardening of bearing surfaces 
of shafting, and producing wear resisting surfaces for the 
corrugating rolls used to produce corrugated paper  board, 
permits the wider use of induction hardening for smaller 
component  quantities. Induction hardening is widely used 
in automotive and truck crankshaft production. The main 
purpose is to reduce bearing journal wear and so extend 
crankshaft life, but if the crankshaft journal fillets are hard- 
ened also, then a significant increase in fatigue strength is 
obtained. This can avoid the need for more expensive alloy 
steels, or can enable the engine power output to be increased 
without a crankshaft design change. Increased risk of dis- 
tortion as a result of fillet hardening is a disadvantage that 
has to be addressed, however. An example of induction hard- 
ening diesel locomotive crankshafts is shown in Fig. 12.4. 

Great care must be taken in the grinding of induction- 
hardened surfaces to avoid the formation of grinding cracks 
that generally are devastating to the life of the component  
unless removed. This problem was discussed in the chapter 
on machining, and although isolated cracks can occur, fre- 
quently several parallel cracks follow the track of the grind- 
ing wheel as shown in Fig. 11.3. 

Although an induction hardened surface can be rehard- 
ened if there was some problem with the initial treatment, 
some precautions must be taken to reduce the risk of crack- 
ing on repeating the procedure. The hardened surface should 
be tempered back before attempting to harden the part  
again. As in induction heating for forging, if a part  is to be 
reinduction hardened, then its temperature should be al- 
lowed to cool to ambient, since residual heat in the part  will 
increase the surface temperature during the austenitizing 
stage (at the original power setting) and increase the risk of 
cracking during quenching. Light tempering after hardening 
is always advisable, since delayed cracking of untempered 
martensite is always a risk, particularly when dealing with 
alloy steels. Hydrogen in the base material is a possible 
source of this problem. 

Although there will be a degree of self-quenching when 
the heating of the surface ceases as the coil moves on, this 
being caused by rapid conduction of heat from the surface 
into the core of the part, external quenching is almost always 
applied. Although water can be used for this, probably the 
most common quenchant is a polymer/water  emulsion. 
These cool more slowly than water, but they do not cause 
corrosion of the machine equipment, and reduce cracking 
tendencies while still giving adequate surface hardness. 

Maintaining machine settings in terms of power supply, 
coil travel speed and quenching coil position are essential 
for obtaining repeatable results, especially since determining 
the case depth and hardness pattern must be done by de- 
structive testing. This can be quite expensive and time- 
consuming when one considers complex forgings. It should 
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Fig. 12.1--A vertical flame hardening machine in the process of surface hardening a pres- 
sure roll to ASTM Specification A 649/A 649M. 

be remembered that although the time of exposure to high 
temperature is short, a little decarburizing does take place, 
so that the immediate surface hardness will be lower than 
the area directly underneath. Since portable hardness testing 
is often used as a quick quality guide, the test spot should 
be lightly ground to improve the surface finish and remove 
the decarburized zone. 

The depth of hardened case can be determined metal- 
lographically by looking for the end of the transformed sur- 
face zone in a cross section, but a more practical method is 
to run a hardness traverse through the case and into the base 
material. The hardness will remain steady in the outer parts 
of the case, and will then decline towards the base hardness. 
The sharpness of this drop is of interest to some designers, 
and can be controlled by adjustment of the induction hard- 
ening and quenching parameters.  At the base of the case, a 
shallow area softer than the original base hardness should 
be found, depending on the original heat treatment. This re- 
suits from localized over tempering during the surface aus- 
tenitizing stage. The depth of the case would be reported as 
the depth at which the case hardness falls to some predeter- 

mined value, perhaps two Rockwell C scale points higher 
than the maximum base hardness. 

Nitriding 
The two principal methods of nitriding steel today are by 
Gas Nitriding and Ion Nitriding [ 1,2]. Nitriding is the intro- 
duction of nascent nitrogen by diffusion into the steel sur- 
face and the formation of nitrides typically of iron, chro- 
mium, and aluminum. Whereas induction hardening is done 
by austenitizing the surface to be hardened, nitriding is typ- 
ically done in a furnace operating at about 925/975~ (495/ 
525~ for single stage nitriding, or  925/1050~ (495/565~ 
for the double stage gas nitriding process. Nitriding also dif- 
fers significantly from induction hardening in terms of case 
depth, the maximum nitrided case depth being of the order 
of 0.20 in. (5 mm). Surfaces, therefore, are usually very close 
to the finished diameter when nitrided, whereas induction 
hardened surfaces almost invariably are hardened with ex- 
cess stock present and are finish ground to size afterwards. 
Since it is a diffusion controlled process nitriding is quite 



slow, and for the gas process in particular can take several 
days from loading to unloading the furnace. 

A feature of nitriding is the formation, or at least the 
tendency to form, a friable iron nitride surface film called 
White Layer. This film is troublesome in some applications 
if it should become detached, and has to be removed after 
nitriding. This can be done readily by polishing or bv chem- 
ical means. 

Gas Nitriding 
Although some nitriding processes are available utilizing salt 
baths, the original widely used process was gas nitriding us- 
ing anhydrous ammonia  as the nitrogen source and carr>ing 
out the operation in an electrically heated retort or furnace. 
The furnace is provided with a circulating fan to distribute 
the ammonia/nitrogen.  After loading, air must be purged 
from the furnace before starting to heat the charge. This is 
necessary to prevent oxidation of the component surfaces. 
Nitrogen rather than ammonia  is increasingly used for this 
initial purging operation. Depending on the degree of am- 
monia dissociation required, the incoming ammonia  may be 
passed over a catalyst to increase nascent nitrogen supply. 
For the single stage nitriding process a dissociation of 15/ 
30 % is used and this can be obtained simply by contact with 
the steel component  at the nitriding temperature. The sec- 
ond stage of the doubte stage or Floe process requires 80/ 
85 % ammonia  dissociation and for this the ammonia  is 
passed over a catalyst before entering the furnace. Since the 
dissociation of ammonia  produces a significant quantity of 
hydrogen, care has to be taken to exclude air particularly 
during the cool down period at the end of the cycle. Purging 
with nitrogen during this cooling stage is used to economize 
on the use of ammonia  and to lessen ammonia  emissions to 
the atmosphere. This enables the furnace to be opened above 
300~ (150~ without the otherwise attendant risk of explo- 
sion. A nitriding load is shown in Fig. 12.2. 

The single stage nitriding process will produce the re- 
quired case depth and hardness, but is accompanied by a 
surface iron nitride compound about 0.002 in. (0.05 mm) in 
depth called White Layer or Compound Layer. White layer 
is friable and is often considered to be objectionable in ser- 
vice, because of damage potential, for example, to white 
metal bearings, when it breaks away from the nitrided sur- 
face. The double stage nitriding process was patented many 
years ago by Dr. Carl Floe and is often known as the Floe 
Process. This differs from the single stage procedure by in- 
creasing the ammonia  dissociation in the second stage to 
about 80 % and increasing the temperature from about 
950~ (510~ for the first stage to 1000~ (540~ for the 
longer second stage. The major  advantage of the Floe Proc- 
ess lies in the reduction of the white layer thickness to less 
than 0.001 in. (0.025 ram), an amount  easily removed by 
final polishing of the surface. 

Being a diffusion process, nitriding unlike induction 
hardening is slow, so that from loading to unloading the ni- 
triding furnace five or six days might elapse, depending on 
the length of the actual nitriding stage, which might range 
from 65 to 80 h. As has been mentioned specialized furnace 
equipment as well as ammonia  and nitrogen sources have to 
be provided. As in all surface hardening procedures, staff 
training and documented working instructions are vital both 
from the points of view of safety and consistency. 

Fig. 12.2--A large vertical gas nitriding furnace being loaded with 
crankshafts. The furnace betl sits nearby ready to be lifted over the 
load. In the foreground, crankshafts are being prepared for nitrid- 
ing by painting areas that are not required to be hardened. (Cour- 
tesy EIIwood National Crankshaft Company) 

The literature reports nitride case depths from as little 
as 0.010 in. (0.25 ram) to as much as 0.040 in. (1.0 mm) in 
alloy steel. The author's experience is with case depths of 
0.025 in. (0.6 mm) after double stage nitriding. The nitrided 
case depth requirement is frequently expressed as a mini- 
mum hardness at a given depth from the surface, such as 
44HRC at 0.015 in. (0.38 mm). The actual minimum hard- 
ness would depend on the material being nitrided, of course. 

In general, for nitriding the maximum case hardness in- 
creases with increasing core hardness, but the steel compo- 
sition has the major influence on the case hardness. Alumi- 
num is a strong nitride former and the hardest nitrided cases 
(of the order of 67HRC) are obtained with high aluminum 
steels such as the NitraUoy types that contain about 1.0 % 
aluminum. Specification A 355 Steel Bars, Alloy, for Nitrid- 
ing includes  one such steel as Class C. The high aluminum 
content of the Nitralloy steels renders them prone to having 
significant amounts of alumina type inclusions, a distinct 
disadvantage for some applications, but the advent of vac- 
uum metallurgical procedures has helped greatly in mitigat- 
ing this disadvantage. Probably the chromium molybdenum 
4100 series alloy steels are the most commonly used for ni- 
triding, particularly 4130 and 4140, which yield a case hard- 



ness of about 50HRC; however, the higher chromium types 
such as Grade 7 of Specification A 983/A 983M with 2.8/3.3 
% chromium give an increased case hardness approaching 
60HRC. Chromium bearing tool steels such as H11 respond 
well to nitriding. Nickel tends to inhibit nitriding, so that the 
4340 grade does not respond as well as 4140 for the same 
nitriding cycle. 

Like carburizing and induction hardening, nitriding 
does more than increase the surface hardness. The nitrided 
case imparts a compressive residual stress to the surface that 
is very beneficial under fatigue loading conditions. Often ni- 
triding is specified to improve fatigue strength with wear re- 
sistance as a secondary benefit. It should be remembered, 
however, that as with the other surface hardening tech- 
niques, a residual tensile stress is present at the base of the 
case, and that this will be exposed if the case is locally re- 
moved. 

It  is frequently unnecessary and unwise to nitride the 
whole component, so that selective blocking of the nitriding 
process is required. This can be done using tin based paints 
or by tin, bronze, or copper  plating. These days painting 
avoids the many environmental problems surrounding plat- 
ing, and of course, the areas to be nitrided would need to be 
protected from plating, an added expense. The tin paints 
work well on machined surfaces if care is taken in cleaning 
them beforehand, and it is essential that the paint is kept 
well stirred, preferably continuously so. On scale free, as 
forged surfaces it should be recognized that painting does 
not consistently protect the surface, possibly because of the 
difficulty of maintaining the required paint thickness. A 
word of caution is in order here. After painting and during 
drying---certainly before loading into the furnace-- the com- 
ponent should be carefully examined for paint spots or runs 
on the surfaces to be nitrided, since these will effectively pre- 
vent the underlying surface from being nitrided. This will 
produce a non-nitrided island that, depending on its loca- 
tion, could seriously affect the fatigue properties at that 
location because of the exposed loop of residual tensile 
stresses. The local loss of hardness under the paint spot may 
or may not be significant with regard to surface wear. 

Since the nitrided component  has been taken close to 
finished size before nitriding, little machining is necessary 
afterwards. With the double stage nitriding process, finish 
grinding should not be required, rather polishing and lap- 
ping will suffice to obtain the required degree of surface fin- 
ish, and this will be sufficient for the white layer removal. 

A further word of caution is expressed for the handling 
of large components after nitriding. The nitrided case is hard 
and brittle so that care must be taken to avoid blows and 
shocks that apply bending loads to the case since it might 
crack. Large nitrided crankshafts have been known to snap 
in two after striking an object while slung from a crane or 
after falling two or three feet to the floor from a trolley. If  
handling damage is suspected, the part  should be given a 
magnetic particle examination to ensure that fine cracks, 
typically in a parallel array as shown in Fig. 12.3, are not 
present in the nitrided case. 

Given that the typical nitriding operation is carried out 
at temperatures as high as 1000~ (540~ it will be apparent 
that the min imum tempering temperature for the material 
must  be appreciably higher than the maximum nitriding 
temperature to avoid loss in core strength. A temperature 

differential of at least 50~ (30~ is considered to be nec- 
essary to avoid undue change in the base material properties. 

Advances in gas nitriding have permitted closer control 
on white layer formation [3], and a standard covering the 
process has been published [4]. 

Ion Nitriding 
The second major nitriding process is ion nitriding, also 
known as plasma or glow discharge nitriding. This process 
is done in a chamber  under partial vacuum conditions with 
nitrogen present. The component  is set up to be the cathode 
and the vacuum vessel is the anode. Under low-pressure ni- 
trogen conditions and application of high voltage d-c, a 
plasma is formed and nitrogen ions bombard  the surface of 
the workpiece. This heats the surface and cleans it by sput- 
tering and provides nitrogen ions for diffusion. A distinct 
lilac colored glow envelops the part. The operating temper- 
ature range for ion nitriding is typically 660-1075~ (350- 
580~ with a bias towards the upper third of this range. 
Energy use is said to be about the same as in gas nitriding, 
but an essential difference lies in the high degree of control 
of the case composition. White layer control in ion nitriding 
is such that this compound layer can be eliminated. Total 
case depth by ion nitriding is about 60-70 % of that required 
for gas nitriding. 

While stop off paints can be used for selective nitriding, 
these tend to contaminate the vacuum chamber  and the use 
of close fitting reusable metal shields is preferred for this 
purpose. This is an added expense, but once provided they 
are probably quicker to install when compared to the time 
taken to apply stop off paint. However, frequently the whole 
part is nitrided, and this may not be desirable in every sit- 
uation. 

The presence of certain holes in the surfaces to be ni- 
trided can cause problems in ion nitriding, due to what is 
known as hollow cathode or hole discharge, and it is some- 
times recommended that these be blocked off by steel plugs. 
However, in some applications such as crankshafts where 
fatigue strength is a major factor, it is desirable and even 
essential that the oil holes be nitrided, since torsional fatigue 
cracking can start at these locations. This di lemma should 
be discussed in detail with the nitriding contractor before 
using the ion nitriding procedure, so that the expectations 
and potential limitations are understood by those concerned. 

Carburizing 
Carburizing is the process of enriching a steel surface by the 
diffusion of carbon, such that subsequent heat treatment will 
produce a very hard skin. It is generally known as Case Hard- 
ening, although this term may now be stretched to apply to 
other surface hardening procedures. Gas carburizing and 
pack carburizing are the two main methods in use today, hut 
salt bath carburizing and carbo-nitriding are also of impor- 
tance. 

Historically, pack carburizing came first and consists of 
heating the component  in a closed container packed with a 
carbonaceous material such as coke, charcoal, or charred 
leather, together with an energizer such as barium carbon- 
ate, such that at the carburizing temperature, carbon mon- 
oxide decomposes on the workpiece surface to deposit nas- 
cent carbon that diffuses into the steel, as well as carbon 



Fig. 12.3--Paral lel  cracking across the web face and the radius of  a ni t r ided crankshaft. 
This is indicative of  signif icant bending loads, in this case incurred dur ing an in-service 
fai lure. Similar cracking can occur as a result of  mechanical damage dur ing mishandl ing 
out  of  the engine. 

dioxide that itself reacts with carbon to form more carbon 
monoxide. Incidentally, this procedure is used in obtaining 
a Mcquaid-Ehn austenitic grain size sample to ASTM E 112, 
Test Methods for Determining the Average Grain Size. 

Copper plating can be used as a stop off medium to pro- 
tect surfaces that are not to be carburized, and some paints 
have been developed for this purpose as well. 

For the carburizing stage the container is heated into 
the austenitizing range, generally to about 1750~ (955~ 
although higher temperatures can be used if excessive grain 
growth can be avoided, and then slowly cooled. Additional 
machining, if required, would precede the final hardening 
heat treatment, while the forging is still in a softer condition. 
Following hardening, the carburized surfaces would require 
grinding for finishing operations. 

In gas carburizing, the cycle is carried out in a con- 
trolled atmosphere furnace where a hydrocarbon gas is 
added to a carrier gas mixture. An advantage of gas carbu- 
rizing is that the forging could be quenched directly from 
the carburizing furnace, something that is not normally pos- 
sible with the pack carburizing system. 

The steels used for forgings that are to be carburized 
generally have a carbon content in the range of 0.08-0.25 %, 
as for example, in ASTM Specification A 837, Steel Forgings, 
Alloy, for Carburizing Applications. Since the carburizing op- 
eration is carried out in the austenitic temperature range, 
the heat treatment of carburized forgings must take place 
after carburizing, by quenching directly from the carburizing 
furnace as is possible with gas carburizing, or after reheating 
for pack carburized forgings. Because of the significant dif- 
ference in carbon content between the case and the core ma- 
terials, a double quenching cycle is sometimes used whereby 
the initial austenitize is done at a higher temperature con- 
sistent with the core carbon level for grain refinement, fol- 

lowed by oil quenching, and the second austenitize is done 
at a lower temperature more consistent with the carbon level 
of the case, and again is followed by oil quenching. Oil is 
used because of the high carbon content of the carburized 
surfaces. Because the object of the carburizing operation is 
to obtain a hard surface case, tempering after quenching is 
done at low temperatures of the order of 150-400~ (65- 
205~ although in some instances the parts may be used 
untempered. Carburized case depths are usually appreciably 
deeper than those obtained in nitriding, commonly being 
about 0.05 in. (1.25 mm), but can be as thick as 0.25 in. (6 
mm) in some applications. Various types of gears and some 
bearing races are made from carburized forgings. Unless 
heat treated in a controlled atmosphere or in a vacuum, 
slight decarburization will occur during hardening, particu- 
larly if the double quenching method is used, so that hard- 
ness checks should be done after surface grinding. 

As in the case of induction hardened surfaces, great care 
must be taken during the grinding of case hardened areas to 
avoid grinding cracks. 

Salt Bath Treatments 

Molten salt baths are used for some heat treatment and sur- 
face treatment operations. Generally, their use is limited to 
smaller forging sizes. The baths may be externally heated by 
oil or gas burners or by electric resistance heaters. Internal 
heating by the use of electrodes is used also. The salt mate- 
rial may be neutral for operations such as martempering and 
austempering, or may be active for surface treatments such 
as liquid carburizing, liquid nitriding, and cyaniding. Many 
of the compounds used in salt baths are toxic, and both stor- 
age and disposal of the constituents even from neutral baths 
have become difficult and expensive. 



Fig. 12.4--Induction hardening machine for diesel electric locomotive crankshafts. The 
main and crankpin journals are hardened individually while the shaft is rotating. The inset 
shows the quenching stage. The quenching ring is integral with the induction coil. (Cour- 
tesy EIIwood National Crankshaft Company) 

Cold Working 

Except for the austenitic stainless steels and some cold forg- 
ing applications, cold working as applied to steel forgings 
is generally a surface treatment used to enhance fatigue 
strength, and is often referred to as peening or shot peening. 
The idea is to establish a helpful residual compressive stress 
in the surface layers in selected areas of a component, such 
as the bearing fillets of an axle or a crankshaft. Close control 
of such an operation is required to assure that the required 
extent and reproducibility of the cold working has been 
achieved. The cold working can be accomplished by means 
of pneumatic peening hammers, mechanically applied roll- 
ers, or by controlled surface blasting using compressed air 
and carefully selected shot material. To be effective on a re- 
petitive or production basis, specialized equipment is re- 
quired. Specification A 504/A 504M, Wrought Carbon Steel 
Wheels, includes a requirement for the shot peening of the 
running surface according to the SAE Specification, J443, 
Recommended Practice for Procedures for Using Standard 
Shot Peening Test Strip. 

The cold working of the austenitic stainless steels is used 
to significantly increase the yield strength through the cross 
section, without significantly reducing the ductility or  notch 

toughness of the material, The cold working can be done by 
the use of a steam hammer  or under a press, and need not 
be done cold. Although the yield strength of type 304 stain- 
less steel can be increased from a minimum of 30 ksi (205 
MPa) to 45 ksi (290 MPa) in section sizes up to I0 in. (250 
ram) by this method, for example in submarine periscope 
tubes, there are few if any commercial forging specifications 
that employ it. 

Cold forging, commonly using rotary forging machines, 
is used for some of the smaller size applications in the au- 
tomotive field for items such as power steering valve bodies 
and transmission components, as shown in Fig. 5.10. The 
process is also used in the production of rifle barrels to the 
extent of forming the bore rifling. 
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Manufacturing Problems and Defects 
DEFECTS IN FORGINGS CAN STEM FROM VARIOUS 
sources that need to be recognized to prevent occurrence or 
recurrence: 

�9 Base material choice and manufacture 
�9 Ingot defects 
�9 Ingot size and choice 
�9 Billet/bloom size and source 
�9 Heating for forging and Forging Temperature Range 
�9 Induction Heating 
�9 Forging operations and machining 
�9 Post forge handling/heat treatment 

Base Material Choice 

Most steels can be forged, but some of the tool steels such 
as D2 can be difficult to hot work because of the coarse car- 
bides, and this problem tends to get worse as the ingot size 
increases because of the as-cast coarseness. Light initial 
working of the ingot surface, sometimes referred to as Pack- 
ing, can assist by breaking down the initial columnar struc- 
ture and improving the hot ductility before taking more 
aggressive forging reduction. Initial surface cracking will 
oxidize and hinder repair by forge welding, whereas some 
subsurface material tearing under the initially worked layer 
can heal under compressive working conditions. 

For some of the more difficult materials, the forging of 
preforms made from powder compacts that have been con- 
solidated by hot isostatic pressing has been a successful 
route. Gas turbine rotor disks have been produced this way 
by isothermal closed die press forging in a special installa- 
tion that is used under vacuum. 

Hydrogen in the steel is another ferritic base material 
related hazard that, while not a problem during the actual 
forging operation, manifests itself as fissuring or flaking of 
the forging at some time after transformation from the aus- 
tenitic phase. This was discussed in Chapter 3 under vacuum 
degassing in the steel making section. Some steel grades 
are much more prone to flake than others. The nickel- 
chromium-molybdenum alloy steels are very susceptible, as 
are the medium carbon steels and the age hardenable cop- 
per-nickel-chromium-molybdenum low alloy steels included 
in Specification ASTM A 859/A 859M, Age-Hardening Alloy 
Steel Forgings for Pressure Vessel Components. Generally to 
avoid long expensive hydrogen diffusion cycles, hydrogen in 
the molten steel has to be held to less than 2 ppm, but for 
the very susceptible steels the aim should be to keep hydro- 
gen under 1.5 ppm. Although extremely important, hydrogen 
limits do not appear in national material specifications be- 
cause of the variations that occur between different types of 
sampling and hydrogen measuring equipment. The time of 
sampling is also important. One method of sampling is to 

suck a small molten steel sample into a glass tube while in- 
got teeming. The pin sample is broken out of  the tube and 
refrigerated immediately in liquid nitrogen to fix the hydro- 
gen. Determination of the hydrogen content is then done by 
fusion using standard sample pins for calibration purposes. 
Another system collects the steel sample in an evacuated 
steel cylinder. Hydrogen given off the sample during solidi- 
fication is trapped in the cylinder and is drawn off and mea- 
sured when the cylinder is pierced in the measuring equip- 
ment. Dissolved hydrogen is determined from the sample by 
fusion, and both values are added to give the total hydrogen 
in the liquid steel at the time of teeming. Yet another system 
measures the hydrogen in the ladle, and gives the total value. 
Hydrogen in steel increases when melting is done under high 
humidity conditions, so that hydrogen values tend to rise 
during hot humid weather. Ladle additions after vacuum de- 
gassing are another  important hydrogen pick up source and 
this must be carefully monitored. Most ladle refining furnace 
(LRF) systems permit further vacuum degassing after addi- 
tions if this is felt to be advisable; however, in simple electric 
furnace/vacuum degassing processes where reheating is not 
possible, making additions to the ladle after degassing, or 
for that matter  to the mold, presents a definite risk of hy- 
drogen pick up. Exceptions to this are the vacuum lift de- 
gassing systems that permit ladle additions under vacuum, 
and the ladle to mold vacuum stream degassing procedures. 
Aside from hydrogen dissolved in the steel as it comes from 
the ladle, later pick up points include the ingot molds, and 
mold coatings. 

Ingot Defects 

Ingot defects that affect forging include piping and other 
centerline shrinkage voids, longitudinal and transverse 
cracking, and exogenous inclusions. It should be noted also 
that factors such as teeming rate and temperature are vital 
factors in ingot production. 

Piping is a longitudinal void usually on or near the ingot 
vertical axis caused by insufficient feeding from the hot top. 
This is commonplace in big end down ingots poured without 
hot tops. Occasionally secondary piping, removed from the 
hot top, is encountered in forging ingots. This is associated 
with bridging over the shrinkage area during solidification, 
and is sometimes a result of prematurely stripping the ingot 
from the mold. This problem can be associated with a low 
teeming temperature also. 

With the advent of bottom pouring, round ingots with a 
very small degree of taper from top to bottom (to assist in 
stripping) have become popular for forging and extrusion 
applications. At diameters upwards of 24 in. (600 mm) there 
is an increasing risk of piping for the full length of the ingot. 
For example, with an ingot diameter of 30 in. (750 mm) a 
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full length pipe of about 2 in. (50 mm) in diameter has been 
observed. 

Longitudinal cracking of bottom poured ingots, partic- 
ularly the plain round cylindrical type, is associated with an 
excessive rate of rise in the mold. It may also occur in high 
hardenability steel ingots that have been left in the as cast 
condition for some time after stripping, and this neglect is 
another likely source of cracking during the reheating stage 
for forging. 

Circumferential Cracking, particularly when located 
near the top of the ingot, can be caused by failing to permit 
the hot top to subside as the ingot cools after top pouring. 
For example, some hot top designs use refractory lined cast 
iron forms that are set down into the mold. The weight of 
the ingot can be adjusted by varying the position of the hot 
top form. This setting is made by holding the hot top in po- 
sition by means of simple wooden sticks of an appropriate 
length. The molds shown in Fig. 13.1 use this procedure. 
After teeming the ingot, these sticks must be removed to per- 
mit  the hot top to settle during cooling. Failure to do this 
imposes a longitudinal tensile stress on the ingot that causes 
circumferential hot tears called hanger cracks. Hot top hang- 
ers for other hot topping systems can cause similar cracks. 

Pouring Interruption during teeming can produce a cir- 
cumferential weakness in the ingot, or in the case of bottom 
pouring, in all of the ingots on the same bottom pouring 
plate. A similar problem can occur in VAR and ESR ingots 
if the power supply is interrupted during remdting.  Such 
conditions are unlikely to be healed during subsequent forg- 
ing because of oxidation during heating to the forging tem- 
perature. 

Ingot centerline problems, such as interconnected 
shrinkage voids and including piping, may or may not be 
significant, depending on the product being made. If the 
forging is a solid, such as a turbine rotor or a heat exchanger 
tube sheet, then the soundness of the ingot center is of great 
interest, and one must be certain that the subsequent hot 
working operations will heal any voids and yield an accept- 
able forging on ultrasonic examination. This applies partic- 
ularly if the component  is to be given a small bore, when 
cleanliness in a magnetic particle examination is added to 
the ultrasonic acceptance criteria. If the solid forging is to 
be bored, as would be the case for a piping fitting or a pres- 
sure vessel shell, then central soundness is of little concern, 
since the core will be removed. For a hollow forging pro- 
duced by working over a mandrel after hot trepanning, the 

Fig. 13.1--Forging ingots being top poured. The ingot to the front Ieft foreground has 
been teemed and the hot top supports removed. The wooden supports are f i t ted between 
the cast iron hot top case and the top of the ingot mold before teeming begins. These 
maintain the hot top position until the mold has been filled, but must be removed im- 
mediately afterwards to permit the hot top to settle. 



axial ingot core is removed at the forging stage. It should be 
noted, however, that for a hollow forging produced bv hot 
punching, that is pushing a solid punch through the biilet to 
produce the initial bore, the ingot core material is not di- 
rectly removed, but is spread along the bore of the forging. 
However, at least some of this material should be removed 
during subsequent machining. 

Exogenous Inclusions are associated with foreign ma- 
terial in the ingot and may come from oxidized material 
from around the ladle nozzle falling into the mold, a hot top 
hanger strap, or from a tilted splash plate used to protect 
the bottom of a top poured mold. Such material, often re- 
ferred to as exogenous, may not be found until late in pro- 
duction of the forging and can be expensive in terms of re- 
placement costs and production time. Good housekeeping in 
the meltshop is essential. 

Teeming Rate is critical during bottom pouring, being 
slow enough to avoid the risk of longitudinal cracking, par- 
ficularly in plain round ingots, and at the same time avoiding 
the possibility of freezing off during teeming. Usually, a ladle 
scale is used to regulate the rate of rise in the molds. 

Teeming Temperature is a vital variable in ingot produc- 
tion, regardless of the teeming method used. Although too 
high a temperature is objectionable, low teeming tempera- 
tures are disastrous for forging quality, because of widely 
dispersed inclusions that would otherwise have floated to the 
top of the ladle. 

Ingot hot tops provided a reservoir of molten steel that 
permits feeding of the ingot during solidification to eliminate 
or at least significantly reduce piping and shrinkage. Some 
form of insulating material such as vermiculite is used to 
cover the top of the ingot after the hot top has been filled 
and has crusted over. This is intended to slow solidification 
from the top. Exothermic compounds have been used also 
for this purpose, but inclusion studies for some large rotor 
forgings have indicated that exogenous material from this 
source can be carried down into the solidifying ingot [1], so 
that this technique has to be used with caution. 

Ingot Size and Choice 

Generally, a steel forging ingot is regarded as being of the 
big end up type in which the mold is tapered, the cross sec- 
tion being larger at the top than the bottom. The cast iron 
molds are generally round and fluted to reduce the risk of 
ingot surface cracking. Some of the smaller molds are square 
or rectangular in cross section and may have fluted or plain 
sides. As previously mentioned, the molds have provision for 
hot topping, an essential component  in forging ingots. The 
amount  of steel in the hot top of a forging ingot can be 30 
% of the ingot weight and, as well as acting as a tong hold, 
forms part of the ingot discard taken when making the forg- 
ing. For many years forging ingots were top poured. Aside 
from reoxidation possibilities when teeming in air this prac- 
tice tends to cause erosion of the mold wall and can lead to 
stripping difficulties. Although more expensive in terms of 
refractories and equipment, the current preferred practice is 
to use bottom or uphill pouring. This is done by teeming 
from the ladle into a refractory lined sprue or stem and feed- 
ing the steel through refractory tubes into the bottom of the 
ingot mold. An example of this for VAR electrodes is shown 
in Fig. 4.4. In this way a single ingot, or a group spaced 
around the sprue on a steel plate, can be poured. The ingot 

molds can be of different cross sections, but obviously for a 
given plate the level or height of the steel will be the same 
for all of the molds. The rate of rise in the molds is very 
critical, and ladle scales are used to control this parameter. 
The straight-sided cylindrical molds are teemed in this 
fashion. 

Bottom poured ingots generally need less hot top vol- 
ume than top poured ingots, so that the ingot yield is im- 
proved, although some of the ingot may have to be used for 
the forging tong hold. The ingot surface condition is much 
better in bottom pouring compared with top pouring, in part  
because of the glass-like mold flux that is used. While being 
helpful for extrusion, and possibly in making billets for forg- 
ing, the significance of this depends on the degree of ma- 
chining that is involved in making the final forged compo- 
nent. 

As a rule of thumb in the interests of forging quality, the 
preference is to use the smallest ingot that is consistent with 
the required forging reduction. 

Regarding forging yield from an ingot, this largely de- 
pends on the type of forging and the degree of machining 
required to make the forging, and can be quite small. An 
extreme example is the submarine diesel crankshaft shown 
in Figs. 2.14-2.19. 

The original top poured 42 in. (1050 mm) octagonal in- 
got weighed 44 000 lb (20 t). 

Slab forging weight: 
Discard and scale loss by 

difference: 
Finished crankshaft weight 

21 400 lb (9700 kg) 
22 600 lb (10 250 kg) 

5504 lb (2497 kg) or 12 % of 
gross ingot weight 

Billet/Bloom Size and Source 

Many forgings both large and small are made from wrought 
billets or blooms. These terms are almost interchangeable, 
but billets are generally regarded as being smaller in cross 
section than blooms. Both are considered to be round or 
square, as compared to slabs that are distinctly rectangular 
in cross section. Blooms and billets must be hot worked and 
may be produced by forging or rolling. Continuously cast 
material is frequently used for the supply of material for bil- 
lets or blooms for forging, but it is important to recognize 
that the product coming directly from the caster will not 
have been hot worked, so that the material is the equivalent 
of ingot cast forging stock. Progress has been made in im- 
proving the macrostructure of continuously cast steel. A 
cross section reduction ratio of 2.0:1 has been permitted in 
Specification A 20/A 20M, General Requirements for Steel 
Plates for Pressure Vessels, for rolled plate 3 in. (75 mm) or 
more in thickness, rolled from continuously cast slabs, con- 
ditional on several added restrictions including a sulfur limit 
of 0.010 % maximum and through thickness tension testing. 

Since billets and blooms are commonly supplied in cut 
lengths, the presence of central pipe may be detected by ex- 
amination of the end faces. Removal of surface seams by 
grinding before forging is an option. 

The efficient operation of continuous casters involves 
the uninterrupted use of back-to-back heats of steel. Where 
this involves the same grade of steel, the mill is required to 
use its own procedures to identify the individual heats. When 
a change of grade occurs, the transition material is separated 



from the production run. In the case of forging stock, this 
identification should be traceable after heating for forging. 
Heat resisting steel tags are often used for this purpose. Iden- 
tification of the ingot top and bottom locations is very de- 
sirable for forgings, because of discard requirements and 
quality monitoring. Although easy to do for forging ingots 
and blooms or billets forged directly from ingots, this may 
not be possible for forging stock cut from strand cast ma- 
terial. 

Vacuum arc remelted ingots are generally sound, but it 
has been noted that if the primary heat for the electrode was 
calcium treated for inclusion shape control--something that 
is unnecessary for consumable electrode reme| t ing-- then 
near surface pockets of white calcium bearing powder could 
be encountered in the VAIl ingot. 

In electroslag remehed ingots (ESR) calcium treated 
electrode material is less of a problem because of melting 
through the slag, but for hydrogen sensitive grades, great 
care has to be taken to avoid hydrogen pick up during re- 
melting. The hydrogen content of the parent heat must be 
kept to very low levels, and dry air systems are used around 
the ESR furnace. This is important, since it is not possible 
to obtain meaningful hydrogen contents for the remelted 
steel. Close control of the ESR slag composition is also very 
important to avoid excessive aluminum pick up from the 
slag. Instances have been reported, where, because of high 
aluminum pick up from the slag during the remehing of high 
carbon steel grades, graphitization in the remelted material 
rendered it useless. 

Heating for Forging 

The heat to forge operation can be done in different ways in 
batch or continuous furnaces and by induction heating. It is 
a vitally important operation, since the integrity of the forg- 
ing literally hangs on this operation being properly executed. 
The hot working operation is carried out in the austenitic 
temperature range for ferritic steels, where plastic defor- 
mation is done above the recrystallization temperature. Gen- 
erally, as the hot working temperature is increased, the 
strength of the steel decreases, ductility increases, and the 
force or power required to work the steel decreases. The aus- 
tenitic grain size of the steel also increases as the hot work- 
ing temperature is raised. For some steel compositions a dip 
in ductility, as measured by reduction of area, occurs at high 
temperatures, and such a temperature zone would not be 
favorable for hot working. Besides increasing scale forma- 
tion as the hot working temperature is increased, and pos- 
sible intrusion into a low ductility zone, at very high hot 
working temperatures severe grain growth becomes a seri- 
ous problem that affects the mechanical properties of the 
finished forging. This leads to a condition known as Over- 
heating and requires the use of additional heat treatment 
steps to effect adequate restoration of properties by refining 
the grain size. A step beyond overheating results in grain 
boundary oxidation and incipient melting of lower melting 
constituents in the steel. This is known as Burning and this 
condition is irreversible. The mechanical properties of 
the steel are severely impaired, including tensile and yield 
strengths, ductility, and toughness. The fatigue strength of 
the steel is significantly reduced also with the presence of 
the oxidized grain boundaries at highly stressed surfaces, 
presenting undesirable stress concentration sites. Forgings 

that have been burned during the heat to forge stage are fit 
only for scrap for the electric furnace. An example of a burnt 
alloy steel is shown in Fig. 13.2. 

What then are the acceptable temperatures for forging 
for most engineering steels? The major advantage of high 
forging temperatures is for ease of forging, and that trans- 
lates into reduced time between the dies, potentially im- 
proved productivity (and perhaps higher bonuses), and less 
strain on the press, or alternatively increasing the size range 
of a given forging press. It follows then that the forging crew, 
including the immediate supervision can be expected to opt 
for the highest forging temperatures. The metallurgical sup- 
port wilt take a more balanced view and opt for a general 
forging temperature for most carbon and alloy steels of no 
more than 2250~ (1230~ This will be qualified by consid- 
ering the nature of the particular forging operation to be 
done. If, for example, an ingot upsetting operation is re- 
quired, this is a preliminary hot working stage, and depend- 
ing on the ingot size and press capacity, may be taxing the 
equipment capabilities so that a temperature of 2350~ 
(1290~ would be acceptable, given that further work at 
lower temperatures will be done. Certainly 2400~ (1320~ 
would be looked at askance. 

Burning has been identified at 2470~ (1355~ but the 
onset may take place at lower temperatures when the time 
element is taken into account and particularly in segregated 
areas. Another variable is the actual piece temperature in a 
furnace operating at these high temperatures, bearing in 
mind the day-to-day operational status, furnace loading, 
condition of individual burners, thermocouples, furnace 
sealing, bolster condition, and so on, that can give rise to 
local hot spots or temperature aberrations. An important as- 
pect here in terms of uniformity is even heating of the ingot 
or billet. A temperature gradient, particularly across the 
piece as opposed to end to end, can lead to throwing the axis 
of the ingot off the axis of the forging and lead to dimen- 
sional problems in the forging, because of one side being 
easier to move than the other, a condition known as being 
cold sided. For a forging, such as a turbine rotor, displace- 

Fig. 13.2--Microstructure of a burnt Ni-Cr-Mo steel showing grain 
boundary oxidation and incipient melting. A classic feature is the 
triple point formed where three grains meet and slight melting and 
boundary oxidation effects are present. These often would be ap- 
parent on a micro-polished surface. Nitro-sulfuric etchant. Original 
magnification • 100. 



ment of the ingot longitudinal axis can manifest itself later 
in the form of bowing under heat during a heat indication 
test. This phenomenon is sometimes caused by residual 
stresses and can often be cured by stress relieving; however, 
a displaced ingot axis may well lead to rejection of the rotor, 
since it could cause the turbine blades to rub against the 
turbine steam chest. 

For large forgings it may not be possible to complete the 
forging in one heat. This is particularly the case when an 
upsetting operation is involved, or when an operation such 
as hot trepanning is required. In such cases, the reheat tem- 
perature chosen is lower than the original temperature. For 
example, if 2350~ (1290~ had been used for the upsetting 
operation, then 2250~ (1230~ could be used for the first 
reheat. However, when relatively little forging work remains 
to be done and a reheat is necessary, then an apprecia- 
bly lower temperature would be chosen, such as 2100~ 
(1150~ An important reason for this is that it is highly 
desirable for most materials to aim for a low finishing tem- 
perature of less than 1700~ (925~ bearing in mind that 
the measured temperature is at the surface, and that the core 
temperature will be higher. 

Induction Heating 

Induction heating for forging is now fairly common, partic- 
ularly for repetitive forging operations. Temperature control 
for induction heating must  be taken seriously, given the 
rapid heating rates possible with this system. It should be 
remembered that the temperature of the billet is related di- 
rectly to its initial temperature and the electrical power input 
to the induction coil. Commonly, the induction heater is set 
up to use a specific wattage for a given billet size and weight, 
based on the billet being at ambient temperature at the out- 
set. The controls downstream of the induction coil can detect 
a billet temperature outside of the required range, and eject 
the billet from the line. The billet is allowed to cool and is 
fed back into the system. If  the billet is still warm when it 
enters the coil again, the exit temperature will be higher than 
intended and the risk of burning is increased. In induction 
heating lines, optical pyrometer  systems are generally used 
and these must  be kept clean and maintained. Cross-linked 
back up systems are advisable. For large cross sections such 
as, for example, a 7-in. (175-mm) diameter bar, and depend- 
ing on the current frequency, the currents induced by the 
coil are restricted to the near surface, perhaps from surface 
to about 2 in. (50 mm) deep, so that heating of the important 
bar center depends on conduction. It is possible for very high 
temperatures to be reached in the near surface zone before 
the center comes up to the required temperature, and to 
counter this, a soak time with little or no power input is 
required during the cycle to permit the temperature to equal- 
ize. If this is not done the bar may be forged with the center 
temperature low enough to result in internal bursting, or se- 
vere overheating of the surface may be occurring as the core 
comes up to temperature. 

Forging Operations and Sequence 

Forging operations, themselves, should not cause problems 
if the temperatures are properly controlled and ingot or billet 
difficulties have been avoided. In general, heavy forging 
drafts on as cast material may not be advisable early on in 

the operation to avoid surface ruptures and tearing. Some of 
the more highly alloyed steels require a more gentle surface 
packing operation of the ingot before proceeding to more 
aggressive passes. Care should be taken to avoid forging laps 
and seams, particularly in closed die operations. Dimen- 
sional errors are probably the most common; for example, 
the wrong distance between collars or flanges when forging 
shafts may be caused by layout errors at the press or in mak- 
ing the forging drawing. Certainly layout at the initial open 
die forging stages is most important, and if not done prop- 
erly can result in having insufficient material to properly 
complete the forging or risk having top or bottom discard 
material included in the part. As discussed in the ingot sec- 
tion, allowance must be made to permit removal of material 
from the top and bottom of the forging ingot to minimize 
the presence of objectionable segregates and inclusions and, 
from beneath the hot top, shrinkage voids. This discard may 
be taken off during the forging operations, or following com- 
pletion of the hot work. In an integrated melting/forging fa- 
cility, this discard material becomes heavy scrap for a future 
heat of steel. In a forge shop without melting facilities, 
the discard must be sold to a steel maker  as furnace scrap 
together with material--referred to as turnings, chips, or 
swarf--removed during machining. This forms a part  of the 
economics of the process. 

Machining 

In boring and many finishing operations, oils are used for 
the lubrication and cooling of the tools, as well as trans- 
porting the chips away from them. An appreciable amount  
of this oil is entrained with the chips, and should be recov- 
ered in preparing the chips for scrap. This can be done by 
centrifuging, thus reducing the smoke generated during re- 
melting in the furnace. Since many machining oils contain 
significant amounts of sulfur, this could become a source of 
contamination during subsequent steel making. 

Baling of the chips or swarf reduces the volume for 
scrap shipment, and enables more to be used in the furnace 
charge. 

Segregation of the chips or swarf by material grade, 
while of major importance in an integrated forge shop, 
should be addressed also by those who purchase steel and 
sell the chips produced as scrap. The reasons for this include 
minimizing the presence of t ramp or unspecified elements 
in the steel, especially important where the specification im- 
poses limits on such elements, and the economic loss in "giv- 
ing away" expensive alloying elements such as nickel and 
molybdenum. 

Post Forge Handling/Heat Treatment 

On completion of the forging operation the temperature of 
the part  is hopefully lower than 1800~ (1000~ and possibly 
as low as 1500~ (815~ on the surface. For the ferritic steels 
transformation is the next stage in cooling. If the remnants 
of the hot top, now a tong hold, and the ingot bottom plug 
or bottom pour runner are still attached, these may be re- 
moved by flame cutting, taking advantage of the remaining 
heat in the forging. If this is the case, some idea of the tem- 
perature gradient from surface to core can be obtained from 
the shades of red that are exposed. 



Practices in the handling of forgings at this stage vary 
from forge shop to forge shop, depending on the product 
mix, materials used, and steel source, but the object is to 
economically and safely get the forging to the next produc- 
tion stage. Aside from the risk of hydrogen flake formation, 
keeping residual stress to a minimum in heavy forgings is 
also an important consideration, particularly when dealing 
with high carbon low alloy steels, such as those used for 
some steel mill work rolls. For this purpose, the forgings are 
allowed to transform and cool slowly and evenly before be- 
ing given a post forge heat treatment cycle. 

As an optimum, this cycle will consist of equalizing the 
temperature of the forging in a furnace operating at a low 
subcritical temperature of perhaps 600~ (315~ then heat- 
ing it at a rate of about 120-150~ (65-85~ per hour to an 
austenitizing temperature of 1650-1750~ (900-955~ and 
soaking for a half to one hour per inch of maximum section 
size, followed by cooling in still air. Heating to a subcritical 
temperature of about 1250~ (675~ depending on the 
grade, and again cooling in still air or in the furnace would 
complete the process. 

For many properly vacuum degassed low alloy steels a 
subcritical anneal, typically at 1250~ (675~ following 
slow cooling from forging is adequate. For the flake sensitive 
grades, and particularly if the vacuum degassing treatment 
is suspect, an extended hold at the subcritical temperature 
may be necessary to give adequate opportunity for hydrogen 
diffusion. 

The power of high residual transformation stresses in 
large diameter  forgings should not be underestimated. For 
example, a large hypereutectoid alloy steel work roll broke 
in two in a lathe during rough machining, and continued to 
subdivide itself on the floor for some days afterwards as a 
result of internal fractures related to hydrogen and high re- 
sidual stresses. 

In some cases, for example, in vacuum degassed carbon 
and certain alloy steel forgings, even large pieces can be al- 
lowed quite safely to cool to room temperature without any 
specific postforge heat treatment, and proceed through ma- 
chining to final quality heat treatment for mechanical prop- 
erties. This relates to effective vacuum degassing and the 
steel composition. Heavy section forgings in the F22 grade, 
21/4Crl Mo, have been handled this way after forging, and the 
material was noted to be less "gummy" during machining, 
compared to those that had received a postforge heat treat- 
ment. 

For the alloy steels, particularly those of high harden- 
ability, the final suberitical annealing treatment after forging 
is necessary for machinability purposes also. 

In some cases especially, for the smaller closed die forg- 
ings, the final quality heat treatment is given in the as forged 
condition. 

In Chapter I0, the reduction of area measurement  from 
the tension test was discussed. It is worth repeating here that 
hydrogen levels low enough to avoid flake damage can cause 
reduced tensile ductility in heat treated forgings, without sig- 
nificantly affecting the tensile and yield strengths, and with- 
out noticeable effect on Charpy absorbed energy. In this cir- 
cumstance, the tension test fracture faces will usually exhibit 
"fish eyes" as shown in Fig. 10.1. In this example, for a Grade 
2 forging to A 508/A 508M the ductility was restored by heat- 
ing the forging at 500~ (260~ for 168 h for a 16-in. (400- 
mm) heat treated section size. 
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A Word about ASTM International, 
Committee A01 on Steel Stainless Steel and 
Related Alloys, and General Requirement 
Specifications for Forgings 
ASTM WAS FORMED I N  1898 AS THE AMERICAN 
Society for Testing and Materials with a nucleus of 70 mem- 
bers. An extract from the original charter states: 

The corporation is formed for the promotion of 
knowledge of the materials of engineering, and the 
standardization of specifications and the methods of 
testing. 

Committee A01, the first of the technical committees, 
celebrated its centenary in 1998. The initial steel standards, 
some of which are still current, were written for the bur- 
geoning railroads to cover materials for track, locomotives, 
and rolling stock. 

Details of Committee A01 on Steel, Stainless Steel, and 
Related Alloys are published in a booklet entitled Facts for 
Members, published on the ASTM web site: http://www. 
astm.org. 

ASTM International Committee A01 currently has 19 
technical subcommittees set up to write and maintain speci- 
fications for various steel and stainless steel product forms, 
such as castings, rod, wire, tubes, pipes, sheet, plate, and 
forgings. Additionally, several support subcommittees cover 
such aspects as terminology, editorial aspects, liaison, and 
administration. The responsibilities for some product forms 
are further broken down depending upon application, such 
as structural or pressure retaining. 

Writing Standards 

A word may be in order here to explain the ASTM Interna- 
tional standards writing process. A technical committee is 
first formed under the Society umbrella from volunteers con- 
sisting of producers, users, and a category known as general 
interest. The latter includes people from academia, govern- 
ment, and consultants who are not supported by the pro- 
ducers. A committee scope is agreed upon and subcommit- 
tees and task groups are set up to start the specification 
writing activity. The committee operates under established 
rules, including Robert's Rules of Order, and usually meets 
twice a year to consider the results of balloted actions, and 
respond to requests for writing new standards and making 
revisions to existing standards. 

Task groups are set up to write the required standards, 
and once the draft of a new standard has been completed, it 
is subject to  a subcommittee ballot. Comments and negative 
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votes on the draft are considered according to the rules of 
the Society, and if necessary, the draft is revised and rebal- 
loted in the subcommittee. Following successful subcom- 
mittee ballot, the draft proceeds to a main committee ballot, 
when all members of the committee have the opportunity to 
v o t e  on it. Again, any comments and negative votes are con- 
sidered. Revisions stemming from this ballot, if they are con- 
sidered to be more than editorial in nature, result in the 
whole process being repeated with a further subcommittee 
ballot, followed by another main committee ballot. A Public 
or Society ballot is included in the process, and from there 
the draft goes through an editorial survey prior to publish- 
ing. ASTM oversight committees ensure that any negative 
votes have received due consideration. The sub and main 
committee makeup is such that the producer voting mem- 
bership cannot exceed the sum of the user and general in- 
terest voting groups. 

Committee A01 gives editorial support to the technical 
subcommittees through Subcommittee A01.91. This sub- 
committee, while maintaining A 994, Standard Guide for 
Editorial Procedures and Form of Product Specifications, for 
Steel, Stainless Steel and Related Alloys, also is responsible 
for the Facts for Members handbook. 

ASTM International Steel Forging Standards 

Like many national steel standards from countries around 
the world, ASTM International publishes specifications for 
different classes of product form and broad application, but 
uniquely the Society also publishes standards for specific 
particular applications. The standards writing system per- 
mits specifications to be developed, or revised quickly as ap- 
plication needs arise, avoiding the one book fits all approach 
used in some countries. This flexibility and expertise has re- 
suited in the global use of ASTM International's standards. 

The scope clause at the start of each standard is an im- 
portant, though often neglected section. It explains the pur- 
pose of the standard and often includes limitations such as 
material thickness or application. When specific restrictions 
are ignored the material produced to the standard may not 
be in compliance, and the quality assurance provisions of the 
standard may be inadequate for the new application. While 
construction codes sometimes permit the use of material for 
applications that are not included in the product specifica- 
tion scope, the end user is expected to assure him or herself 
that the application is acceptable, and therefore, should be 
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familiar with the proposed specification. When it is proposed 
to use a standard outside of the intended application, this 
should be remembered. 

The steel forging specifications fall into several catego- 
ries to serve a wide industrial range in the application of 
steel. These include boilers and pressure vessels, critical ro- 
tating machinery components such as gas and steam turbine 
rotors and wheels, generator rotors and crankshafts, as well 
as components for piping applications, bridges, cranes, rail- 
ways, automobiles, offshore oil platforms, steel rolling mills, 
paper mills, chemical plants, ships, and aircraft. In addition, 
there are special test methods and practices, including port- 
able hardness testing, magnetic particle and ultrasonic ex- 
aminations, and dimensional stability tests for steam turbine 
rotors. 

Most of the steel forging standards writing activity was 
assigned to Subcommittee A01.06 on Steel Forgings and Bil- 
lets. This subcommittee currently is responsible for over 50 
specifications, test methods, and practices [1 ]. In addition, 
Subcommittee A01.22 on Steel Forging and Wrought Fit- 
tings for Piping Applications and Bolting Materials for Pip- 
ing and Special Purpose Applications is responsible for ten 
steel-forged product specifications associated with fittings 
and flanges for piping systems [2]. 

General Requirements Specifications 

When a large number  of product specifications are written, 
it soon becomes apparent that certain basic provisions for a 
particular product form become repetitious, and it is impor- 
tant for the sake of uniformity and clarity that these should 
be addressed fully. The use of general requirement specifi- 
cations enables this to be done succinctly. Furthermore, the 
use of such standards facilitates revisions that would other- 
wise have to be made individually in each affected product 
specification, and enables changes (for example, in steel 
making practice) to be incorporated quickly, thus keeping 
the associated system of standards current with established 
industry practice. The drawback to the use of these general 
requirement specifications is that they must be read along 
with the required product standard in order for the reader, 
be it purchaser, producer, or oversight inspector, to under- 
stand what is required to be done. Although attention is 
drawn to this in the individual product standards that use 
general requirement specifications, the significance of the 
general requirement specification may not always be appre- 
ciated and is worth stressing. 

It is acceptable to order material to revisions of an 
ASTM product specification that predate the current version, 
identifying the required revision by year date and suffix let- 
ter, if any. However, for the relevant general requirement 
specification, the consensus is that the version that is current 
at the time of order placement should be used, unless spe- 
cifically ordered otherwise. This is because the supplier's 
quality assurance system would be expected to be set up for 
the current general requirement specification revision, and 
earlier revisions that perhaps match the year date of the 
product specification may not be available. 

General Requirement Specifications for ASTM 
Steel Forging Specifications 

For the ASTM steel forging specifications the two relevant 
standards are: 

A 788, Steel Forgings, General Requirements. This stan- 
dard is maintained bv Subcommittee A01.06. 
A 961/A 961M, Common Requirements for Steel 
Flanges, Forged Fittings, Valves, and Parts for Piping 
Applications. This standard is maintained by Subcom- 
mittee A01.22. 

These specifications will be discussed together in detail 
before addressing the individual product standards. 

A 788-04 Steel Forgings, 
General Requirements 

The scope clause defines the order of precedence between 
the product specification and the general requirement speci- 
fication in the event that a conflict should exist between the 
two. Another important part of the A 788 scope concerns the 
certification and marking of forgings that are to be supplied 
(at the request of the purchaser) without all of the specifi- 
cation provisions having been completed. For example, there 
might be a situation whereby the purchaser is better able to 
complete a final machining operation that is necessary be- 
fore a required ultrasonic examination can be done. In this 
case, the final certification and marking of the forging would 
be done, either by the forging supplier or the purchaser, after 
delivery and completion of the necessary test. 

The Terminology section is an important part of ASTM 
standards in general and particularly for general require- 
ment standards. Committee A01 has a Terminology Subcom- 
mittee A01.92, and this group is responsible for the Standard 
A 941 Terminology Relating to Steel, Stainless Steel, Related 
Alloys and Ferroalloys. This standard is an active compila- 
tion of definitions and terms that are applicable to the work 
of Committee A01; however, specific product specifications 
may include terminology that is not included in A 941, be- 
cause of limited application, or because it differs from the 
more common usage. The practice is that definitions are 
kept short, preferably to a single sentence, but they may in- 
clude a discuss ion  that provides additional information. This 
discussion is a mandatory part of the definition. 

In Specification A 788 the terminology section includes 
the definition of a forging, and this was quoted in Chapter 
1. This definition began in 1964 as a standard in its own right 
as A 509, Standard Definition of a Steel Forging, and al- 
though quite short, was the product of considerable discus- 
sion in the subcommittee. The terminology section also deals 
with subjects such as ingots, strand or continuous casting of 
steel, and the intercritical heat treatment of low hardena- 
bility carbon and low alloy steels. The terms "billet" and 
"bloom" are stated to be interchangeable, rather than defined 
by size, and an important distinction is made between 
wrought and as cast material supplied as billets or blooms. 
The as cast material must be supplied as cast  billets or cast  

blooms. 
The Ordering Information section addresses the mini- 

mum information that is considered to be necessary for the 
supply of a steel forging. This is intended to help in the writ- 
ing of an inquiry or purchase order, but does not address 
items such as delivery time or surface finish beyond that re- 
quired to perform any required nondestructive examina- 
tions. Important  items such as these are outside the scope 
of the product specifications but should be addressed in the 
purchase order and drawing. 



Another important function of the purchase order is to 
indicate when Supplementary Requirements are required. 
These are adjuncts to the specifications and are intended to 
add to the basic requirements rather than detract from them; 
however, they apply only when included in the purchase or- 
der, and will be discussed in more detail later. 

Written certifications must indicate the product specifi- 
cation number, year date, and any applicable suffix letter, but 
the year date and suffix letter need not be carried over to the 
material marking. The certification and marking require- 
ments have been couched in terms that permit the use of the 
"SA" prefix when forgings are ordered to Section II of the 
ASME Boiler and Pressure Vessel Code. 

The next section, Melting Process, describes the permit- 
ted steel making processes for forgings made to specifica- 
tions written by Subcommittee A01.06. All of the current 
steel making processes are mentioned, including secondary 
refining, together with some that are essentially obsolete, at 
least in North America and Europe. This section includes a 
description of the common vacuum degassing procedures, 
because some of the forging product specifications have 
mandatory vacuum degassing requirements. Some product 
standards further limit the types of primary melting; for ex- 
ample, by excluding the open hearth process. 

For steel ingots produced by a remelting process such 
as VAR or ESR, the analysis from one remelted ingot (or the 
product from a remelted ingot) serves as the heat analysis 
for any other ingots remelted by the same process from the 
parent heat. A Supplementary Requirement $27 requires 
that a heat analysis be taken from each remelted ingot or its 
forged product. 

Forging is covered by reference to the definitions in- 
cluded in the terminology section, so that these become a 
mandatory part  of the material specifications. Specific op- 
erations or techniques, such as upsetting or hollow forging, 
are generally left to the forging producer, in concert with the 
purchaser's requirements, and must take into account the 
dimensions of the forging, required application and proper- 
ties, and available ingots or billets. An exception to this is 
Specification A 471, Vacuum Treated Alloy Steel Forgings for 
Turbine Rotor Disks and Wheels, where upset forging is a 
mandatory part  of the manufacturing process. 

Chemical Composition is a key subject that is detailed 
in Section 8. The primary chemical requirements apply to 
the composition of the steel that is present in the ladle im- 
mediately before or  during teeming into the ingot or, in the 
case of continuous casting, into the tundish. This heat anal- 
ysis was also known, particularly in Europe, as the Cast Anal- 
ysis, and in Specification A 788 the preferred time of taking 
the sample is during the ingot pouring or teeming stage. For 
steel that is vacuum stream degassed, however, a sample 
taken before degassing will be unsatisfactory because of car- 
bon loss during degassing. If the steel was vacuum stream 
degassed into a second ladle (ladle to ladle) for subsequent 
teeming in air, a system used when small VCD ingots are 
required, then the heat sample can be taken during the teem- 
ing process, but if the steel was teemed into a mold in the 
vacuum chamber  (ladle to mold), the heat sample must be 
obtained from the ingot after the vacuum seal has been bro- 
ken. For very large forgings it is not uncommon for multiple 
heats to be used to fill the ingot mold. Sometimes, depending 
on experience with a particular large mold design, the chem- 
istry of the successive heats is adjusted to compensate for 

the anticipated chemical segregation associated with the 
particular ingot design during cooling, particularly at the in- 
got hot top. The means of arriving at the heat chemistry for 
such ingots is described in Section 8, and in Annex A2 of the 
specification. 

A special case associated with continuous casting is also 
described in Section 8. A feature of continuous casting is 
that not only can one or more continuously cast steel strands 
be poured from a common ladle instead of teeming a num- 
ber of individual ingots, but the strands can be sustained by 
a succeeding heat from another furnace through the buffer 
of steel in the tundish, remaining from the preceding heat, 
that is feeding the strands. If the grade or composition of 
the steel is unchanged, the heat identity of the strand cast 
material is allocated by the steel maker on the basis of the 
characteristics of the operating system. This is a part of the 
quality assurance plan used by the mill. A supplementary 
requirement ($3) is provided whereby the purchaser can 
specify that the intermixed steel between heats will be sep- 
arated and not supplied. In the situation where the steel 
composition is changed, the strand casting system can con- 
tinue without a break, but the transition material in the 
strand must be identified and discarded. Again, the mill pro- 
cedures are used to determine the extent of the transition 
stage in the strand. 

In the event that there is a problem in securing a heat 
sample for chemical analysis during teeming, some alter- 
nate procedures for obtaining a sample are included in Sec- 
tion 8. 

For remelted steel ingots from the Vacuum Arc Remelt- 
ing process (VAR), or the Electroslag remelting process 
(ESR), special heat analysis requirements apply. For these 
remelting processes the composition of the steel in the re- 
melted ingot will vary from that of the parent or primary 
heat, so that the heat analysis must be obtained from the 
remelted ingot, or from a product taken from the ingot. A 
heat number  must also be awarded to the remelted ingot. 
Frequently, more than one remelting electrode will be made 
from a master or parent heat, and in this case, the heat anal- 
ysis obtained from one remelted ingot will represent all of 
the remelted ingots made from that master  heat, and assume 
the same heat number. Supplementary Requirement $27 en- 
ables the purchaser to require that a heat analysis be taken 
from each remelted ingot or  its product. The pr imary heat 
analysis is not required to be reported, and in fact may not 
comply with the specification requirements. In the VAR 
process, for example, a notable loss of manganese occurs 
during remehing, so that the manganese content of the pri- 
mary or parent heat may exceed the chemical requirements 
for manganese for the selected grade. 

A similar situation exists for the ESR process where, al- 
though there is no manganese loss as happens in vacuum 
arc remelting, a reduction in sulfur content is expected and 
the slag can influence the final chemistry. 

The steels used for all of the product specifications ref- 
erenced in Specification A 788 are required to be fully killed. 

Product Analysis is another important item that is cov- 
ered in Section 8. It will be remembered that the heat anal- 
ysis requirement is obtained from a sample taken from the 
molten steel just prior to ingot teeming or strand casting. 
Due to segregation during solidification, or due to variations 
in the actual analysis results from different laboratories, the 
chemical analysis obtained from a sample taken from the 



forging may vary from that obtained from the heat sample. 
All of the product specifications permit the sampling of the 
finished material for chemical analysis. This is usually done 
by the purchaser, but some of the forging specifications (for 
example, A 508/A 508M and A 723/A 723M) require the pro- 
ducer to take a product analysis and report the results to- 
gether with the heat analysis. A table of Permissible Varia- 
tions in Product Analysis for Killed Steel is included in 
Specification A 788. This table lists the permitted variations, 
either above the maximum or below the minimum specified 
values. The size of the deviation depends on the actual speci- 
fied range for an element, and the cross-sectional area of the 
forging. The higher tolerances permitted for large cross- 
sectional areas is intended to compensate for segregation ef- 
fects in steel coming from large ingots. Certain product 
specifications, such as A 508/A 508M, have mandatory prod- 
uct analysis requirements that permit no variations for the 
elements carbon, sulfur, and phosphorus over the maximum 
values listed in the table of chemical requirements for heat 
analysis. 

An important aspect of the product analysis provisions 
is that permitted variations cannot be used to extend the 
chemical requirement ranges in a situation where a sample, 
taken from the ingot or the forging, is used to obtain the 
heat analysis. 

For a valid product analysis, the sample must be taken 
from a specific location as described in Section 8. When a 
product analysis is required to be taken by the forging pro- 
ducer, the mechanical test location is a permitted and con- 
venient site for the sample. When the purchaser wishes to 
make a valid product analysis, the location must  comply 
with the directions given in Specification A 788. This may 
not always be easy, but may be possible, for example, when 
machining weld preparations. 

The question of Residual or Unspecified Elements is ad- 
dressed in Section 8. When making steel from a scrap 
charge, as is the usual case for electric furnace steel making, 
certain alloying elements that were present in the scrap ma- 
terial making up the furnace charge may not be lost during 
the subsequent steel making process and will appear  in the 
final steel chemistry. Such elements may not be included in 
the chemical requirements for the grade in question and are 
known as residual or t ramp elements, or in more recent par- 
lance, unspecified elements. For example, in Specification A 
266/A 266M for Carbon Steel Forgings for Pressure Vessel 
Components, the chemical requirements for Grades 1 and 2 
are as follows: 

Carbon (max) 0.30 % 
Manganese 0.40-1.05 % 
Phosphorous (max) 0.025 % 
Sulfur (max) 0.025 % 
Silicon 0.15-0.35 % 

There are no requirements listed for the common alloy- 
ing elements nickel, chromium, or molybdenum. 

Supplementary requirements are included in Specifica- 
tions A 266/A 266M and A 788 to permit the purchaser to 
readily specify restricted levels for the elements nickel, chro- 
mium, and molybdenum. Other specifications, such as A 
508/A 508M, include restrictions for these elements in the 
table of chemical requirements. It is important to note that 
for any of the product specifications that reference Specifi- 

cation A 788, when limitations are included for these ele- 
ments, there is no restriction on deliberately adding them 
within the prescribed limits. Such restrictions could unfairly 
impact producers whose furnace charge is associated di- 
rectly with blast furnace output. 

In Section 8 another important requirement regarding 
chemical composition is the simple statement that Grade 
Substitution is not permitted. In the example above concern- 
ing Grades 1 of Specification A 266/A 266M, it is seen that 
limits are stated only for the elements carbon, manganese, 
phosphorous, sulfur, and silicon. In a similar but more re- 
strictive specification, A 508/A 508M, there are additional 
chemistry restrictions for the elements nickel, chromium, 
and molybdenum. When the chemical requirements for 
Grade 4130 from Table 2 of Specification A 29/A 29M are 
examined, it will be seen that these fall within the permitted 
ranges for carbon, manganese, and silicon, but they also in- 
clude ranges for chromium and molybdenum. These mate- 
rials are shown in the following table: 

Element 

Carbon 
Manganese 
Phosphorous 
Sulfur 
Silicon 
Chromium 
Molybdenum 
Nickel 

A 266/A266M 
Grade 1 

0.30 % max. 
0.40-1.05 % 
0.025 % max 
0.025 % max 
0.15-0.35 % 

A 5081A 508M 
Grade 1" 

0.35 % max 
0.40-1.05 % 
0.025 % max 
0.025 % max 
0.15-0.40 % 
0.25 % max 
0.10 % max 
0.40 % max 

A 2 9 / A  29M 
Table 2 
Grade 4130 

0.28-0.33 % 
0.40-0.60 % 
0.035 % max 
0.040 % max 
0.15-0.35 % 
0.80-1.10 % 
0.15-0.25 % 
. . . 

* Note: Specification A 508/A 508M also includes a limitation on 
Vanadium, and in A 29 /A  29M this element is covered under the 
heading of Grain Size. 

It will be apparent that if the chromium and molybde- 
num contents were to be ignored because they are not speci- 
fied, that an ingot to SAlE 4130 could be applied as A 266/A 
266M Grade 1. This would be grade substitution and would 
not be permissible according to the mandatory requirements 
of the general requirements specification. The requirements 
for Grade 1 of Specification A 508/A 508M would prevent 
this particular substitution. 

The forging Marking Requirements (17) of the specifi- 
cation includes the minimum information that is required to 
be marked on the forging. Note that marking includes the 
product specification number, as well as the applicable 
grade, class, and type identifications, but it is not necessary 
to include the general requirement specification number  
since the year date and revision letter are not required. While 
impression stamping is widely used in marking forgings, 
note that some of the specifications require the use of low 
stress stamping. 

For some applications, the marking requirements are 
quite extensive and some thought should be given to the 
marking location on the forging, preferably by purchase or- 
der instructions. They should be accessible after installation 
and not be removed by later machining. 

Instructions for the important incomplete forging mark- 
ing are included in this section. This allows for a situation 



where a required test would be completed after shipment of 
the forging to the purchaser. As an example, the purchaser 
might wish to do the necessary machining prior to the re- 
quired ultrasonic examination for a forging being produced 
to Specification A 508/A 508M, so that the final certification 
and marking would be completed at the purchaser's facili- 
ties. Supplemental marking by the use of bar coding is cov- 
ered in this section also. 

Reference has been made to the Supplementary Re- 
quirements section of the standard in this review. When the 
general requirements specification was written, it was found 
that many of the product specifications included the same 
supplements such as those covering residual elements or 
grain size. These common supplementary requirements were 
gathered together and placed in Specification A 788 where 
they are available for purchaser use. 

Generally, the rule is that a supplementary requirement 
is intended to add to the requirements of the product speci- 
fication, not detract from them. 

When a supplementary requirement is included in the 
purchase order, it may have a significant effect on the manu- 
facturing process. For example, if in ordering a forging to 
one of the grades in Specification A 266/A 266M, Supple- 
mentary Requirement S13 on Charpy Impact  Tests from 
Specification A 788 is included, then changes in the manu- 
facturing process such as the use of a quench and temper  
heat treatment cycle instead of a normalize may be neces- 
sary, as well as more extensive machining before heat treat- 
ment. Such changes could require discussion with the forg- 
ing supplier beforehand, since in the case of Specification A 
266/A 266M the purchaser must  agree to the use of a quench 
and temper heat treatment cycle. 

The Supplementary Requirement lists that are a part  of 
Specification A 788 are worthy of study by the forging pur- 
chaser, since they provide a useful means of upgrading a 
forging to better meet an intended use, as for example $24 
for the J Factor in controlling temper  embrittlement. As an- 
other example, S12 on tension test specimens for hubbed 
tube sheets could help ensure that the application code re- 
quirements are met. The former requires that the element 
tin be determined for the heat or  product analysis, some- 
thing that may not be part  of the product specification, while 
the latter covers a materials requirement that is somewhat 
buried in Section VIII, Divisions 1 and 2, of the ASME Boiler 
and Pressure Vessel Code. 

Supplementary Requirement $26 is intended to assist 
producers in meeting the requirements for forgings used in 
applications where the European Union Pressure Equipment 
Directive is in force and includes minimum requirements for 
the Charpy Impact  test, as well as for minimum tensile elon- 
gation values based on a gage length of 5D as opposed to the 
4D requirement in Specification A 370, where D is the dia- 
meter  of the tension test specimen. 

Although applied only by the purchaser's choice, the 
supplier should be cognizant of the available supplementary 
requirements, and be prepared to discuss them with the pur- 
chaser. 

Specification A 961/A 961M-04a 
Common Requirements for Steel Flanges, 
Forged Fittings, Valves, and Parts tor 
Piping Applications 

This specification, now in dual format, was written by the 
Section on Forgings of Subcommittee A01.22 on Steel Forg- 

ings and Wrought Fittings for Piping Applications and Bolt- 
ing Materials for Piping and Special Purpose Applications. 
The specification is an integral part  of nine forging product 
standards that are intended for the use of the steel pipe fit- 
tings industry, and many of these are very widely used. The 
specification was written to take into account the size range 
for flanges and fittings used in piping applications, bearing 
in mind that these items are often manufactured for stock 
applications. 

The Manufacturing section (6) includes some important 
starting material provisions. The basic premise is that the 
part will be made from a forging that has been produced as 
close as practicable to the finished size and shape. This will 
depend on the method of forging, for example closed (im- 
pression) die or open die, and to some extent on the philoso- 
phy of the producer regarding time spent under the forging 
press and the extent of machining. Alternative starting ma- 

Flange OD = Bar OD 
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Upset Forged Double 
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F l a n g e  OD = Bar  OD 
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Fig. 14.1--Sketches of methods to produce flanges to an ASTM steel 
fittings specification using forged or rolled bar stock as the starting 
material: Method A~ direct machining from bar is not permitted by 
the fitting specifications; Method B, by upsetting the flange from a 
starting bar size close to the flange hub size; Method C, by upset- 
ting a double flange forging from bar close to the hub diameter; 
Method D, by starting with a bar size equal to the flange OD and 
forging the hub down. This may not be permissible by the fitting 
specification rules. 



terial forms can be used within some defined limitations. 
The direct machining of rolled or forged bar material (note 
the definition from the terminology Section 3.1.1 ) is not per- 
mitted for flanges, so that the implication is that these com- 
ponents must be forged to shape. The exhortation to be as 
close as possible to the finished shape would seem to indi- 
cate that flanges should be forged individually rather than, 
for example, upset forged as a double and then cut apart. 
However, as Fig. 14.1 shows, this would seem to be a rea- 
sonable and economic way to make them. Another manu- 
facturing route would be to select a bar  with the same out- 
side diameter as the flange and forge the bar  down to make 
the flange hub, also shown in Fig. 13.1. This would certainly 
be close to the finished shape, but the flange would still be 
machined directly from the bar, and although having a fa- 
vorable grain flow between the flange and the hub may not 
be in accordance with 6.1.1 of the specification. While the 
intent of these words may be clear, economics inevitably 
comes into the picture, and the restriction on directly ma- 
chining flanges from any type of bar  or seamless tube is 
much more meaningful. 

Cylindrical parts, other than flanges, up to and including 
the NPS (Nominal Pipe Size) 4 can be machined from bar, 
but elbows, tees, header tees, and return bends cannot be 
machined directly from bar stock, regardless of the NPS size. 
The rule is that the longitudinal axis of the part  must be near 
parallel to the axis of the bar, to avoid crossing the grain 
flow of the bar. There is no size limitation on cylindrical 
parts made from seamless pipe or tube, but the exclusion of 
flanges and nonaxial components such as tees and elbows 
still applies. 

In common with other standards under the wing of 
Committee A1, Chemical Requirements (8) requires that Test 
Methods, Practices, and Terminology Standard A 751 be 
used for both heat and product analyses. It should be re- 
membered that while in many cases the starting material for 
forging product standards covered by Specification A 961 

will have been produced to specifications for other product 
forms such as hot finished bar and seamless tube, the re- 
quirements of A 961 would be expected to take precedence. 

The Mechanical Requirements are shown in Section 9 
and Specification A 370 is referenced as the test methods 
source. When the starting material is bar or  tube whose heat 
treatment satisfies the requirements of the fittings specifi- 
cation, and when no heat treatments have been done after 
the mechanical testing of the stock, then mechanical test re- 
sults from the starting stock can be used to satisfy the fitting 
specification requirements. While this is a useful provision 
for the manufacture of small parts, care should be taken to 
ensure that the heat treatment and mechanical test certifi- 
cation for the starting stock does really meet the particular 
fittings product specification requirements, since these are 
often quite specific with regard to temperatures and methods 
of cooling. Some words are also included concerning the 
manufacture and use of separate test blanks that are per- 
mitted in many of the product specifications. These separate 
test blanks can reduce mechanical testing costs appreciably, 
but have been a source of dissatisfaction in the past for forg- 
ings made to these product specifications when testing of an 
actual forging has been shown to give failing test results, 
although acceptable values were reported from the test 
blank. This is particularly the case when Charpy impact test- 
ing is required. 

There is a common tendency for assorted forgings, other 
than for flanges, valves, and fittings for piping applications, 
to be made to the forged fittings product specifications. 
These applications frequently exceed the intended scope of 
the product specification test provisions with the potential 
for rejections and failures. 
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Steel Forgings for the Fittings Industry 
THE ASTM INTERNATIONAL STEEL FORGING STAN- 
dards for the fittings industry are all in dual format, so that 
forgings can be ordered to the customary English inch/ 
pound units or to SI units. It should be noted that the size 
and weight of flanges, valves, and fittings for piping appli- 
cations vary widely; a small threaded pipe coupling might 
weigh a few ounces (grams) while a valve body with integral 
flanges would weigh considerably more. The bulk of the 
standard pipe fittings probably rarely exceeds 1000 lb (454 
kg) in weight, and even the very large special pipe fittings 
shown in Fig. 2.13 did not exceed 2 tons (1.8 t), hut these 
were produced to a pressure vessel forging specification. The 
fittings specifications were written to cover the manufacture 
of relatively small standard parts such as flanges, elbows, 
tees, couplings, and valve bodies with maximum cross sec- 
tion sizes, probably not exceeding 4 in. (100 mm). The test- 
ing provisions were written to take these limitations into ac- 
count and lend due economy to their production. It is this 
economy that opens some of these specifications to misap- 
plication. 

A mechanical testing provision common to many  of the 
forged fittings specifications concerns using the same type of 
heat treatment at the same temperatures for austenitizing 
and tempering within a tolerance of _+ 25~ (_+ 15~ This 
reduces the tension testing frequency to one test per heat of 
steel, essentially a heat qualification test. This provision does 
not require the use of the same furnace, only the same tem- 
peratures. Significantly, cooling requirements are not in- 
cluded, and while probably not a concern for the intended 
fittings application, could be important for applications out- 
side the scopes of the standards. 

A 105/A105M-03, Carbon Steel Forgings for 
Piping Applications 

This standard was published originally as a tentative speci- 
fication in 1926 and has been in continuous use ever since. 
The heat treatment provisions of the specification and the 
simple mechanical test requirements have made it an attrac- 
tive, but questionable vehicle for many carbon steel pressure 
vessel component  applications, well beyond the scope range 
of flanges, fittings, and valves for piping applications. Earlier 
revisions to the scope clause, intended to reign in such ap- 
plications, restricted use of the specification to forgings with 
a maximum weight of 10 000 lb (4540 kg). However, the 
scope clause does indicate that items such as tube sheets and 
cylindrical pressure vessel shells should not be manufac- 
tured to this specification. 

The Heat Treatment section (5) is most important and 
should be read closely since the requirements depend on the 
type of component  as well as the pressure and NPS desig- 
nations. It is probably because of these provisions, more 
than any other, that misapplication of the specification has 
occurred. When heat treatment is required, there is a choice 
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of annealing, normalizing, normalizing and tempering, or 
quenching and tempering. These operations are as laid down 
in Specification A 961. Heat treatment is not  required for 
forgings falling under the following headings: 

1. Standard design flanges for Class 300 or less from ASME 
Specification B. 16.5. 

2. Nonstandard flanges that do not exceed the temper- 
ature/pressure ratings for Class 300. Group 1.1 from 
ASME B.16.5. 

3. Piping components (excluding flanges) exceeding Class 
300 but not larger than NPS 4. 

4. Piping components (excluding flanges) exceeding NPS 4 
but not exceeding Class 300. 

5. Piping components (excluding flanges) of Special Class 
(as defined in ASME B.16.34) that exceed Special Class 
300, Group 1.1 working pressure at the design tempera- 
ture, but do not exceed NPS 4. 

6. Piping components (excluding flanges) of Special Class, 
exceeding NPS 4, but not exceeding the working pres- 
sure at the design temperature of Special Class 300, 
Group 1.1. 

It will be seen that if the application restrictions listed in the 
scope clause and the heat treatment section are disregarded, 
then some quite large and thick forged components could he 
marked as complying with Specification A 105/A 105M with- 
out the need for heat treatment. An example could be a steel 
tube sheet some 6 ft (1.8 m) in diameter and 8.5 in. (215 
mm)  in thickness (weighing less than 10 000 lb (4540 kg)) 
that would be for service not exceeding Class 300. 

Although for quenched and tempered forgings a T • 1/4T 
tension test location is required, where T is the maximum 
heat treated section size, this type of heat treatment should 
not be necessary unless Charpy impact testing is a part  of 
the purchase order; for example, through the use of Supple- 
mentary Requirement S54 from Specification A 961. 

The Chemical Requirements section (6) and Table 1 deal 
with the permissible steel chemistry. Considerable attention 
has been paid to the chemical analysis requirements for car- 
bon steel forgings over the years, since the specification was 
first published. Largely this has been due to the need to im- 
prove the weldability of the steel, and latterly to enhance 
toughness properties, although mandatory Charpy impact 
testing is not required by the Specification. 

From an economic standpoint, there is also a need to be 
able to use the same steel supply for more than one specifi- 
cation application. This is particularly important for manu- 
facturers that produce small forgings and who do not have 
their own melt shop for the supply of steel. The comparison 
of the chemical requirements from the 1955 revision of 
A 105 and the 2001 version of A 105/A 105M may be of 
interest: 

Copyright �9 2005 by ASTM 1Ntemational www.astm.org 



Element % 1955 1985 2001 2003 
Carbon (max) a 0.351 0.351 0.351 
Manganese 0.90 max 0.60/1.051 0.60/11051 0.60/1.051 
Phosphorus (max) 0.05 0.04 0.035 0.035 
Sulfur (max) 0.05 0.050 0.040 0.040 
Silicon b 0.35 max 0.10/0.35 0.10/0.35 
Copper (max) 0.402 0.402 
Nickel (max) 0.402 0.40 z 
Chromium (max) 0.302 0.302 
Molybdenum (max) 0.122 0,12 z 
Vanadium (max) 0.08 0.08 
Niobium/Columbium (max) 0.02 

Note a: The carbon is restricted to 0.35 % if components are to be welded. 
Note b: Silicon up to a maximum of 0.35 % may be required in order to meet the strength requirements when the carbon is restricted to 
0.35 %. 
Note I: The maximum manganese level may be increased by 0.06 % for each decrease of 0 .01% in carbon below 0.35 %, up to a maximum 
of 1.35 % manganese (corresponding to 0.30 % maximum Carbon). 
Note 2: The sum of chromium and molybdenum shall not exceed 0.32 %, and the total for copper, nickel, chromium, molybdenum, and 
vanadium shall not exceed 1.00 %. 

It will be apparent that, although broadly similar to the 
1995 revision, the chemical requirements of the current re- 
vision are rather more detailed and slanted towards consis- 
tent weldability and the potential for improved notch tough- 
ness. It should be noted that there is no restriction on how 
the alloying elements appear  in the steel, either from the 
scrap or as alloying additions. 

Section 7 on Mechanical Properties includes the mini- 
mum tension test requirements as well as the test location 
relative to the applied heat treatment, if any. Special provi- 
sions that exclude very small components produced on an 
automatic or semiautomatic press from tension testing are 
included in this section also. For these forgings, only hard- 
ness testing is required, and a hardness range is applicable. 
Another aspect that reflects making small parts from seam- 
less tube is the provision for strip tension tests. 

If the forgings are not heat treated, then only one ten- 
sion test per heat of steel is required, regardless of the forg- 
ing type or size or  even when the forgings are made. No test 
location is specified for forgings that are not heat treated. 

Originally, Specification A 105 offered two tensile 
strengths, Grade 1 at a minimum of 60 000 psi (415 MPa) 
and Grade 2 at 70 000 psi (485 MPa). The lower strength 
grade was dropped many  years ago and with only one 
chemistry and strength level remaining, the grade designa- 
tion was dropped also. The minimum yield strength is now 
36 000 psi (250 MPa) and the minimum ductility require- 
ment  of 22 % elongation in 2 in. (50 mm) for the standard 
round tension test specimen is unchanged from the 1995 re- 
vision, as is the minimum reduction of area requirement of 
30 %. 

The longitudinal axis of the tension test specimen for 
heat treated forgings is required to be located at the l/4T 
plane where T is the maximum heat treated thickness of the 
represented forging, and for quenched and tempered forg- 
ings there is the added location requirement that the mid- 
length of the specimen is removed by a length T from any 
second surface. This is known generally as T x I/4T testing 
and an example is shown in Fig. 15.1. The use of a separate 
test blank taken from the heat used to make the forgings is 
permissible, and it must  accompany a batch of the forgings 
it represents. Tension test orientation is not specified, but 
commonly in ASTM product specifications bars and forgings 
are tested with the longitudinal specimen axis parallel to the 

direction of hot working. This is termed longitudinal testing 
in Test Methods and Definitions A 370. 

The Product Marking Section 13 could be confusing 
since part  of the requirement (13.3) concerns certification 
for "larger forgings" when this is required. This again reflects 
a situation where, because of small forging size, the space 
available for marking is very limited. The section also ad- 
dresses the addition of the suffix QT following the specifi- 
cation designation if the forging had been heat treated by 
quenching and tempering. An additional suffix W is required 
if the part had been weld repaired, with or without pur- 
chaser approval. Marking by bar coding is listed as being 
permissible. 

In summary, while perfectly suitable for the pipe fittings 
for which it was written, Specification A 105/A 105M is open 
to question on its suitability for large forgings that are out- 
side its scope. 

A 181/A 181M-01, Carbon Steel Forgings for 
General Purpose Piping 

This specification, originally published in 1935, is unique in 
that it covers nonstandard, as forged fittings, valve compo- 
nents and parts for general service. Like Specification A 105/ 
A 105M, there is a weight limit of 10 000 lb (4540 kg), but 
unlike this specification there is no stated restriction on the 
application beyond forged fittings and valve components. 
Two classes are included, based on strength, but both share 
the same chemical composition requirements. 

Under Materials and Manufacture (4) the same restric- 
tions on machining parts from forged or rolled bar that are 
included in Specification A 105/A 105M are present. One 
useful feature is the provision for the manufacturer  to supply 
a drawing of the proposed rough forging at the request of 
the purchaser. This could be important since it gives an idea 
of the amount  of hot work going into the forging, and the 
potential grain flow in the part relative to the intended ap- 
plication. There is a requirement to protect the forging from 
thermal shock after forging. 

The Mechanical Properties (6) requirements are found 
in Table I, and this lists two classes. Class 60 is for a mini- 
mum tensile strength of 60 ksi (415 MPa) and a minimum 
yield strength of 30 ksi (205 MPa), and Class 70 requires a 
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Fig. 15.1--For quenched and tempered forgings two test location 
systems are in common use. One is called t x 2t where t is the 
dimension between a designated highly stressed (in service) face of 
the finished forging and the closest quenched surface. However, t 
cannot be less than 0.75 in. (19 ram) even if the excess surface stock 
is less than this. The forging is contour machined prior to heat treat- 
ment as in this example. For the T x 1/4T test location T is the max- 
imum quenched cross section of the forging. In this example, the 
wall thickness of the forging would be Tsince heat is extracted from 
both the OD and ID surfaces. The %T location can be measured from 
the OD or ID surface at the manufacturer's option, unless otherwise 
instructed by the specification or the purchase order. Unless the 
quenched length is less than the wall thickness, as in a thick walled 
forged ring, the length is not considered in determining the T di- 
mension. 

minimum tensile strength of 70 ksi (485 MPa) with a mini- 
m u m  yield strength of 36 ksi (250 MPa). The reduction of 
area requirement for Class 70, at a minimum of 24 %, is 
lower than the already low value required in Specification A 
105/A 105M, and reflects the coarser mixed microstructure 
structure that can be expected from as forged material. 

A 182/A 182M-04, Forged or Rolled Alloy 
and Stainless Steel Pipe Flanges, Forged 
Fittings, and Valves and Parts for High 
Temperature Service 

allox; ferritic, and austenitic stainless steels, and several du- 
plex stainless steels. The application is for forged flanges, 
fittings, and valves made to specified dimensions or to di- 
mensional standards. As in the case of the carbon steel 
forged fittings specifications, the use of forged or rolled bar  
is permitted with certain well-defined limitations. A size 
limit of 10 000 lb (4540 kg) is stated in the scope clause, but 
there is no exclusion for products such as tube sheets and 
pressure vessel shells. Specifications A 336/A 336M, Alloy 
Steel Forgings for Pressure and High-Temperature Parts, and 
A 965/A 965M, Steel Forgings, Austenitic for Pressure and 
High Temperature Parts, are cited for larger forgings or ap- 
plications other than those related to piping applications. 

Except for flanges, some cylindrically shaped parts can 
be machined directly from forged or rolled bar. Instead of 
the limitation used in Specification A I05/A 105M, reference 
is made to the fittings Specifications A 2341A 234M, Pipe 
Fittings of Wrought Carbon Steel and Alloy Steel for Mod- 
erate and High Temperature Service, for the ferritic materi- 
als, and A 403/A 403M, Wrought Austenitic Stainless Steel 
Piping Fittings, for the austenitic and duplex stainless steels, 
for the bar  use restrictions. 

Because of the wide range of included materials the heat 
treatments requirements in Section 6 are lengthy and are 
detailed in a table. This table includes minimum austenitiz- 
ing and tempering temperatures for the ferritic steels and 
minimum solution treatment temperatures for the austenitic 
and duplex stainless steels. 

Under mechanical testing for austenitic or duplex stain- 
less steel forgings, there are no restrictions on the test spec- 
imen location, and only one test per heat is required regard- 
less of forging or heat size, and time interval between heat 
treatment batches, provided that the test material was heat 
treated in accordance with the specification, with a produc- 
tion batch from the same heat. In other words a heat quali- 
fication process is used. 

In the case of the alloy steels and both the ferritic and 
martensitic stainless steels, one tension test per heat is re- 
quired from each heat treatment charge. As a departure from 
the requirements of Specification A 105/A 105M only like 
forgings, for example flanges, heat treated the same way, at 
the same temperatures can be accepted on the basis of one 
test from a heat. 

Impact  testing was not a part  of Specification A 182/A 
182M until the modified chromium-molybdenum (F 22V, F 
3%/, and F 3VCb) Grades were added. These were developed 
originally for petrochemical cracker vessel applications and 
Charpy impact testing was requested. This requirement is 
addressed in 8.7, rather than in a table. The required Charpy 
test temperature is 0~ ( -  18~ with a minimum average ab- 
sorbed energy of 40 ft-lbf (54 J). 

Test reports must he supplied to the purchaser  under the 
section (16) on Certification. This again contrasts with the 
current certification requirements of some other flange and 
fittings specifications. 

A 350/A 350M-04a, Carbon and Low-Alloy 
Steel Forgings, Requiring Notch Toughness 
Testing for Piping Components 

Again intended for small forgings, this is a widely used, and 
often abused, specification that is quite complex because of 
the wide range of materials that are included. These include 

Although test methods for determining the notch toughness 
of steels were developed early in the last century, and Test 
Method E 23 for notched bar  impact testing was published 



in 1933, it was not until the plight of the Liberty Ship brittle 
failures during World War II that the importance of notch 
toughness testing began to be widely understood. 

Brittle failure is somewhat devastating because the rup- 
tures occur extremely rapidly and can be catastrophic in ex- 
t en t - -a  ship breaking in two, or a welded pipeline rupturing 
longitudinally for a very long distance as examples--under  
loads that are well below the yield strength of the material. 
Several factors come into play when considering the risk of 
brittle failure: 

1. The notch toughness of the material. 
2. The design of the part. 
3. The quality of manufacture. 
4. The operating conditions. 

It was found in the case of welded ship hulls that a hori- 
zontal strake of high toughness plate high above the water 
line, or for a pipeline the presence of a tough fitting such as 
a valve housing or a flange, could arrest a brittle fracture 
and exert a measure of damage control. This may have been 
the foundation for publishing Specification A 350 in 1953, 
and it is known that the American Petroleum Institute (API) 
[ 1] was very interested in the specification. When first pub- 
lished, Specification A 350 required the use of the Charpy 
keyhole specimen, so called because of the common method 
of producing the 5-ram-deep U-Notch by drilling a 2-mm di- 
ameter  hole through the 10 x 10 m m  section specimen and 
sawing from the face down to the hole to produce a 5-mm- 
deep notch with a 2-ram root radius. The U-Notch was dis- 
continued in some North American specifications, such as 
the ASME Boiler and Pressure Vessel Code, about 40 years 
ago when the construction of nuclear power plants began, 
in favor of the more demanding 2-mm-deep V-Notch sample. 
This change, made without altering the minimum absorbed 
energy requirements or test temperature, was the basis for 
many of the subsequent material problems associated with 
Specification A 350/A 350M. The U-notch in various forms 
is still included in some European codes. 

A characteristic of the Charpy impact test is scatter in 
the absorbed energy results, particularly when testing is 
done in the transition temperature regime for the material. 
For this reason a test consists of three specimens broken at 
the same temperature, and the result is the arithmetic av- 
erage of the values obtained. 

In discussing Specification A 350/A 350M, it should be 
noted that the scope section clearly states that the specifi- 
cation is for forged flanges, fittings, and valves for low tem- 
perature service, amplifying the specification title. 

Two materials were available when Specification A 350 
was first published, a carbon steel Grade LFI with a mini- 
mum tensile strength of 60 000 psi (415 MPa) and Grade 
LF3, a 3.5 % nickel alloy steel with a minimum tensile 
strength of 70 000 psi (485 MPa). Currently, Specification A 
350/A 350M includes seven carbon and alloy steel grades, 
and the minimum tensile strength requirements range from 
60 ksi (415 MPa) to 75 ksi (515 MPa). 

Specification A 350/A 350M is one of the most contro- 
versial of all of the ASTM steel product specifications in part  
because of some expensive installation problems that have 
been reported worldwide over a number  of years. The gen- 
eral background on these difficulties will be discussed after 
the specification review. 

The Scope clause describes the intended applications for 
the forgings for flanges, fittings, and valves to be made to 
special dimensional requirements or to dimensional stan- 
dards that are listed in the specification. 

Although the scope indicates that the specification is in- 
tended for pipe fitting, valve, and flanges for low temperature 
service, very large forgings for pressure vessel application 
have been ordered to it. 

The accepted heat treatment cycles include normalizing, 
normalizing and tempering, or quenching and tempering, an 
exception being for the precipitation hardening Grade 
LF787. A minimum tempering temperature of 1100~ 
(590~ is required, together with minimum holding times 
at temperature. An intercritical quench and temper cycle is 
also included. This procedure, while tending to reduce the 
tensile and yield strengths slightly, has been shown to en- 
hance greatly notch toughness by means of significant grain 
refinement. It is useful in situations where a fine grain melt- 
ing practice has not been used. 

Special heat treatment requirements are needed for the 
precipitation hardening Grade LF787 and cooling from the 
austenitizing temperature may be done in air, as in a nor- 
malize or by quenching. The precipitation hardening stage 
is required to be done in the temperature range of 1000- 
1200~ (540-650~ for normalized forgings and 1000- 
1250~ (540--665~ for the quenched material. 

The chemical composition section (6) refers to Specifi- 
cation A 961 and prohibits the use of leaded steels. Table 1 
includes the composition limits for the seven grades. Prob- 
ably the most widely used is Grade LF2. This is a carbon 
steel with the carbon limited to a maximum of 0.30 % and 
a manganese range of 0.60-1.35 %. At one time, the lower 
strength Grade LF1 had a more restricted manganese con- 
tent, but with increasing heat sizes from the steel mills and 
the preference for steel stock holders to supply one com- 
position for as many specification applications as possible, 
more standardized heat analyses have been requested. Aside 
from a fine grain size, toughness of the carbon steels is im- 
proved as the manganese to carbon ratio increases. A value 
of about 6 for this ratio can give good Charpy impact values. 
Limits on the residual alloying elements are included for all 
of the compositions, and detailed notes to Table 1 give added 
restrictions on the totals of certain of these elements. 

The test temperature for the Charpy impact test has al- 
ways presented difficulties both to those who order and 
those who produce forgings to this specification. The mini- 
mum absorbed energy value has more recently attracted at- 
tention. Originally, when the 5-mm Charpy U-Notch was 
specified, the test temperature for Grade LF1 was -50~ 
(-45~ and 150~ (-100~ for Grade LF3. The -50~ 
(-45~ value was kept for Grade LF2 when that was intro- 
duced. When the specification was converted to the V-Notch 
specimen, the absorbed energy and test temperature require- 
ments were unchanged. Although the remaining specimen 
cross section under the U-Notch is considerably less at 50 
m m  2 compared with the 80 m m  2 under the V-Notch, the ef- 
fect of the stress concentration difference between the two 
notches is such that, for a given steel and test temperature, 
higher absorbed energy values are obtained from the U- 
Notch. This effect was severe enough to make the difference 
between comfortably passing the minimum average of 15 
ft-lbs (20 J) at -50~ (-45~ for Grade LF2 and failing mis- 
erably. The basis for the choice of this test temperature (re- 



membering that -40~ (-40~ is the test temperature of 
choice for many military applications) for the specification 
is not clear, but may have been proposed by API [1] when 
the specification was first published. 

Many applications require that impact testing be done 
at the lowest service temperature, and in Section VIII of the 
ASME Boiler and Pressure Vessel Code, -20~ (-29~ is 
significant with regard to impact testing. 

The average minimum absorbed energy value of 15 ft- 
lbf (20 J) for most  of the materials in A 350/A 350M corre- 
sponds to a point approximately midway down the transition 
curve section between the upper and lower energy shelves. 

At the present time Specification A 350/A 350M has ap- 
proached the problem in several ways. The popular Grade 
LF2 now has two classes that vary in impact test tempera- 
ture and absorbed energy requirements, and in addition 
Supplementary Requirement S 1 permits the use of alternate 
purchaser specified test temperatures with a cap on the 
maximum temperature. When such alternate temperatures 
are used the marking of the forging must reflect this. In all, 
the test temperature and absorbed energy requirements are 
spread over three tables (Tables 3, 4, and S 1.1.1) for the stan- 
dard size specimen. These requirements are summarized in 
Table 15.1. 

A key thing to remember  in this test temperature item 
is that when using Supplementa~  Requirement S1, the ac- 
tual test temperature used must be included in marking the 
forging. 

A 522 /A  522M-04, Forged or Rolled 8 and 
9 % Nickel Alloy Steel Flanges. Fittings, 
Valves, and for Parts Low-Temperature Service 

This specification was first published in 1964. It heralded a 
renewed specification writing activity by the subcommittee 
following the publication date of Specification A 350 some 
12 years earlier. The 8 and 9 % nickel alloy steels met a re- 
quirement for materials with high toughness at cryogenic 
temperatures that could bridge the gap between the carbon 
and low alloy steels covered by the early version of Specifi- 
cation A 350, and the more expensive 300 series austenitic 
stainless steels that are also very useful at cryogenic temper- 
atures. The ferritic nickel steels also have the advantage of 

having a higher yield strength than the austenitic stainless 
steels. 

The specification Scope clause defines the operating 
temperature range for the materials as being from a maxi- 
mum of 250~ (121~ for both alloys, to a minimum of 
-320~ (-196~ for the 9 % nickel steel and -275~ 
( -  170~ for the 8 % nickel steel. A further limitation is for 
a maximum heat-treated thickness of 3 in. (75 mm) for the 
double normalized and tempered condition and 5 in. (125 
mm) for the quenched and tempered condition. These thick- 
ness limits, while quite conservative, are important because 
they are included as being mandatory in Part IID of the 
ASME Boiler and Pressure Vessel Code. Actual tests on 8- 
in.-thick (200-mm) forged 9 % nickel plate showed that all 
of the requirements of Specification A 522/A 522M could be 
met comfortably. This material was used for the forged fan 
drive shaft in a large cryogenic wind tunnel application in 
Langley, Virginia. 

The specified heat treatments include the choice of 
quenching and tempering or double normalizing and tem- 
pering. The heat treatment requirements are unusual in 
specifying a minimum-cooling rate of 300~ (1650C) per hour 
from the tempering temperature, for both the normalized 
and quenched material. The recommended cycle for a post 
weld heat treatment includes a similar cooling rate. Both the 
9 and 8 % Nickel alloys have the same minimum tensile 
strength requirement of 100 ksi (690 MPa), and instead of a 
required minimum average absorbed energy in the Charpy 
V-Notch test, the requirement is to obtain a lateral expansion 
of 0.015 in. (0.38 ram) at the test temperature of -320~ 
(-195~ for the 9 % nickel steel or at -275~ (-170~ in 
the case of the 8 % nickel alloy. This is in accordance with 
requirements of the ASME Boiler and Pressure Vessel Code 
(20). 

The Mechanical Properties requirements are addressed 
in Section 7, and it should be noted that the lateral expan- 
sion requirements in the Charpy V-Notch impact test are not 
for an average value from three tests, but all three results 
must meet or exceed the 15 mils (0.015 in.) (0.38 mm) value. 
There is a concession that if one test from the set falls below 
the 15 mils value, but is not less than 10 mils (0.010 in.) (0.25 
mm) and the average meets or exceeds the 15 mils (0.38 mm) 

TABLE IS.I--Summary of the Charpy Impact Test Requirements for the Materials in A 350/A 350rV 

Grade 

LF1 
LF2 
LF2 
LF3 
LF5 
LF5 
LF6 
LF6 
LF6 
LF9 
LF787 
LF787 

Absorbed Energy Test Temp. 
Class Av. ft-lb (J) min ~ (~ 

13 (18) - 2 0  ( -29)  
I 15 (20) - 50  ( -45)  
2 20 (27) 0 ( -18)  

- -  15 (20) -150  (101) 
I 
2 
I 
2 
3 

2 
3 

15 (20) 
15 (20) 
15 (20) 
20 (27) 
20 (27) 
13 (18) 
15 (20) 
15 (20) 

-75 (-59) 
-75  (-59) 
- 6 0  (-5O) 
- 6 0  ( -50)  

0 ( - 1 8 )  
-100  ( -73)  

-75 (-59) 
-100  ( -73)  

Table S1.1.1 
Max Temp. 

~ (~ 

- 10 ( -23)  
- 35  ( -37)  

- 60  (-50) 
-60 (-50) 
-40 (-40) 
-40  (140) 

- 8 0  ( -62)  
- 60  ( -51)  
- 8 0  ( -62)  

Min. Tensile 
Strength ksi 

(MPa) 

60 (415) 
70 (485) 
70 (485) 
70 (485) 
60 (415) 
70 (485) 
66 (455) 
75 (515) 
75 (515) 
63 (435) 
65 (450) 
75 (515) 



value, then a retest of three specimens is permitted. All three 
of the retest specimens must  meet the minimum 15 mils lat- 
eral expansion requirement. 

The test temperature of -320~ (-196~ is the temper- 
ature of liquid nitrogen and is chosen for the 9 % nickel steel 
as a convenient cryogenic test temperature. 

A 694/A 694M-00, Carbon and Alloy 
Steel Forgings for Pipe Flanges, Fittings, 
Valves, and Parts for High-Pressure 
Transmission Service 

This specification was first published in 1974 to meet the 
needs of the steel transmission pipeline industry. In Section 
5, Manufacture, the steel used is required to be fully killed, 
but the composition of the steels described as High Strength 
Low Alloy (HSLA) are broadly defined only in the Terminol- 
ogy Standard A94 I, Terminology Relating to Steel, Stainless 
Steel, Related Alloys, and Ferroalloys. The term "Alloy Steel" 
is used to describe only Grade L5 of Specification A 707/A 
707M, Forged Carbon and Alloy Steel Flanges for Low- 
Temperature Service, but 6.3 of Section 6 on Chemical Com- 
position must  be read to disclose that. Reporting of a com- 
plete chemistry of the steel used is required. When HSLA 
steels are used, it is necessary for the manufacturer  to report 
the chemical composition so that in this instance at least a 
partial test report is mandatory. Heat treatment is required 
and can be done by normalizing, normalizing and temper- 
ing, or quenching and tempering. The precipitation hard- 
ening temperature range given for Grade L5 of Specification 
A 707/A 707M is more restrictive than is required in that 
specification: 

Precipitation Range 

A 694/A 694M A 707/A 707M 
Alloy Steel Grade L5 
1000 to 1225~ 1000 to 1250~ 
(540-665~ (536-677~ 

In summary, Specification A 694lA 694M can be re- 
garded as a vehicle for the use of proprietary HSLA steels 
for pipeline valves, flanges, and fittings for natural gas trans- 
mission service. 

A 707/A 707M-02, Forged Carbon and Alloy 
Steel Flanges for Low Temperature Service 

This standard was published shortly after Specification A 
694/A 694M and also includes carbon and conventional alloy 
steels, as well as the precipitation hardening grade that is 
included in that specification. A feature of the specification 
is that it was Written specifically for flanges. The scope sec- 
tion states that the forgings are intended for use in petro- 
leum and natural gas pipelines in locations subject to low 
ambient temperatures. The writing of this specification fell 
into the time frame of the Alaskan oil pipeline. The scope 
also suggests the possible pairing of the different grades with 
the tensile strength classes, relative to the material section 
size capability. Grades L5, L6, and L8 are suggested as being 
suitable for any of the strength classes that range from 42 to 
75 ksi (290-515 MPa) in yield strength. 

The terminology section (3) includes two definitions, 
one being for Flakes, and the other for Linear Surface Im- 
perfections (Indications). The latter definition of the linear 

indication length being at least three times its width is found 
in Test Methods A 275/A 275M, Magnetic Particle Exami- 
nation of Steel Forgings Surface, and E 165, Liquid Pene- 
trant Examination. Flakes (often referred to simply as flake) 
and discussed in Chapter 3 are fine internal ruptures or fis- 
sures that are associated with hydrogen in the steel. 

Of all the flange and fittings specifications, A 707/A 
707M is the only one to have a mandatory ultrasonic ex- 
amination requirement for the weld neck area of flanges 24 
in. (610 mm) and larger. This is required to be done to Prac- 
tice A 388/A 388M, Ultrasonic Examination of Heavy Steel 
Forgings. An exception to Practice A 388/A 388M procedure, 
however, is that only a straight beam examination is re- 
quired, whereas normally shear wave examination would be 
necessary, depending on the OD/ID ratio of the weld neck. 
Almost certainly flanges of this size would fall under the 
shear wave requirements of Practice A 388/A 388. 

A 727/A 727M-00, Carbon Steel Forgings 
for Piping Components with Inherent 
Notch Toughness 

This is one of the few Committee A01 product specifications 
that give an intended service temperature range, instead of 
the more general low or high temperature service notation. 
A temperature range of - 2 0  to 650~ ( - 3 0  to -345~ is 
mentioned in the scope. The advice is offered that, although 
notch toughness testing is not a requirement, inherent 
toughness can be expected. This expectation is based on heat 
treatment being a requirement regardless of the forging ap- 
plication, the required chemistry, and the limitation that the 
maximum finished section thickness cannot exceed 2 in. (50 
mm). When impact testing is required the user is referred to 
Specification A 350/A 350M. 

Three heat treatment options are specified in Section 5. 
These cover normalizing, normalizing and tempering, and 
quenching and tempering. Austenitizing temperature ranges 
are given depending on whether the forging is to be nor- 
malized or quenched, and a minimum subcritica] tempering 
temperature of 1100~ (595~ is required when tempering 
is performed. Another important heat treatment condition is 
that the forging must be allowed to transform after hot 
working before starting the heat treatment cycle. 

The steel composition listed in Table 1 limits the carbon 
content to a maximum of 0.25 %, and the manganese range 
is 0.90-1.35 %. This permits a min imum manganese-to- 
carbon ratio of 3.6, and that could readily be adjusted to 
exceed 5. The higher manganese-to-carbon ratios tend to 
promote improved notch toughness. Nickel, chromium, mo- 
lybdenum, copper, niobium (columbium), and vanadium can 
be added within the limits specified in Table 1 and the ac- 
companying notes. 

Under mechanical requirements the tensile strength 
range of 60-85 ksi (415-585 MPa) is specified in Table 2, 
with a minimum yield strength of 36 ksi (250 MPa). The cap 
on the tensile strength range is another factor that assists in 
maintaining impact properties. The use of a separate test 
forging or block is permitted but must represent the section 
thickness of the forgings in the charge within +_ 0.25 in. (6 
mm). Although not mentioned in Table 2, Tensile Require- 
ments, it should be noted that a maximum hardness of 187 
HB applies for every quenched and tempered forging. At first 
sight unnecessary when the tensile strength is capped, it 



should be remembered that under the specification rules 
very few forgings are actually tension tested. 

A 836/A 836M-02, Specification for Titanium- 
Stabilized Carbon Steel Forc~mgs for Glass- 
Lined Piping and Pressure vessel Service 

This specification is a good example of an ASTM standard 
written to meet the requirements of a specialized industrial 
process covering very specific applications and served by a 
small number of producers. Because of the application and 
the unusual heat treatment requirements, the components 
produced to this specification are all nonstandard in terms 
of dimensions, and importantly, the test specimens repre- 
senting the forgings must receive simulated heat treatment 
cycles that represent the glass coating operations. 

It should be noted that heat treatment of the forgings 
themselves is not required, but as mentioned earlier, the me- 

chanical test material must receive the simulated glassing 
heat cycle. 

The chemical composition requirements are included in 
Table 1, and reflect a mild steel with carbon restricted to a 
maximum of 0.20 % and a manganese maximum of 0.90 % 
together with the strong carbide forming element, titanium. 
The requirement for the latter is tied to the carbon content, 
with a minimum of four times the carbon percentage and a 
maximum of 1.00 %. 

The modest tensile requirements are for a minimum ten- 
sile strength of 55 ksi (380 MPa) and a minimum yield 
strength of 24 ksi (175 MPa). These values reflect the re- 
peated annealing cycles associated with the glass coating 
process. 

Reference 
[!] American Petroleum Institute, 1220 L Street, N.W., Washington, DC 

20005. 
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Forging Related Test Methods 
SUBCOMMITTEE A01.06 ON STEEL FORGINGS AND 
billits has jurisdiction over some specific test methods and 
practices that are peculiar to forgings and that differ in some 
important respects from the hardness test methods and non- 
destructive examination standards that are the responsibility 
of other ASTM committees, such as E-28 on Mechanical 
Testing and E-7 on Nondestructive Examination. These spe- 
cial test methods and practices will be discussed first, before 
going on to look at the product specifications. 

Magnetic Particle Examination 

Two magnetic particle test methods are provided; one re- 
quires the use of d-c magnetization, and the other utilizes 
alternating current. These test methods do not include ac- 
ceptance criteria; this generally falling within the scope of 
the product specifications; however, for forged crankshafts 
two specifications are provided that do include specific ac- 
ceptance criteria and procedures. These will be discussed 
following the test methods. 

A 2751A 275M-98, Test Method for the Magnetic 
Particle Examination of Steel Forgings 
This standard was originally published in 1944 and reflected 
the need for looking at the magnetizing techniques and pro- 
cedures for large, and often irregularly shaped, machined 
forgings, as opposed to relatively small diameter parts and 
bars that were later covered by Specifications E 109 and E 
709. Magnetic particle flaw detection systems were widely 
used in industry, long prior to the original publication of 
Specification A 275, and they continue to be the most im- 
portant surface examination method for ferromagnetic ma- 
terials. The test method does not include acceptance criteria, 
but does give the basic requirements for a reproducible and 
reliable system that greatly increases the confidence level for 
surface integrity of the ferritic steels. 

Because of its ability to permit the detection of near sur- 
face discontinuities, d-c magnetization is the basis for Test 
Method A 275/A 275M. It is permissible to use full or half 
wave rectified ac for magnetization. Reference is made to 
Specification E 1444, Practice for Magnetic Particle Exami- 
nation, for minimum requirements, but it is made clear that 
in the case of conflict between the two standards, Method A 
275/A 275M prevails. There is a reference to E 709, Guide 
for Magnetic Particle Examination, for the magnetic particle 
examination of forgings in the field. This would normally be 
expected for the re-examination of forgings after shipment 
and, perhaps because of some incident or  rework, carried 
out away from the suppliers facilities. 

The test method includes a short terminology section 
defining some terms that are used in the text. These include 
the definition of a linear indication as having a length at least 
three times its width, and non-relevant indications that are 
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caused by conditions other than the presence of a potentially 
damaging flaw. Because they could be indicative of cracks 
or other stress risers linear indications are the pr imary target 
of the test method. 

The competence of the operatives carrying out the test 
is obviously of paramount  importance, and for this reason it 
is a requirement that the personnel are properly qualified. 
ASTM International does not offer this qualification func- 
tion, but in North America the American Society for Non- 
destructive Testing (ASNT) [I]  is accepted as having and 
maintaining an acceptable system for qualifying and certi- 
fying operatives for magnetic particle examination. Qualifi- 
cation to Recommended Practice SNT-TC-1A is required 
therefore for North America, but suitable qualification to 
some other national standard is permitted for other parts of 
the world. The object is that the operatives have shown com- 
petence by passing both written and practical tests. 

Although by the use of d-c magnetization near surface 
indications can be revealed, it is a requirement that the mag- 
netic particle examination be done after all thermal treat- 
ments, and in the final machined condition, or at least within 
0.030 in. (0.80 ram) of the final surface. The importance of 
this may be lost on some users who regard the forging as 
received as semifinished and proceed to carry out additional 
machining, especially if the specified acceptance criteria are 
severe. In the event that this course is to be followed, it is 
important that agreement regarding liability be reached at 
the ordering stage. 

The use of portable electromagnetic yokes is permissi- 
ble, providing that the test sensitivity in detecting crack-like 
indications is maintained. 

Often the magnetizing force is developed by the passage 
of current through the part, and it is important in this case 
that high electrical resistance is avoided at the contact areas 
in order to avoid burning or arcing effects that could be quite 
damaging in themselves. Woven copper tape made from wire 
is sometimes used to improve conductivity at the contact 
areas, but even then arcing and burning as shown in Fig. 
11.2 must be avoided, since in addition to cracking this can 
lead to grain boundary penetration by copper. It  is for this 
reason that the use of prods is not permitted in some product 
specifications, such as A 723/A 723M, that include high 
strength steels. 

Surface preparation is addressed in Section 9, and this 
must be considered together with the sensitivity expected of 
the examination. If no indications are to be permitted in a 
particular location in the forging, as in the case of the critical 
area of a crankshaft bearing fillet, then the surface finish 
must be of a high order to assure that this goal can be dem- 
onstrated. Of course, in a highly stressed location such as 
this, an extremely fine surface finish is necessary for opti- 
mum fatigue strength, so that the requirements for the ex- 
amination and for service are complimentary. 

91 



Freedom from grease or oils is essential because these 
materials can hold the magnetic powder if the dry method 
of application is used, and prevent wetting of the surface if 
the wet method is employed. 

If the acceptance criteria are not too demanding, then 
shot blasted surfaces can be quite satisfactory, but loose 
scale would be a distinct hindrance and must be removed. 
A disadvantage of rough surface finishes is that they can 
readily give rise to false indications that can take up much 
time in assessment. 

Section i0, Methods of Magnetization, is the heart of 
the test method and these are addressed in detail. Caution 
on the use of the residual method is expressed, and it is noted 
that purchaser approval is necessary before this method is 
used. Since some users may not have the expertise to un- 
derstand its limitations, caution should be exercised in giv- 
ing approval for the use of the residual method. 

A key requirement for magnetic particle examination is 
that it must be done in two stages, with the direction of the 
lines of flux in the second stage being at right angles to the 
flux direction in the first stage. Methods for achieving this 
are described in some detail. 

The field strength instructions are most important, and 
this is an area where differences may be found between Test 
Method A 275/A 275 and Guide E 709, Magnetic Particle 
Examination, and Practice E 1444, Magnetic Particle Ex- 
amination. The magnetizing force current requirements for 
the latter standards are intended for small parts and can 
cause overheating and saturation when applied to large forg- 
ings. Requirements for both the wet and dry methods are 
covered. Generally, opt imum sensitivity will be obtained by 
the use of the wet fluorescent method, in which the fine mag- 
netic particles are coated with a material that will fluoresce 
under ultraviolet ("black") light. This method requires the 
use of a darkened environment, such as a special booth, and 
one needs to permit  the eyes to become accustomed to the 
ambient light intensity. Requirements for the ultraviolet light 
intensity are included in the test method. 

For most applications, particularly when dealing with 
large irregularly shaped parts, when the minimum flaw size 
is 1/16 in. (1.5 mm) or greater, the wet method under good 
shop lighting conditions is quite satisfactory. Requirements 
for the carrier liquid for the magnetic particles are included 
in the standard. A fairly high flash point is a most desirable 
characteristic. 

It  is sometimes useful to record the length and shape of 
the indication for a later report, and for this the build up of 
dry powder particles can be lifted off the surface by means 
of transparent tape and transferred to a white card. This 
technique enables an indication to be monitored, an example 
being shown in Fig. 11.5. For this purpose, when very fine 
indications are involved, suspending the particles in a vola- 
tile carrier such as methyl alcohol, and permitting the carrier 
liquid to evaporate can permit the indication trace to be 
lifted off. Great care to avoid fire or harm from inhalation is 
necessary i f  such techniques are attempted. 

As mentioned previously, the test method does not in- 
dude  acceptance criteria, but does include a glossary of un- 
desirable conditions that can be detected by the magnetic 
particle method. 

The Magnetic Particle Field Indicator, sometimes referred 
to as a pie gage, is described in the test method. This simple 
but important instrument is invaluable in demonstrating 

that a sufficiently strong magnetic field has been set up dur- 
ing the examination. 

Demagnetization is discussed in Section 12. Unless the 
forging is to be reaustenitized, this is an important follow- 
up to the examination, since residual magnetism in the part 
can be an embarrassment  during later processing of the 
component  or in service. For example, if the forging is to be 
part  of a welded fabrication, residual magnetism can seri- 
ously and adversely affect the welding arc. Residual mag- 
netism may be undesirable if the forging is in close prox- 
imity to sensitive electronic equipment, and would be very 
undesirable for a crankshaft because of a tendency to attract 
steel particles that could cause bearing damage. 

A 966/A 966M-96, Magnetic Particle Examination 
of Steel Forgings Using Alternating Current 
This is a companion test method to A 275/A 275M, but it 
utilizes magnetizing forces developed through the use of ac, 
instead of de. The magnetizing effect is very shallow, so that 
only immediate surface indications are detectable. However, 
the forgings examined this way are very easy to demagnetize, 
so that residual magnetism problems are not a factor. For 
this reason, this method is favored for the magnetic parti- 
cle examination of crankshafts. The method mirrors Test 
Method A 275/A 275M, and although the wet fluorescent 
method is often associated with it, A996/A 996M can be used 
for rough shot blasted surfaces of heat-treated forgings by 
the dry powder method when looking for processing defects 
such as quench cracks. Such forgings would be examined 
again after finish machining. To repeat, this method is used 
when residual magnetism problems, that can arise when a 
partially demagnetized regular shape is interrupted by a 
drilled hole or machined surface slot such as a keyway, 
would be objectionable. It should be noted, however, that 
residual magnetism in a rough heat-treated forging that has 
been shipped to another destination for machining could 
arise from handling by a crane electromagnet! 

This test method was first published in 1996 and was 
written to provide the examination method for A 983/A 
983M, Continuous Grain Flow Forged Carbon and Alloy 
Steel Crankshafts for Medium Speed Diesel Engines. 

A 4561A 456M-99, Magnetic Particle Examination 
of Large Crankshaft Forgings 
This specification was first published in 1964, referencing 
Test Method A 275/A 275M, and is actually an application 
standard for large slab (solid) forged crankshafts with bear- 
ing journals and crankpins of at least 8-in. (200-ram) diam- 
eter. Although this remains the principal application, this 
size limit was reduced to 4 in. (100 mm) minimum several 
years ago at the request of an engine builder. Three accep- 
tance classes are currently provided, although as first pub- 
lished only the present Class 2 level was included. 

A major change made after publication of Method A 
966/A 966M was to switch to a-c magnetization in the in- 
terest of minimizing residual magnetism. Direct-current 
magnetization can still be specified by the use of a supple- 
mentary requirement. 

Surface indications can arise from several different sit- 
uations on the surface of a slab-forged crankshaft, and their  
significance has to take the operating conditions for the shaft 
into account. For this reason, magnetic particle indications 
are classified as being "open" or "non-open." An "open" in- 



dication is defined as being visible when the magnetic par- 
ticles are removed, or one that is visible in a liquid penetrant 
examination. It follows then that if magnetic particle indi- 
cations are found, then a liquid penetrant examination will 
probably be necessary. On a bearing journal surface, an open 
indication could result from a nonmetallic inclusion being 
dragged out of the surface during grinding or polishing. An 
indication of this kind, while perhaps not potentially trou- 
blesome from a crack propagation aspect because of its lo- 
cation, could cause tearing of a white metal bearing and sub- 
sequent severe bearing seizure. Remembering the potential 
for the ingot central segregation area to coincide with crank- 
pin journal surfaces in slab forged crankshafts, the location 
and type of surface discontinuities becomes significant. This 
accounts for the need to investigate otherwise permissible 
surface indications in terms of length and number, by means 
of liquid penetrant examination to test for being open. 

The parts of concern in a crankshaft for the specification 
are explained by sketches, and by the definitions of the major  
and minor critical areas in Section 6. Large areas of the 
crankpin webs are actually excluded from the acceptance 
criteria. 

It should be noted that the least onerous acceptance cri- 
teria for the major  critical areas are designated Class 1. Class 
2 is more restrictive than Class 1 for both the major and 
minor critical areas, and Class 3 differs from Class 2 in that 
the requirements in the minor  critical areas are tighter. Class 
1 was introduced many years ago to meet a need for the 
supply of very large slab forged crankshafts for slow speed 
nondemanding applications where there was an economic 
problem in meeting the original requirements of Specifica- 
tion A 456. The steel supplier considered that there would 
be connotation of poor quality if the forgings were to be 
ordered as third class; hence, the increasing quality require- 
ments with increasing class number! 

It should be noted that this specification introduces the 
terms "depressing" and "dimpling." These have nothing to do 
with state of mind or smiling, but are connected with the 
actions to be taken to render a longitudinally oriented inclu- 
sion innocuous with regard to engine operation. The de- 
pressing operation is described in Section 8, Dimpling and 
Depressing, and is intended to preclude bearing damage. It 
should be noted that where depressing is required, it is not 
necessary to remove the indication. This work should be 
done gently and with great care to minimize bearing surface 
area loss. When dimpling is required, this too should be done 
with great care, and the periphery and bottom of the dimple 
should be smoothly rounded. In many cases, it is only nec- 
essary to reduce the length of the indication to an acceptable 
value rather than fully remove it. As a word of caution, the 
specification was written with an eye to the nonmetallic in- 
clusions associated with ingot central segregation. Bearing 
in mind that the crankshaft was forged as a long rectangular 
slab, as shown in Fig. 2.15, and subsequently notched for 
crankpin location and hot twisted for orientation, there is a 
risk of nonaxial indications that might be from inclusions or 
tears from the twisting operation. These off axis indications 
can be very detrimental to crankshaft integrity and are ad- 
dressed in the specification. Another risk, although rarer 
with widely used vacuum degassing, is the occurrence of hy- 
drogen flake. These fissures can become exposed when the 
crankpins are machined and would be most deleterious. If 
sufficient t ime is permitted for the required incubation pe- 

riod, this type of defect should be found readily during an 
ultrasonic examination of the slab before notching for the 
crankpins. 

Slab forged crankshafts are usually designed with par- 
allel sided crankpin webs, and the axis of the main bearings 
and the crankshaft arms is offset from the axis of the original 
ingot. Another design, sometimes called a barrel crankshaft, 
has circular webs and is machined from a large cylindrical 
forging. Here the crankpins can be machined from the cyl- 
inder in their correct orientations so that no twisting is 
needed. The main bearing and arms of the crankshaft retain 
the ingot centerline axis, but the ingot centerline segregation 
problems can still exist in the critical areas of the crankpins, 
however. Efficient modern milling machines can remove 
large amounts of stock to a programmed profile, making this 
type of crankshaft economic to produce; however, continu- 
ous grain flow cannot be achieved by this production 
method. 

A 986/A 986M, Magnetic Particle Examination of 
Continuous Grain Flow Crankshaft Forgings 
This specification is intended to be used with the Product 
Specification A 983/A 983M for continuous grain flow crank- 
shafts, and was first published in 1998. The test method for 
the specification is A 966/A 966M for magnetic particle ex- 
amination using ac. The specification parallels Specification 
A 456/A 456M, but unlike that specification includes only 
one set of acceptance criteria, and is more restrictive in all 
respects. Another important difference is that only the wet 
fluorescent method of examination is permitted. 

Ultrasonic Examination 

Because of the variety of shapes and sizes in steel forgings, 
the requirements for their ultrasonic examination are more 
complex than is the case for regular shapes such as plate, 
tube, and pipe. Actual acceptance criteria are either specified 
in the product specification or by the purchaser. 

A 388/A 388M-04, Ultrasonic Examination of 
Heavy Steel Forgings 
This important standard practice is widely used for the ex- 
amination of steel forgings and covers both longitudinal 
wave and shear wave scanning as appropriate for the 
particular geometry of the forging. The standard was written 
originally in 1955 when ultrasonic examination was in the 
early stages of use and is a required examination method in 
many of the forging product standards. As in the case of the 
magnetic particle examination standards, personnel qualifi- 
cation for North America is required to be in accordance 
with SNT-TC- t A [ 1 ], Supplement C--Ultrasonic Testing. 

It is important to note that Practice A 388/A 388M is 
intended for use on ferritic steel forgings. Because of the 
sound attenuation problems associated with large coarse- 
grained austenitic stainless steel forgings, Practice A 745/A 
745M, Ultrasonic Examination of Austenitic Steel Forgings, 
should be specified for their ultrasonic examination. 

The intent is to achieve full volumetric examination of 
the forging after quality heat treatment, and either before or 
after any required stress relief. This requires machining of 
the forging to achieve the necessary degree of surface finish 
of at least 250 win. (6 wm). Provision is made for the pur- 
chaser to amend this requirement in the inquiry or purchase 



order. For example, in the case of a closed die forging, heat- 
treated without machining, a scale free shot blasted surface 
might be permitted with purchaser approval. However, the 
same surface finish must be present on the calibration 
blocks. 

The size and frequency of the search units is specified 
in Section 4 under the heading of Apparatus. The ultrasonic 
instrument requirements are outlined in Section 4 also, as 
well as details such as couplants and reference blocks. En- 
gine lubricating oils are useful for coupling applications, but 
if heat treatment including stress relief follows the exami- 
nation, these can cause unwelcome smoke, and water based 
gel couplants may be preferred. The sensitivity of the test 
improves with increasing search unit frequency, and 2.25 
MHz is widely used. However, before quality heat treatment 
the forging grain size may cause base line noise and lower 
frequencies down to 1 MHz may be needed. 

Depending on the forging geometry, it may be necessary 
to complete the ultrasonic examination in two stages, the 
first being full volumetric coverage before quality heat treat- 
ment, and the second to the maximum extent possible after 
heat treatment. Additional machining contours, over and 
above those needed to go directly from the forging to the 
finished shape, may be necessary to achieve this goal, and 
should be included in the ultrasonic test procedure. A written 
test procedure, complete with appropriate sketches, is often 
a useful tool for both the producer and the purchaser. 

It is important to note that it is the contour of the fin- 
ished forging that is the deciding factor in determining the 
extent of the ultrasonic examination. For example, a thick 
walled cylindrical forging may be made as a solid and bored 
afterwards. In this case, depending on the material, dimen- 
sions, and required mechanical properties, the quality heat 
treatment could be done before boring. By squaring the end 
faces and machining the surface, it may be possible to ex- 
amine the forging simply by longitudinal wave scanning 
from the outside diameter (OD) and axially from the end 
faces. However, if after boring, the ratio of the OD to ID 
(inside diameter) is less than 2 : 1, then a shear wave exam- 
ination as detailed in 7.3 of the Procedure section is neces- 
sary. 

For the examination, it is important that the end faces 
of the forging have been machined square and those radii at 
changes in cross section are machined sharply to permit the 
maximum volumetric coverage. The radii size might have to 
be a compromise between full volumetric coverage and 
safety during heat treatment, or it may be necessary to recut 
the radii before heat treatment. All of this requires that the 
necessary machining stock on the forging be carefl.flly evalu- 
ated at the time of designing the forging. 

Calibration for the straight beam scan in its simplest 
terms can be based on the back reflection from a defect free 
portion of the forging, with recalibration necessary for areas 
where the thickness or diameter changes significantly. This 
is described in 7.2.2. The major problem with this method 
is that it is very difficult to judge the size of the reflector. 
Calibration using flat-bottom hole reference blocks is fre- 
quently used to improve on this, and the hole diameter be- 
comes a significant factor. The hole size used rarely exceeds 
0.25 in. (6 mm) and 0.125 in. (3 mm) is not uncommon for 
the calibration blocks. In some demanding application cir- 
cumstances smaller calibration holes are required. Distance- 
amplitude correction curves are set up using several test 

blocks that represent set points in the cross section being 
examined; for example, at full thickness, 3/4, I/2, and 1/4 thick- 
ness. Each of these would have the chosen flat-bottom hole 
size so that a calibration curve can be drawn on the instru- 
ment screen. Acceptance could be based on indications that 
cause reflections to cross the curve. This system allows for 
the location of the reflector in the cross section of the forg- 
ing, and is described in Appendix X2. 

The DGS (Distance-Gain-Size) calibration method is of- 
ten used and this is described in Appendix X3 of the speci- 
fication. 

When a forging fails to meet the acceptance criteria, it 
may be necessary to excavate the questionable area to de- 
termine the exact nature of the indication, but sometimes 
the nature of the problem can be deduced from the number 
and location of the indications and the effect on the back 
reflection. 

Shear wave examination is necessary for the axial scan 
(in both directions) of long pieces where longitudinal scans 
from both end faces are ineffective, as well as for the cir- 
cumferential and axial scanning of hollow parts whose OD: 
ID ratio is less than 2:1. 

Calibration for shear wave scanning is generally ob- 
tained by the use of OD and ID notches machined into an 
extension of the part, or in some instances into the part itself 
for later removal by machining or by repair. A notch depth 
of 3 % of the wall thickness up to a maximum of 0.25 in. (6 
mm) and about 1 in. (25 mm) in length is specified in the 
standard. The notch shape may be square in section or as a 
60 ~ included angle V form, with the latter being preferred by 
most authorities, since it is harder to pick up. The shape of 
the notch used should be specified. 

It should be remembered that geometric and in some 
cases microstructural features of the forging may give rise 
to reflections that are nonrelevant, and this aspect should be 
explored carefully if there is doubt. 

Under the heading of Recording, instructions are given 
for making note of several situations that, unless otherwise 
agreed to, would not be considered to be unacceptable. 
These are noted for both longitudinal and shear wave ex- 
aminations. Part of the reporting requirements is the prep- 
aration of a sketch to indicate where the recordable indica- 
tions are located. Such information should be retained since 
it can be invaluable during any subsequent in-service ex- 
aminations. 

Although Practice A 388/A 388M is intended for essen- 
tially finished forgings, the need for early preliminary forging 
examinations is stressed, and the broad procedures of the 
practice can be applied, albeit that quality heat treatment 
has not been done, and the specified surface finish is not 
available. Such examinations can facilitate the salvage of a 
forging by means of careful layout such that objectionable 
indications can be removed during subsequent machining. 
At the worst a defective forging can be weeded out before 
adding further cost and delaying delivery. It is fairly common 
to do an ultrasonic scan of a forging immediately after the 
post forge handling stage, directly through adherent forging 
scale. Usually, this must be done with lower frequency trans- 
ducers of 1 MHz or even 0.5 MHz because of the macro- 
structure and the scale. Protective diaphragms are needed to 
avoid transducer damage through contact with the scale, and 
sometimes it may be worthwhile to heat-treat the forging by 
normalizing to refine the structure and lessen attenuation if 



there is doubt about a potentially troublesome indication. It 
is often possible to change an open die forging layout to skirt 
ultrasonic indications that have been revealed by prelimi- 
nary examination. Although largely a matter  of economics 
and common sense, the early stage ultrasonic examination 
does constitute a manufacturing cost but is something to be 
considered seriously, and it can point to a need for additional 
process control elsewhere in the operation. 

Suggestions for how quality levels can be specified are 
included for both compression and shear wave examina- 
tions. 

A 7451A 745M-94, Ultrasonic Examination of 
Austenitic Steel Forgings 
This standard practice was first published in 1977 and is in- 
tended to address the particular limitations found in the ul- 
trasonic examination of austenitic stainless steel forgings. 
The standard parallels Practice A 388/A 388M, but one of 
the major differences is that although 2.25 MHz is the pre- 
ferred transducer frequency, it is recognized that many ex- 
aminations will be done at 1 MHz because of attenuation 
effects caused by the coarse grain size. The use of search 
unit frequencies as low as 0.5 MHz is permissible, but the 
purchaser  can request notification of such a move. Heat 
treatment of austenitic stainless steel forgings consists of so- 
lution annealing, and this must be completed before the ul- 
trasonic examination is done. A written test procedure is re- 
quired for the test if full volumetric examination is not 
possible in a contour forged part. Axial scanning by longi- 
tudinal wave from both ends is required when the axial 
length exceeds 24 in. (600 mm), or when the length divided 
by the diameter ratio exceeds 6: 1. An axial shear wave scan 
from the OD surface is an acceptable alternate. The use of 
reference block material that has approximately the same 
attenuation characteristics as the forging is strongly recom- 
mended. 

Another important difference between the two prac- 
tices is that for the convenience of the purchaser Practice 
A 745/A 745M provides Quality Levels for Acceptance in 
Section 12. 

For compression wave (straight beam) scanning, five 
quality levels are provided: 

�9 QL-I: No. 8 flat-bottom hole (%* in.) or (3 mm)  (Prac- 
tical for T up to 3 in. (75 mm))  

�9 QL-2: No. 16 flat-bottom hole (16/64 in.) or (6 mm) (For 
T up to 8 in. (200 mm)) 

�9 QL-3:No.24 flat-bottom hole (24/~ in.) or  (10 ram) (For 
T up to 12 in. (300 mm))  

�9 QL-4: No. 32 flat-bottom hole (a2/~ in.) or (13 mm)  (for 
T up to 24 in. (600 mm)) 

�9 QL-5: Freedom from complete loss of back reflection 
(less than 5 % of full screen height) accompanied by a 
discontinuity indication. (Practical for T over 24 in. (600 
mm)) 

For shear wave scanning, the following levels apply: 

�9 QA- 1: Acceptance based on a notch equal to 3 % of the 
examined thickness. 

�9 QA-2: Acceptance based on the lesser of a notch at 5 % 
of the thickness or 0.75 in. (19 ram). 

The quality levels are essentially suggestions, and the 
purchaser can speci~ other acceptance criteria. 

A 418-99, Ultrasonic Examination of Turbine and 
Generator Steel Rotor Forgings 
This test method was first published in 1957 and generally 
is either used directly by steam turbine and generator build- 
ers, or is incorporated into private specifications. The test 
method is specifically directed towards cylindrical solid or  
bored forgings typical of turbine and generator rotors, and 
does not reference Practice A 388/A 388M. The emphasis is 
heavily weighted toward reflector size, and attention is di- 
rected towards the equipment to be used in the examination. 
The examination must be performed on parallel-sided cylin- 
drical shapes, and if conical forms are a part  of the final 
machined form, then these must  initially be made and ma- 
chined as cylinders for at least the initial examination, if nec- 
essary, before quality heat treatment. This situation must be 
reflected in forging drawings and scanning sketches. Fre- 
quently this type of examination is performed with the rotor 
set up in a lathe or on rollers to permit slow rotation as the 
scanning operation continues. An appendix (XI) gives details 
of how the sensitivity multiplication factors are determined. 

A 503/A 503114, Ultrasonic Examination of Forged 
Crankshafts 
This specification, currently in dual format, was first pub- 
lished in 1964 and was intended for application to large slab 
or barrel forged crankshafts (referred to as Solid Forged in 
the standard) for low-speed diesel engines and gas compres- 
sors. The scope was originally written to include crankshaft 
bearing and pin diameters of 8 in. (200 mm)  or greater, but 
was extended to cover crankshafts, both solid and continu- 
ous grain flow, with journal diameters of 4 in. (100 mm) and 
larger. Practice A 388/A 388M is the reference method. 

Excluding the slab or solid forged crankshafts that begin 
as fa i ry  simple shapes, crankshaft forgings are, by design, 
irregularly shaped, and consequently, present difficulties for 
ultrasonic examination. After notching for the crankpins and 
subsequent twisting to the correct angular orientation (nor- 
mally followed by quality heat treatment), the slab forged 
shafts present similar problems. Since the crankshaft must 
include integral provision for bearing lubrication, it is nec- 
essary for an ultrasonic examination to be done prior to drill- 
ing oil passages. By the same token it is necessary to ma- 
chine tapers and keyways after completing the ultrasonic 
examination. 

The specification includes acceptance criteria based on 
the locations of the stresses imposed on the crankshaft dur- 
ing operation. For this purpose, the shaft is divided into 
three zones with Zone 1 being the most critical and Zone 3 
the least. Unless Supplementary Requirement $1 for refer- 
ence block calibration, or $2 for the use of DGS scales has 
been specified, acceptance is based on reflector indications 
rated against the back reflection calibration. The procedure 
used depends on whether the crankshaft was produced by 
slab (solid) forging or by the continuous grain flow method. 

For continuous grain flow crankshafts, the shape makes 
fifll volumetric examination very difficult, but significant ar- 
eas can still be examined provided that reflections from geo- 
metric sources are taken into account. 



A 5311A 531M-91, Ultrasonic Examination of 
Turbine-Generator Steel Retaining Rings 
This is a stand-alone practice for the ultrasonic examination 
of a very specific forged product used in the assembly of 
turbine and generator rotors. The practice includes both 
contact and immersion scanning methods. The ring materi- 
als may tend to be coarse grained; however, if this condition 
interferes to the extent that calibration from the test notch 
is impaired, then the ring may be rejected. The purchaser is 
required to supply details on how the examination is to be 
conducted. In common with other turbine and generator 
component  specifications, final disposition of rings that have 
been found to contain reportable conditions rests with the 
purchaser. 

A 939-96, Ultrasonic Examination from Bored 
Surfaces of Cylindrical Forgings 
This standard was first published in 1995, and is unique 
among ASTM nondestructive test methods in having no ref- 
erence standards. The method, intended for the examination 
of turbine and generator rotor forgings, uses small dual lon- 
gitudinal wave search units of a specific size, and unless oth- 
erwise required, a frequency of 2.25 MHz. The purchaser is 
expected to supply the calibration hole size, and the method 
is applicable to bore sizes down to 2.5 in. (64 mm). The test 
procedure, including the use of the dual transducer search 
unit, is not described in great detail. Reporting information 
is included in the standard and the purchaser  is responsible 
for specifying acceptance. 

General Comments 
Automated ultrasonic examination systems have been devel- 
oped for specific forged components such as rotors, wheels, 
and disks, but none of these have been proposed as yet for 
inclusion in an ASTM standard. Some examples were in- 
cluded in papers [2-4] that were presented at the 14 th Inter- 
national Forgemasters Meeting in Wiesbaden, Germany in 
September 2000. 

Portable Hardness Testing Standards 

Hardness of steel is a useful engineering property that is re- 
lated to tensile strength. Although it tells nothing of yield 
strength and ductility, it is helpful as a means of demonstrat- 
ing that a part  probably has been heat-treated in accordance 
with the specification. Because of the relationship to tensile 
strength, hardness is sometimes used in some product speci- 
fications to impose upper limits on tensile strength, and in 
some instances when tension testing is limited, for example, 
to one tensile specimen from a furnace batch of forgings, 
hardness testing can give some assurance that heat treat- 
ment was uniform. 

Although used in many steel product form specifica- 
tions, hardness testing is particularly important for forgings 
and castings because of their size, and configuration consid- 
erations. 

The two common hardness-testing classifications used 
in ASTM steel forging standards can be described as Inden- 
tation and Rebound methods. Of these the rebound hardness 
system is specified in only one product standard, A 427, 
Wrought Alloy Steel Rolls for Cold and Hot Reduction, al- 
though this hardness testing method is widely used to test 
other forged products. 

Hardness testing of forgings using the standard inden- 
tation bench hardness testers often can present difficulties 
because of size and shape considerations, and this spurred 
the development of portable hardness testers. 

Brinell hardness, besides being the oldest, is probably 
the most common of the hardness scales used in engineering 
worldwide, and is the one most frequently specified in Com- 
mittee A01 specifications. The basic Brinell system is de- 
scribed in ASTM Test Method E 10, Brinell Hardness of Me- 
tallic Materials. Currently, Test Method E 10 requires only 
the use of a tungsten carbide ball, mainly because of the 
effects of surface wear in steel ball indenters. It should be 
noted that tungsten carbide balls have been available for the 
Brinell test for many years; they are mentioned in the 1954 
revision of Test Methods and Definitions, A 370, and have 
been in wide industrial use since then. 

The rebound systems such as the Scleroscope (Practice 
E 448, Scleroscope Hardness Testing of Metallic Materials) 
and Test Method A 956, Leeb Hardness Testing of Steel Prod- 
ucts, are dynamic tests and they measure the rebound height 
of a tup dropped onto the prepared test surface. This mea- 
surement is related to the elastic modulus of the steel, and 
so to its hardness. 

Attention is drawn to a most useful ASTM standard, E 
140, Hardness Conversion Tables for Metals. For conven- 
ience, this is quoted in A 370, Mechanical Testing of Steel 
Products. 

The subject of hardness testing of steels is quite complex 
and should be approached with caution, with great care be- 
ing taken to report the results together with the necessary 
references for the test method used. This is particularly im- 
portant when portable hardness testing methods are used. 
Unfortunately, hardness values are often reported without 
these references. 

A 833, Indentation Hardness of Metallic Materials 
by Comparison Hardness Testers 
This practice was first published in 1984 and continues in its 
original form with successive reapprovals as required by the 
ASTM regulations. The standard is intended to address the 
use of certain commercially available hardness testing equip- 
ment typically called Hammer Briner Testers. This type of 
equipment is used for hardness testing of large components, 
typically forgings or castings that are too large to fit under 
a Brinell hardness tester. Several commercial variants using 
the comparison Brinell indentation system have been pro- 
duced. These typically use a steel housing similar to a punch 
fitted with a replaceable 10-ram-diameter hardened steel or 
carbide ball at one end. Provision is made in the body of the 
punch for a rectangular steel test bar  to fit diametrically 
above, and in contact with the ball. The punch is held onto 
the prepared workpiece surface and is struck a single blow 
sharply by a hammer. The ball simultaneously makes an im- 
pression in the test bar  and the workpiece. The diameters of 
the impressions are measured using a standard Brinell mea- 
suring microscope, and the workpiece hardness is obtained 
from tables supplied by the equipment manufacturer, or is 
calculated from the equation given in the standard. Care 
must be taken to ensure that the punch is only struck once, 
and that the blow was not severe enough to cause side bulg- 
ing of the test bar. Obviously the test bar itself is a vital link 
in the test, and for best accuracy, it is recommended that the 
hardness of the test bar  should approximate that of the forg- 



ing within a range of about 30 Brinelt points. It is apparent 
then that a suitable selection of test bars in appropriate hard- 
ness values should be available. 

It should be noted that hardness testers using shear pins 
to determine the applied load are not covered by Practice 
A 833. 

A 956-02, Leeb Hardness Testing of Steel Products 
This test method was first published in 1997 as A 956-97, 
Equotip Hardness Testing of Steel Products. This instru- 
mented portable rebound hardness test was first published 
under the patented name, Equotip, but when several other 
manufacturers' devices entered the market following expi- 
ration of the patent, the title of the standard was changed 
by ballot action to reflect the name of the inventor of the 
method, Mr. D. Leeb, following the example of the Brinell, 
Vickers, and Rockwell tests. This is a widely used hardness 

test method, at least in the founds" and forging industries, 
and also for work in the field. Since this is a rebound hard- 
ness test, conversion of the Leeb hardness numbers obtained 
from the test to conventional numbers like Brinell, Vickers, 
or Rockwell C scale is difficult, and such conversions are not 
currently included in the E 140 standard, although this is 
expected to be accomplished. The equipment manufacturers, 
however, do provide such conversions for their own instru- 
ments and frequently the results can be read from the in- 
strument using built-in conversions. This is permitted by the 
test method. The equipment is compact and readily portable 
as shown in Fig. 16.1. Because of the nature of the test, it 
should only be used on substantial sections. The standard 
test blocks must be at least 3.5 in. (90 mm) in diameter and 
2.125 in. (54 mm) thick for most of the impact devices used, 
and in some cases, up to 4.75 in. (120 mm) in diameter and 
2.75 in. (70 ram) thick. Depending on the instrument used, 

Fig. 16.1--Examples of commercial Leeb hardness testers. They are typically very portable 
and normally include built-in conversion to conventional hardness scales as derived by the 
equipment manufacturer. Note the thickness of the hardness test block in the lower pic- 
ture. (Courtesy of Proceq SA (top) and GE inspection Technologies (bottom)) 



it may be necessary to apply a correction factor for instru- 
ment orientations that are not vertical. 

Other Portable Hardness Testing Methods 
An assortment of portable hardness testing equipment for 
Brinell, Vickers, and Rockwell C and B scales has been avail- 
able for many years. Generally all have advantages and limi- 
tations, and use may not be possible in all situations. In 
some instances such equipment is permanently mounted on 
machine tools, such as radial arm drilling machines, but care 
has to be taken to ensure that inherent flexibility in the sup- 
port equipment does not detract from the applied hardness 
test load resulting in inaccurate readings. This is particularly 
true if the machine used to support the hardness tester was 
retired from its original duties because of wear problems! 

A new standard practice A 1038-05, Portable Hardness 
Testing by the Ultrasonic Contact Impedance Method, was 
published early in 2005. 

Heat Stability Testing 

A 472-98, Heat Stability of Steam Turbine Shafts 
and Rotor Forgings 
This specification was first published in 1962 and is an ex- 
ample of a special test method intended for a specific indus- 
trial purpose. When a rotor forging for a steam turbine is 
made, a number  of forging steps are involved, and it is im- 
portant  that the longitudinal axis of the original ingot is 
maintained as the axis of the rotor forging. This alignment 
could be lost at the outset, for example, if the ingot was to 
be stripped early from the mold before solidification was 
complete, and laid on its side. If the ingot had been stripped 
from the mold properly, but had been heated unevenly for 

forging such that there was an appreciable temperature dif- 
ferential from side to side, then during forging, because of 
unequal metal flow, the ingot axis could be shifted away 
from the axis of the forging. This is often called being cold 
sided. Chemical segregation is associated with the ingot axis 
and is generally symmetrical around it, and although there 
are other segregation effects from top to bottom of the ingot, 
these too are generally symmetrical around the longitudinal 
axis. When the ingot axis is displaced from the forging axis, 
the chemistry imbalance may be sufficient to cause the rotor 
forging to bow when it is heated because of unequal expan- 
sion from side to side. This could cause the turbine blades 
to rub against the steam chest. When cold, the rotor would 
return to the straight condition. This would represent an un- 
satisfactory permanent  situation. Another source of rotor 
bowing at temperature is residual stress in the forging, 
perhaps from heat treatment, subsequent machining, or 
straightening. This condition is temporary and can be cured 
by a stress relieving treatment. Sometimes stress relief and 
the heat stability test can be combined into one operation. 

The heat indication test is carried out in a special fur- 
nace large enough to contain the parts of the rotor body that 
are required to be tested, as illustrated in Fig. 16.2, and 
which will permit the rotor to be rotated slowly while being 
heated and during the hold period at the required tempera- 
ture (given by the purchaser) and during subsequent cooling. 
Often an old lathe provides the basis for the equipment. Da- 
tum points on the OD of the rotor are specified by the pur- 
chaser and control rods connected to dial gages contact 
these areas through the wall of the furnace. 

The procedure is properly explained in the standard, to- 
gether with details of the necessary information to be sup- 
plied by the purchaser and the test result reporting. Although 
intended for turbine rotor forgings, this test method could 
be used for a fanshaft designed for use at elevated tempera- 
tures. 

Fig. 16.2--An example of a heat indicating lathe with a steam turbine rotor forging in- 
stalled. When the upper cover of the furnace is installed the rotor can be brought up to 
the required temperature while rotating. Indicator rods inserted through the furnace wall 
touch the rotor at designated points and their deflection is recorded during the period of 
the test. (Courtesy Etlwood National Forge Company) 



Macro Structure Tests 

A 604-93, Macroetch Testing of Consumable 
Electrode Remelted Steel Bars and Billets 

This test method was first published in 1970 and was 
revised in 1977 and 1993. It is a companion standard to 
ASTM E 381, Method of Macroetch Testing Steel Bars, Bil- 
lets, Blooms, and Forgings. The latter method is applicable 
to hot worked steel produced from ingots or from strand 
casting, where the solidification effects differ significantly 
from those of remelted ingots. 

The test method was written because of the special con- 
ditions that could be found in vacuum arc remehed (VAR) 
ingots that could affect forging quality. When the electroslag 
remelting (ESR) process became of interest for forging 
stock, requirements for these ingots were added. 

As is the case with Method E 381, those using Method 
A 604 should obtain the adjunct sheets (ADJA 0604) that 
show the full set of 20 reference macrographs in much better 
detail than is possible in the published book of standards. 
These can be framed and made readily available for the lab- 
oratory staff. It is important to note that the macrographs 
are considered to be applicable to billet or bar  cross- 
sectional areas up to 225 in? (1400 cm2), that is 15 in. (375 
mm) square or about 17 in. (425 mm)  in diameter. This 
would be about the size, after a forging reduction of 3 : 1 of  
a billet or bar  from a 30 in. (750 ram) remelted ingot. Much 

larger remehed ingots are available, particularly in the ESR 
process. The acceptance ratings for larger sections must be 
agreed upon between the purchaser and supplier. This may 
be a three-way decision since the forging supplier may have 
to purchase the remelted material. 

A further point to consider is that in the published stan- 
dard the macrographs have been reduced by 44 % (9.3) so 
that the 3.375-in. (85-mm) sections were originally 7.625 in. 
(190 ram) across. Since the actual test section is being ex- 
amined by eye at full size, this reduction must be taken into 
account in assessing the macro. 

For those unfamiliar with the VAIl and ESR processes, 
the nonmandatory appendices include useful descriptions. 
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Steel Forgings for the Pressure Vessel 
Industry, other than for Fittings, Flanges, 
and Piping Application 
THIS GROUP OF SPECIFICATIONS WAS WRITTEN TO 
address forgings for large pressure retaining components, 
whose weight would normally be measured in tons rather 
than pounds, and where a wall thickness of 1 in. (25 mm) 
would be considered to be thin. As a consequence, the heat 
treatment and testing requirements both mechanical and 
nondestructive are more demanding than those found in the 
piping fittings standards. 

A 266/A 266M-03, Carbon Steel Forgings for 
Pressure Vessel Components 

First published in 1943, this specification was written to 
meet requirements for the drums of water tube boilers and 
other forged carbon steel pressure vessels. The original title 
was Carbon Steel Seamless Drum Forgings. In the early wa- 
ter tube boiler designs, the drums were of riveted construc- 
tion from steel plate rolled to form the shell. The longitu- 
dinal riveted seams utilized internal and external double 
riveted butt-strap construction, and the circumferential 
seams were lap riveted. This method of construction limited 
plate thickness and, hence, the operating boiler pressure. 
The use of monoblock fully forged steam and water drums 
offered a means of increasing steam pressure with the atten- 
dant efficiency improvements. One piece forged boiler 
drums could be produced to A 266 in one of three carbon 
steel classes that ranged in minimum tensile strengths from 
60 000 psi (415 MPa) to 75 000 psi (515 MPa). The drums 
could be hollow forged on a mandrel to obtain the required 
OD and ID diameters and length before closing-in operations 
by forging to form the end caps or heads. The manholes 
could be conveniently located in the heads along the axis of 
the forging. The tubes were expanded into the holes drilled 
in rows along the length of the drum. This type of construc- 
tion essentially precluded the need for welding, other per- 
haps than some seal welds, and accounts for the fairly high 
carbon content (0.50 % max.) permitted for the original 
Class III material. On the subject of chemical composition, 
it is of interest to note that when first published allowance 
was made in the phosphorous content for the method of 
steel making used. For acid open-hearth steel, a maximum 
phosphorous limit of 0.05 % was imposed, but if basic open- 
hearth steel was available, the phosphorous limit was re- 
duced to 0.04 %. For service applications above 800~ 
(425~ a supplementary requirement for coarse-grained 
steel between ASTM ratings 1 and 5 was available. Notch 

toughness requirements were not imposed, and such forg- 
ings gave reliable service for many years. 

Today Specification A 266/A 266M includes four grades 
of carbon steel, two of which share the same tensile strength 
properties, and all are considered to be suitable for welded 
construction under the rules of the ASME Boiler and Pres- 
sure Vessel Code [ 1 ]. The change from Class to Grade des- 
ignation was made in accordance with Committee A01 pol- 
icy, and the original notations are shown in the scope clause 
of the specification for the assistance of those who may wish 
to replace components made to old drawings. 

The General Requirements Specification A 788 is an im- 
portant part of Specification A 266/A 266M, in common with 
most of the specifications under the jurisdiction of Subcom- 
mittee A01.06, and the importance of using both documents 
when ordering or making forgings should be recognized. 

It is anticipated that forgings made to this specification 
will be machined, but there is a notation in Section 5, Ma- 
chining, that surface scale must not interfere with inspection 
of the forging. This probably dates from the days of the one 
piece forged boiler drums. It  is further recognized that ma- 
chining before heat treatment may be necessary, and unless 
Supplementary Requirement S1 is included in the purchase 
order, this is left for the manufacturer  to decide. Machining 
before heat treatment has the advantage of removing excess 
stock, particularly if open die forging is involved. Excess ma- 
terial thickness will increase furnace hold times, and there- 
fore cost, and as a general nile reduced section thickness 
improves heat treatment response and mechanical proper- 
ties. Cost increase because of extra machining setups is a 
potential offsetting disadvantage. Heat Treatment, Section 6, 
is mandatory, and the forging must be permitted to trans- 
form after completion of the forging operation before start- 
ing the quality heat treatment cycle. Annealing is listed as a 
heat treatment option, and it should be noted that subcritical 
annealing is not included in this term. Purchaser agreement 
is necessary if quenching and tempering is to be performed. 
Tempering is required to be done at a minimum of 1100~ 
(595~ The intercritical quench and temper heat treatment 
procedure is permitted in 6.3. Although increasing heat 
treatment cost by the introduction of an additional furnace 
heating stage, this treatment is effective in improving notch 
toughness by causing significant grain refinement. Note 2 to 
6.3 makes the point that, although not as effective as inter- 
critical quenching in improving Charpy impact values, inter- 
critical normalizing does give an appreciable improvement 
in transition temperature through significant grain refine- 
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ment [2]. This type of treatment is helpful for steels with low 
manganese to carbon ratios. 

The Chemical Requirements are similar to those of 
Specifications A 105/A 105M and A 350/A 350M for Grades 
LF1 and LF2, but restrictions on the residual alloying ele- 
ments are not imposed. The purchaser can specify Supple- 
mentary Requirement S l l  for this purpose, as well as S1, 
$2, S10, and S11 in the General Requirements Specification 
A 788. In addition, Supplementary Requirement S15 can be 
used to impose a carbon equivalency limit for the steel. 
When large heavy section forgings are required, the carbon 
equivalency option should be discussed carefully with the 
forging supplier. Since certification is mandatory, this ap- 
proach permits the purchaser and producer to arrive at an 
equitable compromise. 

The Mechanical Properties Section 9 gives the tension 
test requirements for the four steel grades in Table 2. The 
minimum yield strengths are approximately half of the ten- 
sile strength, so that in many cases an annealing heat treat- 
ment will achieve the required minimum properties. How- 
ever, impact properties tend to be poor after annealing, and 
Charpy testing may be an application code requirement. Ten- 
sion test locations are described for various shapes such as 
upset disks and cylinders. In most cases, the tests are re- 
quired to be taken from the midradius or  quarter wall thick- 
ness location, but the exception is for tests taken from the 
periphery of upset disk forgings when the tests are to be 
located at midthickness. In terms of test orientation the ob- 
ject is for the tests to be taken parallel to the direction of 
maximum forging work. For an upset disk forging this ori- 
entation is taken to be tangential to the periphery of the forg- 
ing, and for a solid forging parallel to the longitudinal axis. 
For a hollow cylindrical forging, depending on the actual 
practice used, the orientation could be tangential to the OD 
or parallel to the axis. Supplementary Requirement $2 re- 
quires that the tension test specimens be taken transverse to 
the direction of maximum work, and revised ductility values 
included in the supplement are then applicable. As a throw 
back to the integral drum forgings described earlier, special 
heat treatment and testing requirements apply as described 
in 8.1.2. Separately forged test bars are permitted as de- 
scribed in 8.1.3. These are useful for large forged rings where 
length restrictions preclude the integral test prolongations 
that are intended for forgings made to this specification. A 
warning about the unfavorable mass effect difference be- 
tween a large forging and a separate test bar  is included in 
the text. The heat-treated forging weight is also taken into 
account in determining the number  of tests required. 

Certain long forgings that have been quenched and tem- 
pered are required to be tested at both ends, and in these 
circumstances separate test bars are not permitted. This is 
because the intent is to check on furnace temperature uni- 
formity as well as quenching efficiency. Temperature control 
for all furnaces is required by Specification A 788. 

An important mechanical test requirement that could be 
overlooked applies to hubbed tube sheets and covers for Sec- 
tion VIII, Divisions 1 (Fig. UW13.3) and 2 (Fig. AD701.1) of 
the ASME Boiler and Pressure Vessel Code. These require- 
ments are for the tension test to be located near the hub and 
oriented parallel to the longitudinal axis of the forging that 
is through the thickness, rather than in the tangential direc- 
tion. This test, referenced in Supplementary Requirement $8 

or in Specification A 788 by S12, would be in place of the 
requirements of Section 8 of the specification, but the num- 
ber of tests required would still be dictated by the forging 
weight. The test location for quenched and tempered forg- 
ings does not specify extra discard as in the T x 1/4T method, 
and for that reason does not include the t x 2t protocol for 
forgings that are contour machined before heat treatment. 
It should be remembered, however, that certain construction 
codes, such as Section VIII, Division 2 of the ASME Boiler 
and Pressure Vessel Code, do have test location requirements 
for quenched and tempered forgings that take precedence 
over the product specification. 

Certified material test reports are required by the speci- 
fication, as well as marking requirements that reflect the 
method of heat treatment. 

A 336/A 336M-04, Alloy Steel Forgings for 
Pressure and High Temperature Parts 

This is a companion forging to Specification A 266/A 266M 
and was originally written to cover alloy and stainless steel 
forgings for pressure vessels. Because of complexity, as seen 
today in Specification A 182/A 182M, the stainless steel forg- 
ings were broken out and included in a new Specification A 
965/A 965M, Steel Forgings, Austenitic, for Pressure and 
High Temperature Parts. 

As far back as the 1955 revision the manufacturing sec- 
tion included minimum forging reduction requirements for 
hollow forged cylinders and for small drums, forged solid 
and subsequently bored. This entailed reducing the cylinder 
wall thickness by at least half by forging on a mandrel, or, 
in the case of solid forged cylinders, reducing the ingot cross- 
sectional area by a factor of at least three. The difficulty with 
the latter requirement was that no credit for upset forging 
could be taken, and the use of large diameter ingots fre- 
quently meant that steel utilization could be very uneco- 
nomic. These details were dropped several years ago, but 
they can still be found in the specification as Supplementary 
Requirement $8, Forging Requirements. 

The alloy materials parallel most of those in Specifica- 
tion A 182/A 182M, and the specification is intended for 
larger forgings. This is reflected in the testing requirements. 
It should not be inferred from this that the maximum forging 
weight of 10 000 Ib (4.5 t) in Specification A, 182/A 182M, 
is considered to be small. The more onerous requirements 
in Specification A 336/A 336M as compared to Specification 
A 182/A 182M tend to promote the use of the latter specifi- 
cation for reasons of first cost rather than suitability for pur- 
pose. 

A curious long standing feature of Specification A 336/ 
A 336M is the provision in the scope clause for using the 
chemical composition, heat treatment, and mechanical test 
requirements of the seamless pipe specification A 335/A 
335M for forgings otherwise complying with the forging 
specification. The background for this is not recorded, and 
it was not present in the 1955 revision. It is possible that 
thick walled, alloy steel, seamless pipe was used to manu- 
facture items such as superheater headers for water-tube 
boilers by forging down the ends of seamless pipe, and it 
was requested that the headers so produced be certifiable to 
A 336. The compositions of several of the grades in Specifi- 
cations A 335/A 335M and A 336/A 336M are essentially the 



same, but the tensile strength requirements differ for some 
grades. Although it is not currently a requirement, the source 
of the starting material should be identified as being from 
Specification A 335/A 335M in order to forestall possible 
complaints about the material not complying fully with the 
specification. 

The alloy steels included in Specification A 336/A 336M 
are all of the molybdenum or chromium-molybdenum type 
with up to a nominal 9 % chromium content, as well as a 
410 series martensitic stainless steel. 

Heat treatment is covered in Section 6. The basic re- 
quirement is for the forgings to be annealed or normalized 
and tempered with tempering temperatures required to be 
between 1100~ (595~ and 1350~ (730~ depending on 
the composition. The specific temperatures are listed in Sec- 
tion 6. Austenitizing temperatures are specified for the more 
complex grades and stem from data supplied when the 
grades were introduced. These austenitizing temperature re- 
quirements concern Grades 22V, a modified 21/4CrlMo alloy, 
and Grades F91 and F911 that are modified 9CrlMo alloys, 
and are related to their elevated temperature properties. Liq- 
uid quenching and tempering of the forgings to Specification 
A 336/A 336M is permitted by agreement with the purchaser. 
This is permitted to improve notch toughness properties in 
order to meet construction code requirements, but three al- 
loys, Grades F 22V, F3V, and F3Cb are required to meet  
specified Charpy V-notch impact test requirements. These 
materials are commonly used in catalytic petrochemical 
cracker columns. The yield to tensile strength ratios for the 
listed alloys are consistent with the normalize/ temper  heat 
treatment cycle, and it should be noted that these alloys have 
considerable hardenability, so that for the quenched and 
tempered state the yield strengths can be expected to be con- 
siderably higher than the specified minima. The materials 
are all required to meet a tensile strength range. This allows 
the tensile strength to be up to 25 ksi (175 MPa) above the 
specified minimum value. This falls into line with require- 
ments from the ASME Boiler and Pressure Vessel Code. For 
those unfamiliar with the mechanical properties of steel, 
strength ranges are a method of ensuring that the ductility 
values are maintained at opt imum levels; however, the range 
must be applied to e i ther  the tensile strength or yield 
strength, but never  to both because the resulting operating 
window can be very narrow to nonexistent. Some notable 
military specifications carried this impossible handicap for 
a number  of years. 

The mechanical properties section includes the test 
specimen location requirements, and these depend on the 
type of heat treatment. For quenched and tempered forgings, 
the test location is more deep seated in the test prolongation 
(T • 1/4T) or is related to a specific heat treated contour (t 
• 2t) than is the case for annealing or normalizing. These 
test location conventions are illustrated in Fig. 15.1. The di- 
mension T is the maximum section thickness of the forging 
at the time of heat treatment. This could be the maximum 
wall thickness of a bored forging or the maximum thickness 
of a disk forging. Since heat is also extracted from the end 
faces of a cylinder or the periphery of a disk, the T discard 
is intended to show that the properties obtained are repre- 
sentative of the body of the forging remote from the ends. 
The number  of tests is similar to the formula used in Speci- 
fication A 266/A 266M and depends on the forging heat- 

treated weight, and in the case of quenched and tempered 
forgings on the heat-treated length. 

Although it is anticipated that nondestructive testing 
would be included in the purchase order for forgings to this 
specification, perhaps to satisfy a construction code, this is 
not a mandatory specification feature, except for the case 
when forgings have been quenched and tempered. In this 
case a magnetic particle examination in accordance with 
Method A 275/A 275M to check for quench cracking is nec- 
essary. 

Test reports are again mandatory and the marking must  
include a notation for the type of heat treatment used. 

A 372/A 372M-03, Carbon and Alloy Steel 
Forgings for Thin Walled Pressure Vessels 

First published in 1953, this specification occupies a niche 
for high-pressure gas storage cylinders that see wide use in 
commerce for static, portable, and mobile applications. They 
probably constitute the most common form of pressure ves- 
sel, but should not be confused with the tanks, usually called 
air receivers, that are connected to air compressors. This 
forging specification was the first that included high tensile 
strengths to be adopted by the ASME Boiler and Pressure 
Vessel code. Welded construction is not permitted, but seal 
welding, under the rules of the construction or application 
code is permissible after heat treatment. Welded repairs, 
again after quality heat treatment, are permitted only by 
agreement with the purchaser and again must comply with 
the construction or application code rules. 

Three carbon steels and several alloy steels, ranging 
from a simple carbon-molybdenum grade to high strength 
nickel c h r o m i u m  molybdenum alloy steels, are included. A 
unique feature is that because of the geometry of the forg- 
ings the mechanical properties required reflect cooling from 
one side only, since the cylinder is essentially closed when 
heat-treated. Minimum tempering temperatures are speci- 
fied ranging from 1000~ (540~ to 1100~ (595~ depend- 
ing on the specified grade. 

The use of seamless pipe as starting material is permit- 
ted in the scope. To make the vessel, the pipe ends are heated 
and forged shut or swaged. Because seamless pipe is the 
common starting material, flattening tests are required to 
demonstrate the ductility of the material. However, depend- 
ing on the outside diameter  of the vessel (D) and the wall 
thickness T, a bend test may be substituted for the flattening 
test. An outside diameter  of 14 in. (355 mm) or less is one 
of the flattening test criteria, together with a D/T ratio of 
10.0 or less. One of the problems with flattening tests on 
larger diameter and thick walled rings is the power required 
to collapse the ring and the safety measures necessary to 
guard against the ring slipping during the test. 

Apart from the difficulties associated with immersion 
quenching an essentially closed cylinder--they have a ten- 
dency to want to float in the quench media- - the  condition 
of the test material must  also be considered since, to be rep- 
resentative, this too must be cooled only from the OD sur- 
face. The ends of the test ring must, therefore, be closed off 
during heat treatment. Spray quenching in a rig that sup- 
ports and rotates the piece would be a suitable process for 
this type of product. 



Magnetic particle examination to Test Method A 275/A 
275M is required for all quenched and tempered forgings. 

As is the case for forgings to Specification A 336/A 
336M, a tensile strength range of 25 ksi (175 MPa) is re- 
quired to be met for both the carbon and alloy steel grades. 

A 5 0 8 / A  5 0 8 M - 0 4 b ,  Q u e n c h e d  a n d  T e m p e r e d  
V a c u u m  T r e a t e d  C a r b o n  a n d  A l l o y  S t e e l  
F o r g i n g s  f o r  Pressure  Vessels  

Originally published in 1964, this specification was written 
to provide for the supply of premium steel pressure vessel 
forgings for the nuclear reactor building program. Made to 
the ASME Section IIA Specification SA-508/SA-508M, forg- 
ings are used in the construction of nuclear power plants in 
many parts of the world. Reference is made to Section III  of 
the ASME Boiler and Pressure Vessel Code by means of a 
supplementary requirement for fracture toughness testing 
hales for specific classifications of nuclear vessel compo- 
nents. The specification remains the most demanding 
available in North America for weldable forgings for pres- 
sure vessel applications, with mandatory nondestructive 
examination requirements and mechanical property assur- 
ance. 

The current availability of vacuum degassed ladle re- 
fined steel making processes as a starting point for large steel 
forgings has the potential to enhance further the already 
high quality expected from this specification. 

While the two carbon steels are identical in composition 
to those found in specifications, such as A 105/A 105M, A 
266/A 266M, and A 350/A 350M, the remaining alloy steel 
grades are more specialized. 

Grade 2 was originally developed for reactor vessel com- 
ponents and is a nickel-chromium-molybdenum alloy. The 
alternative Grade 3 alloy is a manganese-nickel-molybdenum 
material. In the Pressurized Water Reactor (PWR) and Boil- 
ing Water Reactor (BWR) systems, the vessel ID surfaces are 
weld overlaid with austenitic stainless steel, and with some 
of the high deposition rate systems there was a tendency for 
under clad cracking in the Grade 2 base material. The intro- 
duction of the Grade 3 material was seen as a solution to 
this problem, and this soon became the dominant reactor 
pressure vessel material. In Europe, Japan, and Korea, 
Grade 3 has been used extensively for high integrity reactor 
and steam generator components [3-5]. 

Grade 4N is a high strength weldable nickel-chromium- 
molybdenum steel often referred to as HY-80 (Grade 4N, 
Class 1) and HY-100 (Grade 4N, Class 2). The suffix N ap- 
peared between the 1984a and 1995 revisions but the origin 
is obscure, possibly meaning "nuclear" as opposed to "ma- 
rine," the original application of these steels. These high 
toughness steels were used frequently for vessel supports de- 
signed to withstand seismic loads, but together with Grade 
5, have been used also for quartz crystal growing vessels. 

Grade 5 is also available as Class 1 (85 ksi (590 MPa) 
yield strength) or Class 2 (100 ksi (690 MPa) yield strength), 
which has the same chemistry as Grade 4N except that there 
is a vanadium range of 0.02 to 0.08 % in contrast to the 
vanadium requirement of 0.03 % maximum for Grade 4N. 
Vanadium besides effecting grain refinement is a carbide for- 
mer  and its presence in steel tends to increase the tempering 
temperature required for obtaining a given hardness. Vana- 

dium also delays the onset of grain coarsening in the aus- 
tenitic temperature range. Its presence is not always consid- 
ered to be advantageous in weldments because during 
postweld heat treatment there is a tendency to resist soft- 
ening in the weld heat affected zone. 

Grades 22, 3V, and 3VCb are the modified chromium- 
molybdenum steels that are popular in the petrochemical 
industry, and represent the expanded use of the specification 
outside of the nuclear reactor field. 

An unusual and very important provision in Specifica- 
tion A 508/A 508M is that the manufacturer  must  make and 
report a product analysis for the forging, and that tolerances 
are not permitted for all of the included elements. Carbon is 
restricted strictly to the heat analysis limits, and the same 
limitation applies to sulfur, phosphorous, and the additional 
elements required for Grades F3V and F3VCb. 

Heat treatment is covered in Section 4 under the general 
heading of Materials and Manufacture. As the specification 
title indicates, all of the material grades are required to be 
quenched and tempered, and forgings must  be permitted to 
transform after hot working before being reaustenitized for 
heat treatment. Minimum subcritical tempering tempera- 
tures are specified for all of the grades, but some of these 
can be modified by the use of supplementary requirements. 
The tempering temperatures range from 1100~ (595~ to 
1250~ (675~ depending on the grade. Extensive experi- 
ence with Grade 2 Class 1 forgings shows that the minimum 
yield strength is easy to attain even in deep-seated tests in 
large forgings with carbon contents as low as 0.18 %, and 
that the limiting factor is the tensile strength. This is dem- 
onstrated by the following actual test data. In order to meet 
the necessary notch toughness criteria, a fine grain size is 
vital, either by the use of grain refiners or suitable heat treat- 
ment. 

Chemical Composition of Actual Grade 2 Forgings 
Element Specification % Forging A % Forging B % 
Carbon 0.27 max. 0.19 0.20 
Manganese 0.50-1.00 0.73 0.75 
Phosphorous 0.025 max. 0.009 0.007 
Sulfur 0.025 max. 0.010 0.010 
Silicon 0.15-0.40 0.25 0.31 
Nickel 0.50-1.00 0.76 0.86 
Chromium 0.25-0.45 0.41 0.42 
Molybdenum 0.55-0.70 0.63 0.66 
Vanadium 0.05 max. 0.02 0.00 
Aluminum * 0.006 0.005 
* Aluminum additions not permitted by purchase order 

Forging Dimensions: 
Forging A: 23-in. (575-mm) diameter (solid) (T), 

10-ft (3-m) long 
Test Location: 23-in. (575-mm) end discard (T) and 

5.75 in. (144 ram) under the OD sur- 
face (1/4T). 

Forging B, Cylinder: 19.5-in. (490-ram) ID • 28.5-in. (715- 
mm) OD. Wall thickness 4.5 in. (112.5 
ram) (T). Length 24 ft (7.4 m) 

Test Location: End discard 4.5 in. (112.5 mm)  (T), 
and 1.125 in. (28 ram) under the OD 
surface [1/4T]. 



Heat Treatment: 
Forging A Forging B 

Item Section 23 in. (575 mm) Section 4.5 in. (112.5 mm) 

Heat treatment 
Normalize 
1 ~t Austenitize 
2 nd Austenitize 
Temper 

* f rom $13 

Tensile 

Required 

T x 1/41- 

Charpy V 
@ IO~ ( -12~  

~ ~C) 
1680 (915) 
1580 (860) 
1450 (790) 
1180" (640*) 

UTS YLD E% RA% 
ksi [MPa] 

80 50 18 38 
(550) (345) 

84.3 60.9 28 66 
(581) (420) 

30 ft- lbf avg. 
[41 J avg.) 
25 ft- lbf (34 J) min. 
single 

~ ~ 
1680 (915) 
1580 (860) 
1450 (790) 
1280 (690) 

UTS YLD E% RA% 
ksi [MPa] 

80 50 18 38 
(550) (345) 

83.9 58.6 30 73 
(578) (404) 

30 ft- lbf avg. 
(41 J avg.) 
25 ft- lbf (34 J) min. single 

T x 1/4T 41.5, 64, 41 ft- lbf 185, 131, 110 ft-lbf 
(56, 87, 56 J) (251,178, 149 J) 

*Lower  temper ing temperature permitted by Supplementary Re- 
qu i rement  S 13 
Note tha t  a similar intercritical heat t reatment  procedure has been 
used successfully on reactor vessel nozzle forgings to  the Grade 3 
requirements. 

Nil Ductility Test Temperature (Per ASTM 
Specification E 208): 
Forging A: 10~ (-12~ 
Forging B: -20~ (-29~ 

Notice that the heat treatments applied to these forgings util- 
ized a normalize and double water quench and temper cycle. 
In the first example, Forging A was a 23-in. diameter solid 
core bar  that had been trepanned from a 44-in. (1100-mm) 
diameter forging, and was used to demonstrate that with a 
suitable steel chemistry the intercritical heat treatment cycle 
is capable of developing fairly uniform tensile properties and 
acceptable notch toughness in very thick sections. Similar 
values were obtained at the center of this bar. In the case of 
Forging B, this was made from a heat that did not include 
any grain refining elements. The use of aluminum was not 
permitted, and the aim amount  of vanadium (0.03 %) was 
not added. The required Charpy V-notch impact values could 
not be obtained after a conventional normalize, water 
quench, and temper cycle. The reheat treatment using the 
intercritical cycle gave the excellent Charpy V-notch test re- 
sults shown in the table at the required test temperature. 

The specification mechanical properties are listed in 
Section 6. Requirements for test specimen location and for 
the number  of tests are quite rigorous and require careful 
study. Guidance on heat-treated section size limitations for 
the various grades are given in 6.1.6.2 as these relate to the 
T 5< 1/4T test location. The limitations here are dictated by 
the ability to meet the impact test requirements, but for 
Grades 1, 2, and 3 this can be enhanced considerably by the 
use of the intercritical heat treatment cycle as the quoted 
examples show. This type of heat treatment is not effective 

for Grades 4N, 22, 3V, and 3VCb since these require a mar- 
tensitic transformation. 

Although the specification calls for the test specimen ori- 
entation to be taken parallel to the direction of maximum 
hot working, it should be noted that construction codes 
sometimes specify an orientation at right angles to this, and 
this aspect should be checked carefully to ensure compli- 
ance, remembering that clean steels assist materially in 
transverse testing. 

Nondestructive examination, Section 8, includes accep- 
tance criteria for both magnetic particle and ultrasonic ex- 
aminations. The purchaser should be aware that any surface 
machining of forgings after delivery will negate the previous 
magnetic particle test results in the remachined areas. It 
should be observed also that the magnetic particle exami- 
nation is required to be by the continuous procedure in ac- 
cordance with Method A 275/A 275M. Because of the com- 
plenty of certain large forgings, such as vessel nozzles, it is 
possible that some of the ultrasonic examination will have 
been performed prior to the quality heat treatment. This 
should be apparent from a written ultrasonic examination 
procedure, and this is something that the knowledgeable 
purchaser should require. 

Repair welding of forgings is allowed only with the pur- 
chaser's permission, and must conform to the requirements 
of Section IX of the ASME Boiler and Pressure Vessel Code. 

A variety of supplementary requirements is included in 
the specification. Many of these relate to chemistry restric- 
tions, and $9 applies particularly for copper and phosphorus 
in forgings that will be in high irradiation zones of the re- 
actor pressure vessel. 

Numerous papers [3-7] have been published on the ap- 
plication of forgings to this specification, particularly for 
Grade 3. The trend appears to be towards very low sulfur 
and phosphorous levels [8] for this material, including a sug- 
gested sulfur plus phosphorous maximum of 0.005 %. 

A 541/A 541M-95, Quenched and 
Tempered Alloy Steel Forgings for Pressure 
Vessel Components 

This is a companion specification to A 508/A 508M and was 
intended to be used for smaller forgings for pressure vessels. 
Vacuum degassing of steel was not as commonplace when 
the specification was first published in 1965 as it is today, 
and this is not a requirement of the specification. The steel 
grades generally parallel those of Specification A 508/A 
508M in terms of chemistry and strength levels, but there 
are some differences. 

Grade 1C is a high strength carbon steel with carbon 
limited to a maximum of 0.18 %. The steel has a vanadium 
requirement of 0.02-0.12 %, but the manganese is limited to 
a maximum of 1.30 %. The tensile strength is 80-105 ksi 
(550-720 MPa) and a yield of 50 ksi (340 MPa) minimum. 
The suggested maximum heat-treated section size is 4 in. 
(100 ram) for the T • l/4T test location. The origin for this 
material in the specification is not remembered,  although it 
may be connected with API [9]. The restricted carbon con- 
tent is a significant limiting factor, especially when it is re- 
membered that the mandatory product analysis, following 
the lead of Specification A 508/A 508M, does not allow a 
tolerance for carbon and vanadium. The implication of this 



is that it would be risky to attempt to make a heat of steel 
to Grade 1C with an aim carbon very close to 0. l 8 %. 

Grade 1 I, Class 4, has the same tensile requirements as 
Grade 1C, but this is a 11/2Cr-1/2Mo alloy steel that is very 
similar to Grade F11 of Specification A 336/A 336M. The 
reason for the Class 4 designation is not clear since the ma- 
terial only appears once in the specification, but this may be 
related to Specifications A 182/A 182M and A 3361A 336M 
where Grade F11 appears with three strength classes. 

The 21/4CrlMo alloy Grade 22 appears with three 
strength classes, one of which, Class 3, has the carbon range 
restricted to the higher end, but curiously with lower tensile 
strength requirements. 

Nondestructive testing is not mandatory as it is in Spec- 
ification A 508/A 508M, but provision for such examinations 
is made in the list of supplementary requirements. 

the plates to Specification A 517/A 517M. The minimum ten- 
sile strength of 115 ksi (795 MPa) applies for (heat treated) 
thicknesses up and including 2.5 in. (65 mm), and this drops 
to 105 ksi (725 MPa) for greater thicknesses. These limits 
are recognized in Section liD of the ASME Boiler and Pres- 
sure Vessel Code, and should be borne in mind for vessel 
designs to other criteria. It should be noted, that Charpy im- 
pact testing is a specification requirement, particularly since 
this does not appear in a table. Instead of an average ab- 
sorbed energy requirement, a minimum lateral expansion 
measurement  of 15 mils (0.015 in.) (0.38 mm)  is called for. 
This complies with the ASME Boiler and Pressure Vessel 
Code rules for steels with tensile strengths of 95 ksi (655 
MPa) or higher. It should be noted that special rules apply 
for retesting in the event of failure of one specimen to meet 
the required minimum lateral expansion value. 

A 592/A 592M-04, High Strength Quenched A 649/A 649M-04, Forged Steel Rolls Used for 
and Tempered Low-Alloy Steel Forged Fittings Corrugating Paper Machinery 
and Parts for Pressure Vessels 

This specification was first published in 1971. The original 
First published in 1968, this specification was written to 
cover weldable forged pressure vessel components to match 
the plate specification, A 517/A 517M, Pressure Vessel Plates, 
Alloy Steel, High Strength, Quenched and Tempered. The 
term "fitting" should not be confused with piping fittings cov- 
ered by Subcommittee A01.22, but would refer to items such 
as nozzles or shell rings. 

The scope section lists thickness limits for the three 
composition grades. These grades are essentially identical in 
composition (and in name) with three of the six grades in- 
cluded in A 517/A 517M, and the plate specification also in- 
dudes  thickness limitations; however, these do not corre- 
spond exactly with those in the forging specification (see 
Table 17.1). 

It will be seen that there are significant differences in 
thickness limits for Grades E and E The plate thickness val- 
ues will be the as rolled and heat treated thicknesses, but the 
only significant thickness for forgings, since these are almost 
invariably subject to machining, is the as heat-treated thick- 
ness. 

Of the three steels, Grade E is by far the most potent in 
terms of hardenability being nominally a 1.75 % chromium- 
0.5 % molybdenum steel with boron additions that are pro- 
tected by titanium. 

The tensile strength requirements must  be reviewed 
carefully, since these are dependent on the heat-treated sec- 
tion size of the forgings, and fall into two levels with the 
break at 2.5 in. (65 mm). This follows the same pattern as 

requirement was included in Code Case 1398 issued by the 
ASME Boiler and Pressure Vessel Code. The rolls covered by 
this specification are used in machines that manufacture the 
familiar corrugated paperboard that is used by the container 
industry. Originally the corrugating roll stack used a pair of 
matched rolls with contoured longitudinal grooves or flutes, 
and an upper  plain surfaced pressure roll. Some later ma- 
chine designs have eliminated the pressure roll. The rolls are 
hollow and are steam heated. For this reason, particularly 
for the longer and larger diameter rolls, they are required to 
be classified as pressure vessels according to Section VIII, 
Division 1 of the ASME Boiler and Pressure Vessel Code. 
However, the design is complicated by the fact that the rolls 
are subject to high external mechanical loads in service, 
quite apart from the forces exerted by the internal steam 
pressure. Paper traveling at fairly high speeds and passing 
between the heated rolls is corrugated and then glued to a 
plain facing paper  sheet. This type of machine is known as 
a "single racer." A second plain sheet is glued to the opposite 
side of the corrugated assembly to finish the board. Multiple 
layer corrugated boards are also made for special applica- 
tions. The grade of paper used has become increasingly ab- 
rasive, particularly when the pulp is made from trees har- 
vested by plucking the trunk from the ground by the roots, 
so that wear of the corrugated roll surfaces is a problem, 
since this will increase paper  usage and impact the dimen- 
sions of the corrugated board. This necessitates regrinding 
of the rolls, and this is effectively limited up to a maximum 

A 517/A 517M 1.25 in. 1.25 in. 6 in, 2.50 in. 1.25 in, 4 in. 
(32 ram) (32 ram) 050 mm) (65 mm) (32 rnm) (100 mrn) 

A 592/A 592M 1.50 in. - -  4 in.* 4 in.* - -  - -  
(38 ram) (100 ram)* (100 ram)* 

*Heat  treated thicknes 



of about six regrinds. For these reasons, the rolls are not 
made from conventional pressure vessel materials, but 
rather from wear resisting materials that have the strength 
to withstand the high external loads imposed on the corru- 
gating stack, as well as the internal working pressure. High 
surface hardness is needed to withstand these service con- 
ditions, so that the steels used for the roll shells have a 
higher carbon content than those normally used for pressure 
vessels. 

In order to isolate such materials from general use in 
the ASME Boiler and Pressure Vessel Code, this specification 
was written to include not only materials but also construc- 
tion and design rules so that it is unique among the product 
specifications in both ASTM and ASME. The specification is 
essentially a complete component  manufacturing scheme, 
including as it does some design criteria, steel manufacture, 
forging, machining, heat treatment, mechanical testing, as- 
sembly, final hydrostatic testing, and nondestructive exami- 
nation. 

The scope clause includes essential information for the 
use of the standard from the aspects of both design and roll 
manufacture. The rolls consist of two major parts, the shell 
and the trunnions or journals. Commonly, a pair of trun- 
nions is fitted into the ends of a heat-treated roll shell; how- 
ever, provision is made for designs incorporating an integral 
journal at one end. Typically, the trunnions or journals are 
shrink-fitted into the counterbored ends of the roll shell, and 
seal welded. For some European applications, seal welding 
is not permitted and shrink fitting alone is used. In this case, 
great attention must  be paid to the surface finish of the mat- 
ing parts to avoid steam leakage. Bolting the trunnions to 
the roll shell is also permitted, but again the common con- 
struction is to shrink fit and seal weld. 

The pressure rolls, when used, are typically made from 
Class 3, a carbon steel similar to SAE 1050. These are thick 
walled rolls, usually normalized and tempered, and invaria- 
bly induction hardened. 

The corrugating rolls are higher strength alloy steels, the 
common materials being Class 1A (modified SAE 4150) and 
Class 1B (modified SAE 4350). An alternate but rarely used 
material for corrugating rolls is Class 5, a substantially modi- 
fied SAE 1050 steel. The trunnions are made from a choice 
of a carbon steel (Class 4) similar to that of ASTM A 266 
Grade 1, or Class 3 that is essentially SAE 4130. The choice 
of SAE 4130 for the trunnions is at first sight startling, in 
view of the low strength requirement of a minimum 60 ksi 
(415 MPa) tensile strength and a minimum yield strength of 
30 ksi (205 MPa). The explanation is an example of the ec- 
onomics of availability and low cost. Going back in history 
to the time when demand for rolls for corrugating machines 
first arose, and before there was any need to classify them 
as pressure vessels, a prominent roll manufacturer  also pro- 
duced forged steel molds for the production of ductile cast 
iron water pipe by centrifugal casting. The mold material 
was similar to SAE 4130, and many of the forged molds were 
trepanned before being heat treated, leaving a core bar. Trun- 
nions for corrugating rolls were economically produced by 
reforging lengths of pipe mold core bar, so that when the 
need arose to write a specification for the manufacture of 
corrugating rolls, the 4130 chemistry was included. Cur- 
rently most  trunnions are produced from the carbon steel 
Class 4 material. 

The scope goes on to detail the roll inside diameter lim- 
its, as well as wall thickness, the maximum operating tem- 
perature, and working pressure. Requirements also include 
limitations on the stresses imposed on the roll shells and 
trunnions from the combined effects of internal pressure and 
external loads. As machine designs have developed over 
time, so too have the material options and size limits 
changed. For example, the maximum inside diameter has 
been increased from 12 in. (300 mm) in 1981 to 30 in. (760 
mm)  currently. Similarly, the use of corrugating roll mate- 
rials for the pressure roll application is now allowed. 

Heat treatment requirements for the roll shells and trun- 
nions are specified together with the admonition that the roll 
shells must be bored prior to heat treatment. Tension testing 
is required as well as surface hardness testing. 

The pressure rolls are required to be surface hardened, 
originally by flame hardening, as shown in Fig. 12.1 and 
more commonly now by induction hardening. As the paper  
stock became more abrasive, a move to hardening the cor- 
rugating roll surfaces took effect, and now almost invariably 
the corrugating roll surfaces are induction hardened. A sup- 
plementary requirement has been provided to permit this, 
either before or after forming the flutes. Magnetic particle 
examination, very necessary when induction hardening and 
surface grinding are involved in manufacturing procedures, 
completes the manufacturing process together with the final 
hydrostatic pressure test. When the roll flutes are formed 
after induction hardening, a technique known as creep feed 
grinding is used. This enables the entire flute form to be pro- 
duced in one or two passes. Such heavy grinding requires 
special grinding wheels that permit the coolant to be 
pumped through the wheel itself, as well as the usual exter- 
nal supply. 

A 723/A 723M-03, Alloy Steel Forgings 
for High-Strength Pressure 
Component Application 

First published in 1975, this specification was written to fill 
the need for alloy steel forgings used in the manufacture of 
very high pressure vessels, such as those required for quartz 
crystal culture, as well as both hot and cold isostatic presses 
that are used in the production of high integrity ceramic 
components, densification of precision castings, or produc- 
tion of hot isostatically-pressed components such as those 
covered by Specifications A 988 Hot Isostatically-Pressed 
Stainless Steel Flanges, Fittings, Valves and Parts for High 
Temperature Service, and A 989, Hot-Isostatically Pressed 
Alloy Steel Flanges, Fittings, Valves and Parts for High Tem- 
perature Service. Further applications for forgings in these 
materials are found in the petrochemical industry. 

The alloy steels included in the specification are of the 
nickel, chromium, molybdenum, vanadium type that are fre- 
quently referred to as gun-steels because of their use in ar- 
tillery gun barrels and breech blocks, and may be considered 
as derivatives of the SAE 4340 composition. A general ad- 
monition that the steels are not considered to be suitable for 
welded construction is included in the scope. 

In contrast to the usual pressure vessel forging specifi- 
cations, specific strength levels are not tied to particular 
compositions; rather, three composition grades are specified 
with increasing nickel ranges, and six strength ranges as fob 
lOWS: 



Grade 1 Grade 2 i Grade 3 
Element % % % 

Carbon 
Manganese 
Phosphorus 
Sulfur 
Silicon 
Nickel 
Chromium 
Molybdenum 
Vanadium 

0.35 max 
0.90 max 
0.015 max 
0.015 max 
0.35 max 
1.5-2.25 
0.80-2.00 
0 .20-0 .40  
0.20 max 

0.40 max 
0.90 max 
0.015 max 
0.015 max 
0.35 max 
2.3-3.3 
0.80-2.00 
0.30-0.50 
0.20 max 

0.40 max 
0.90 max 
0.015 max 
0.015 max 
0.35 max 
3.3--4.5 
0.80-2.00 
0.40-0.80 
0.20 max 

Minimum Class Class 
Property 1 2 

UTS ksi 115 135 
(MPa) (795) (930) 

Yield (0.2 %) ksi 100 120 
(MPa) (690) (825) 

Elongation 16 14 
(4D) 

Reduction 50 45 
Of Area 

Avg. Charpy V 35 30 
Min. Single Value (47) (41) 
Ft-lbf; [J] 30 25 
40~ (4.5~ (41) (34) 

Class Class Class Class 
2a 3 4 5 

145 155 175 190 
(1000) (1070) (1205) (1310) 

130 140 160 180 
(895) (965) (1105) (1240) 

12.5 13 12 10 

43 40 35 30 

28 25 20 12 
(38) (34) (27) (16) 
23 20 15 10 
(23) (27) (20) (14) 

The strength ranges reflect the required quench and temper  
heat treatment, with high yield strength to tensile strength 
ratios. 

Generally, with the nickel-chromium-molybdenum 
steels, the Charpy impact test results improve with increas- 
ing yield to tensile strength ratios reflecting more complete 
transformation to martensite on quenching. A minimum 
tempering temperature of 1000~ (540~ is required, thus 
avoiding low ductility or toughness problems that might be 
encountered when tempering at lower temperatures. When 
control of phosphorus and some other t ramp elements such 
as arsenic and antimony was a problem, quenching forgings 
after completion of tempering was often done in order to 
cool quickly through the temper  embritt lement range. This 
practice is still used today, but for a modern clean and low 
phosphorous steel, little if any improvement can be seen in 
the ductility and toughness properties of forgings that have 
been air cooled from the temper  and those that have been 
water quenched after tempering. As mentioned in the section 
dealing with heat treatment, a difficulty that can occur in 
forgings that have been water cooled after tempering is one 
of severe distortion after subsequent machining if stock re- 
moval is not symmetrical. 

The mechanical testing requirements for forgings in 
Specification A 723/A 723M are intended to ensure that the 
required properties have been achieved uniformly both 
around the circumference and from end to end. For large, 
heavy, and long forgings, tests would be required at both 
ends, this being dependent on heat-treated weight and 

length. Having good furnace control at a minimum is essen- 
tial for the consistent heat treatment of steels of this type. 

Water quenching of forgings is desirable in order to de- 
velop opt imum properties, and for this reason the carbon 
content should be restricted to a limit of about 0.33 %, but 
in no case higher than 0.35 %. The SAE 4340 alloy is gen- 
eraUy regarded as requiring an oil quench, although suitable 
polymer quenchants are commonly used. Water quenching 
this steel can frequently result in cracking. For the high 
nickel Grade 3 material, particularly when used for bored 
forgings, oil quenching is generally used. 

The matching of steel composition grade to strength 
class is intended to be left to the forging manufacturer  who 
will decide based on the required class and the forging size 
and shape at the time of heat treatment. The producer, how- 
ever, does have the option to make this choice. 

In keeping with the high integrity required for the op- 
erating conditions of high pressure vessels, nondestructive 
examination by magnetic particle and ultrasonic methods 
are required. 

Research on reducing temper embritt lement tendencies 
in the nickel-chromium-molybdenum alloy steels has shown 
[ 10] that reducing phosphorus, tin, silicon, and manganese 
levels is helpful. This work produced a term known as the J 
Factor, [J = (Mn + Si)(P + Sn) x 104} that is useful for 
indicating the tendency for embritt lement in a given steel. 
This tendency reduces steadily from a J factor of 200 to 1 of 
60, beyond this the gains are somewhat less [11]. It has been 
suggested also [11] that sulfur should be restricted to 0.006 
% maximum, together with a reduced manganese range of 
0.10-0.20 %. While this is a subject for future consideration, 
it should probably be coupled with the toughness criteria. 

A 765/A 765M-01, Carbon Steel and 
Low Alloy Steel Pressure Vessel 
Component Forc4ings with Mandatory 
Toughness Requirements 

Originally published in 1979, this specification parallels the 
flange and fittings Specification A 350/A 350M in terms of 
most of the materials, but the testing provisions are more 
appropriate to large forgings such as tube sheets, nozzles, 
and shell sections. 

Charpy V-notch impact test temperatures are specified 
for each of the five steel grades with the proviso that the 
purchaser can specify a different temperature at the time of 
the inquiry or order. If a change in impact test temperature 
is not made by the purchaser  then the temperature given in 
the specification must be used. It should be noted that in the 
event that a different test temperature is specified, then that 
temperature must be marked on the forgings according to 
the instructions listed in the marking paragraph. The impact 
test temperature must also be noted in the certification. 

Heat treatment of the forgings is required, and the 
manufacturer  has the option of normalizing and tempering 
or quenching and tempering. If the purchaser has specific 
requirements for heat treatment, these would have to be in- 
cluded in the order. The location and number  of the me- 
chanical test specimens is governed by the specification, and 
the use of separately forged test blocks is limited to forgings 
with heat-treated weights of no more than 1000 lb (455 kg). 
For small forgings up to 500 lb (230 kg) in heat treated 
weight, one mechanical test set is required for each heat in 



each heat treatment charge; however, for continuous fur- 
naces with temperature recording controls one test per heat 
in an 8-h shift is permitted. For larger forgings each forging 
must  be tested. This differs considerably from the require- 
ments of Specification A 350/A 350M. 

The specification is intended to give assurance that the 
forgings will possess the required tensile and Charpy V-notch 
toughness. 

A 85g/A 85gM-04, Age-Hardening Alloy Steel 
Forgings for Pressure Vessel Components 

This specification was first published in 1986 and currently 
includes two alloy steels. The original material, now called 
Grade A, is a nickel-chromium-molybdenum steel with cop- 
per that produces an age hardening effect from fine precipi- 
tates after solution treatment and tempering. It is available 
in two strength classes. The carbon content is low at 0.07 % 
maximum, and the material lends itself to welded construc- 
tion while conferring good low temperature toughness. This 
alloy appears in other forging specifications as Grade LF787 
in Specification A 350/A 350M, and as Grade L5 in Specifi- 
cation A 707/A 707M. As rolled plate, the alloy is included 
in A 736/A 736M Pressure Vessel Plates, Low Carbon 
Age-Hardening Nickel-Copper-Chromium-Molybdenum- 
Columbium and Nickel-Copper-Manganese-Molybdenum- 
Columbium Alloy Steel. Other chemistry and higher strength 
variations of this material have appeared, and these have 
found extensive use in offshore oil rigs, particularly in the 
Gulf of Mexico. 

This alloy, particularly in its higher strength forms, is 
prone to hydrogen flake damage, even when using vacuum 
degassed steels, so that precautions, such as a thermal flake 
prevention cycle done typically in the range 1200-1250~ 
(650-675~ should be taken after forging. 

Welding procedures often do not include post-weld heat 
treatment because of a tendency for heat affected zone 
cracking during such cycles. Furthermore, heat affected 
zone hardness values do not tend to peak because of the low 
carbon content of the base material. 

The forgings are required to be heat-treated, the Class 1 
strength level being normalized and aged and the Class 2 
higher strength forgings being liquid quenched and aged. 
The age hardening part  of the cycle is required to be done 
in the range of 1000-1225~ (540-665~ 

A second steel called Grade B is also known as HSLA- 
100. This alloy also includes copper and has a narrow carbon 
range of 0.02-0.040 %. The nickel and molybdenum contents 
are appreciably higher than those in Grade A. The tension 
test requirements for Grade B are unusual in that they in- 
clude a range for yield strength and a minimum tensile 
strength. The producer has to take careful note of this. 

Although forgings made to this specification are in- 
tended for pressure retaining components, application for 
structural applications is not uncommon. Because of the 
precipitation hardening characteristics the section size ca- 
pability is quite large. 

A 965/A 965M-02, Steel Forgings, Austenitic, 
for Pressure and High Temperature Parts 

This specification, first published in 1996, was the upshot of 
a decision to separate the ferritic and austenitic material 

requirements for forgings made to Specification A 336/ 
A 336M. The current complexity of Specification A 182/ 
A 182M is sufficient to show why the change was proposed 
for Specification A 336/A 336M. 

At the time that A 965/A 965M was written no duplex 
stainless steels were included in the scope. These will be in- 
cluded in a separate forging specification. 

Twenty-two austenitic steel compositions that used to be 
included in Specification A 336/A 336M form the content of 
A 965/A 965M. These include the standard 300 series steels 
together with the low carbon L series grades, the nitrogen 
containing LN grades, and the H grades, the latter being in- 
tended for high temperature service. The H grade austenitic 
stainless steels carry a mandatory grain size requirement of 
ASTM 6 or coarser. This requirement was carried over from 
The ASME Boiler and Pressure Vessel Code in order to per- 
mit the use of increased allowable stress values at higher 
temperatures. 

Solution annealing of the forgings is required, and this 
must be done as a separate operation from the forging cycle. 
The so-called in process annealing, whereby on completion 
of forging, provided the temperature meets the specification 
solution treatment temperature conditions, the forging is 
simply quenched to meet the solution anneal requirement, 
is not permitted. 

The tension test requirements for Specification A 965/A 
965M are more stringent than is the case for the forged 
flange and fitting Specification A 182/A 182M, in that each 
forging weighing over 5000 lb (2250 kg) is required to be 
tested. 
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Steel Forgings for Turbines and Generators 
THIS GROUP OF FORGINGS CONSTITUTES MAINLY 
the rotor and disk or wheel components used in steam and 
gas turbines and electrical generators. The integrity of these 
components is critical [1] because they are generally large, 
rotate at high speeds, and in the case of steam turbines are 
confined under high pressure in steam chests. It will be re- 
called that concern for the safety of turbine and generator 
rotors spurred the introduction of vacuum degassing in steel 
making and the development of ultrasonic test methods for 
the volumetric examination of heavy sections. Ten ASTM 
forging specifications fall into this category. It should be 
noted that although these are intended to be stand alone 
specifications, essential input must be included in the pur- 
chase order, not the least of which is a drawing showing the 
required mechanical test locations. 

The development of forging materials for turbine and 
generator rotors is an ongoing process as illustrated by the 
number  of technical papers on the subject contributed to the 
meetings of the International Forgemasters. Held at intervals 
of approximately three or  four years, these meetings attract 
a great deal of interest from producers and users alike. 

~ 288-91, Carbon and Alloy Steel Forgings 
or Magnetic Retaining Rings for 

Turbine Generators 

This specification covers forged magnetic retaining rings, 
and eight strength classes are included as well as three steel 
compositions, also referred to as classes. The specification 
was originally published in 1946, but dates back to an Emer- 
gency Specification ES-21 from 1943. In the 1955 revision 
the specification referred only to seven classes of tension test 
requirements with no chemical requirements beyond limits 
on the product analysis tolerances for sulfur and phospho- 
rus. The absence of heat chemical requirements probably re- 
flected the practice of supplying forgings to proprietary com- 
positions, and is an interesting reflection on the development 
of consensus standards. One additional (higher) strength 
class was added over the years, together with three chemical 
compositions, and the term Class was retained for the latter. 

It should be noted that vacuum degassed steel is re- 
quired for Classes 4 through 8 (the nickel-chromium- 
molybdenum alloy steels) and also for the thicker walled 
Class 3 rings where nickel is also required. This is because 
of the risk of hydrogen flake damage in these triple alloy 
steels. The purchaser would be well advised to make vacuum 
degassing mandatory for any forged rings purchased to this 
specification. Charpy impact testing at room temperature is 
mandatory, and contrary to the common use of a separate 
test bar  for ring forgings, the tension and impact tests must 
be taken from a prolongation of the retaining ring. Machin- 
ing before heat treatment is also required. 

A 289/A 289M-97, Alloy Steel Forgings for 
Nonmagnetic Retaining Rings for Generators 

This is a very specialized product used to restrain the wind- 
ings of generator rotors [2-4]. Since the requirements tend 
to be conflicting--high strength and essentially nonmag- 
n e t i c - t h e  starting material is austenitic, and only the elec- 
troslag remehing process is now applicable. This is probably 
the only ASTM material specification restricted to this 
method of steel making. One steel composition can be pur- 
chased to eight strength grades ranging in minimum tensile 
strength from 145 to 200 ksi (1000-1380 MPa) and in yield 
strength from 135 to 195 ksi (930-1345 MPa), giving yield 
strength to tensile strength ratios in the range of 93-97.5 %. 
There is an admonition that the yield strength at an offset 
of 0.2 % may not exceed the tensile strength. Charpy impact 
testing at room temperature is required, and the specimen 
location in the test prolongation is specified. 

Originally included in Emergency Specification E 21 in 
1943, the nonmagnetic retaining ring Specification A 289 ap- 
peared in 1946 and included two medium to high carbon 
manganese-nickel and manganese-nickel-chromium alloy 
steels. These were not required to be heat treated, and there 
was no provision for cold working the rings. The highest ten- 
sile strength was 140 000 psi (965 MPa) with a yield strength 
of 105 000 psi (725 MPa) giving a yield to tensile strength 
ratio of 75 %, a far cry from today's material. Over time vari- 
ous manganese austenitic steels have been included in the 
specification, and the requirement for extensive cold work- 
ing was introduced to increase the strength. The current 
steel is nominally a low carbon 19 % manganese-19 % chro- 
mium steel with a significant nitrogen content of about 
0.6 % that could be produced in a pressurized ESR fur- 
nace [5]. 

The cold working, while giving high tensile and yield 
strengths must not induce significant magnetism through the 
breakdown of austenite, and a magnetic permeability limit 
is imposed. 

Aside from the restricted melting requirements, the cold 
expansion process for the rings requires specialized equip- 
ment, so that the number  of producers worldwide is very 
limited. 

An option for elevated temperature tension testing at 
200-220~ (95-120~ is included by means of a supplemen- 
tary requirement. 

A 469/A 469M-04, Vacuum-Treated Steel 
Forgings for Generator Rotors 

This specification was first published in 1962, and appears 
to have replaced Specification A 292 that in turn s temmed 
from another Emergency Specification E 23 that was used 
from 1943 to 1946. The new specification reflected the intro- 
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duction of vacuum degassing into the steel making process 
and the improvement in resistance to hydrogen flaking. The 
vacuum degassing operation also permitted significant eas- 
ing of the long post forge heat treatment cycles that were 
used to assist in the diffusion of hydrogen. 

The following tables enable the steel compositions from 
the A 292-55 specification to be compared to those of the 
current A 469-04a revision. It will be seen that carbon and 
manganese are more restricted, minimum nickel require- 
ments have been increased, chromium restrictions relaxed, 
and the molybdenum and vanadium requirements more de- 
fined. Sulfur and phosphorous limits have been drastically 
reduced. 

The introduction of the nickel-chromium-molybdenum- 
vanadium steels for the higher strength rotors is another sig- 
nificant change from the original Specification A 292. 

This comparison of the original generator rotor Speci- 
fication A 292 and the current A 492 is of interest not only 
in tracing material and heat treatment development, but also 

in comparing different materials for the same strength levels 
and application and changing design criteria. The heat treat- 
ment requirements are markedly different in Specification 
A 469 where, unless otherwise specified, forgings must be 
quenched and tempered, compared to Specification A 292 
that only permitted annealing or normalizing and tempering. 
Besides the change in heat treatment, the significantly re- 
duced levels of sulfur and phosphorus are major contribu- 
tors to the ductility improvement. Another important feature 
is the comparison of the ductility and toughness require- 
ments for Grades 4 through 7. The differences here lie in 
the use of the nickel-chromium-molybdenum-vanadium 
alloy steel for Grades 6 and 7 and the nickel-molybdenum- 
vanadium steels for Grades 4 and 5. 

The requirement for a maximum fracture appearance 
transition temperature (FATr) is an added fracture tough- 
ness feature, aimed at reducing the risk of brittle fracture, 
and is almost unique to the turbine and generator rotor forg- 
ing specifications. Like the ductility values mentioned above, 

A 292-55 Chemical Requirements 
Element % 

C (max) 

Class 1 

0.35 

Class 2 

0.45 

Class 3 

0.30 

Class 4 

0.30 

Class 5 

0.32 

Class 6 

0.32 

Class 7 

0.35 

Class 8 

0.35 

Class 9 

0.40 

Mn (max) 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 

P (max) 0.050 0.050 0.050 0.050 0.050 0.050 0,050 0.050 0.050 

S (max) 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 0.050 

Si 0.15/0.35 0.15/0.35 0.15/0.35 0.15/0.35 0.15/0.35 0.15/0.35 0.15/0.35 0.15/0.35 0.15/0.35 

2.25 2.25 1.75 Ni (rain) 2.50 2.25 1.75 2.50 

Cr (max) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.75 

Mo (min) . . . . . .  0.30 0.30 0.35 0.40 0.40 0.40 0.75 

V (rain) 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 

A 469-04a Chemical Requirements 
Element % 

C (max) 

Mn (max) 

P (max) 

5 (max) 

Si (max) 

Ni (min) 

Cr (max) 

i o  

V 

Grade 2 

0.25 

0.60 

0.015 

Grade 3 

0.27 

0.60 

0.015 

0.015 0.015 

0.10 0.10 

2.50 

0.50 

2.50 

0.50 

0.20/0.50 0.20/0.50 

0.03 0,30 
Min min 

Grade 4 

0.27 

0.70 

0.015 

Grade 5 

0.31 

0.70 

0.015 

Grade 6 

0.28 

0.60 

0.015 

Grade 7 

0.28 

0.60 

0.015 

Grade 8 

0.28 

0.60 

0.015 

0.015 0.015 0.015 0.015 0.015 

0.10 0.10 0.10 0.10 0.10 

3.00 3.00 3.25/4.00 3.25/4,00 3.25/4.00 

0.50 0.50 1.25/2.00 1.25/2.00 

0.20/0.70 

0.05/0.15 

0.3010.60 

0.05/0.15 

0.30/0.60 

0.05/0.15 

0.20/0.60 

0.30 
min 

1.2512.00 

0.30/0.60 

0.0510.15 



A 292-55 Mechanical Properties 
Property 
Ksi (MPa) 

UTS 
Radial Test 

Yield 0.02% 
Ksi (MPa) 

E% 

RA% 

FATT max 
F (C) 

Charpy V 
Radial Tests 
Room Temp. 
ft-lbf (J) 

Gr. 2 

8O 
(550) 

55 
(380) 

20 

50 

100 
(38) 

3O 
(40) 

Gr. 3 

9O 
(620) 

7O 
(485) 

20 

50 

100 
(38) 

3O 
(40) 

Gr. 4 

IO0 
(690) 

8O 
(550) 

17 

45 

120 
(49) 

25 
(34) 

Gr. 5 

110 
(760) 

9O 
(620) 

15 

40 

175 
(80) 

15 
(20) 

Gr. 6 

100 
(690) 

8O 
(550) 

18 

55 

0 
(-18) 

6O 
(80) 

Gr. 7 

110 
(760) 

9O 
(620) 

17 

50 

2O 
(-7) 

5O 
(68) 

Gr. 8 

120 
(825) 

100 
(690) 

16 

45 

4O 
(4) 

45 
(54) 

A 469-04a Mechanical Properties 
Property 

UTS ksi 
(MPa) 

Yield ksi 
(MPa) 
0.2 % 

Yield ksi 
(MPa) 
0.02 % 

Cl. 1 

6O 
(415) 

25 
(170) 

�9 �9 . 

Cl. 2 

75 
(515) 

35 
(240) 

CI. 3 

8O 
(550) 

45 
(310) 

CI. 4 

85 
(585) 

55 
(380) 

�9 ~ . 

CI. 5 

9O 
(620) 

65 
(450) 

Cl. 6 

95 
(655) 

75 
(515) 

Cl. 7 

32 
25 

105 
(725) 

85 
(585) 

Cl. 8 

105 
(725) 

85 
(585) 

CI. 9 

115 
(795) 

95 
(655) 

E % Long 25 22 20 20 18 17 16 16 14 
Radial 18 18 16 15 14 13 10 11 9 

RA% Long 45 40 35 35 35 30 30 27 
Radial 30 30 28 27 26 20 21 18 

the change in this temperature with changing composition 
is quite startling. The nickel-chromium-molybdenum alloy 
steels were introduced into Specification A 469 for this pur- 
pose. 

Vertical heat treatment is listed as the preferred method, 
and by the use of a supplementary requirement can be made 
mandatory. This heat treatment orientation has a great deal 
of influence on the control of distortion, both during nor- 
malizing and tempering and quenching and tempering cy- 
cles, and considerable development in furnace and quench 
facility design has been done to accommodate large rotor 
forgings. 

In terms of the tension test requirements, it should be 
noted that Table 2 requires measuring the yield strength at 
an offset of 0.02 % rather than the 0.2 % offset measurement  
that is standard in ASTM A 370, Standard Test Methods and 
Definitions for Mechanical Testing of Steel Products. Provi- 
sion is made for the yield strength to be measured at 0.2 % 
(at the purchaser's option?) in which case the minimum yield 

strength requirements for the applicable class are to be in- 
creased by 5 ksi (35 MPa). 

As with the other ASTM rotor and disk specifications, 
the acceptance criteria for the nondestructive examinations 
are defined by the purchaser, and often depend on the type 
and location of any indications�9 

A 470-03, Vacuum-Treated Carbon and Alloy 
Steel Forgings for Turbine Rotors and Shafts 

This specification covers both the high and low pressure 
steam turbine rotors, and like Specification A 469/A 469M 
has its origins in an Emergency Specification ES26 from the 
1943 to 1946 period followed by Specification A 293 that was 
first published in 1946. Carbon steel rotor forgings are not 
now included, being unsuitable for the higher operating tem- 
peratures currently in use, and lacking the corrosion resis- 
tance of the martensitic stainless steels for applications in- 
volving lower pressure wet steam�9 



Vacuum degassing is mandatory, and in the situation 
where electroslag remelted ingots are specified, the primary. 
heat must  have been vacuum degassed. Supplementary Re- 
quirement S7 delves into additional requirements for con- 
sumable electrode remelted material, particularly the situa- 
tion where successive electrodes are needed to provide 
sufficient material for the remelted ingot. This reflected the 
development of very large ESR furnaces intended to supply 
ingots for large rotor applications. 

Basic electric steel making is specified as it has been 
since the specification was first published, and ladle refining 
is included in Specification A 788/A 788M. 

Earlier revisions of Specification A 470 used the term 
Class to identify composition and mechanical properties. 
Currently, the term Grade applies to the chemical grouping 
and Class now applies only to the mechanical properties. The 
changes are shown in an appendix to the specification, so 
that it should not be necessary to revise older drawings and 
flies. 

The steel compositions include nickel-molybdenum- 
vanadium, chromium-molybdenum-vanadium, and nickel- 
chromium-molybdenum-vanadium alloys. Silicon is re- 
stricted to a maximum of 0.10 % and aluminum is limited 
to a maximum of 0.015 %. These limitations reflect the use 
of current ladle refining techniques. The older vacuum car- 
bon deoxidation procedures are still permitted. In addition 
to the usual heat analysis results, the supplier must also de- 
termine a product analysis for each forging. 

Temper embrittlement, as shown by an increase in the 
transition temperature and reduction in Charpy impact test 
absorbed energy, can be a problem for turbine rotors be- 
cause of the time taken to cool from the temper  and stress 
relief cycles, not to mention operating temperatures. This 
tends to be aggravated in large diameter forgings, and, for 
Grade C steps to reduce the incidence of this embritt lement 
by chemistry restrictions, notably on manganese and molyb- 
denum, are included in Supplementary Requirement $4. 
This is in line with some published recommendations [6]. A 
step cooling test from 1100~ (595~ is included in $4, and 
this involves holding Charpy test specimen material at a se- 
ries of temperature steps totaling 160 h, in addition to fur- 
nace cooling time, down to 600~ (315~ and then deter- 
mining the FATT. In a similar vein, the purchaser may 
specify a J factor value determined from the heat analysis in 
accordance with Supplementary Requirement $24 of Spec- 
ification A 788. 

The need to keep the longitudinal ingot and forging axes 
together is an important item that is mentioned under the 
heading of the forging process. Failure to do this (for ex- 
ample, by uneven heating of the ingot for forging) can lead 
to rejection of the forging in the required heat indication 
test. 

The heat treatment requirements are quite detailed in 
terms of the type of cycle, and in general terms for temper- 
ature (for example, in a double normalizing cycle) the first 
normalizing temperature must be significantly above the up- 
per transformation temperature, while the second normal- 
izing operation is to be done at a lower temperature. There 
is provision for including the initial normalize with the post 
forge beat treatment. This is useful in refining the grain size 
prior to an initial ultrasonic scan before the quality heat 
treatment. Minimum tempering temperatures are specified 
for the various grades. It should be noted that the tempera- 

ture requirements for the final stress relieving heat treatment 
do have an effect on the tempering temperature for Grades 
A, B, C, and E. The minimum tempering temperature for 
these grades is 1075~ (580~ and the minimum stress re- 
lieving temperature is 1025~ (550~ a difference of 50~ 
(30~ This must be remembered in the choice of the stress 
relieving tempering temperature. For example, if the tem- 
pering temperature is 1075~ (580~ stress relieving tem- 
peratures of 1050~ (565~ or higher will trigger additional 
mechanical testing. 

Vertical heat treatment can be required by specifying 
Supplementary Requirement S 5. 

The tension and Charpy impact test specimen locations 
are not defined in the specification, since these will depend 
on the design of the rotor, but generally axially oriented 
specimens are located in prolongations of the rotor journals, 
and radial specimens are located in the body portion. These 
test areas may be located outboard of the end rotor wheels 
or disks, and frequently when the design permits, from lo- 
cations between the wheels. It will be readily recognized that 
the purchaser must supply a drawing to identify these loca- 
tions with precision. Similarly, the forging supplier must 
take great care in removing the test blanks to avoid ruining 
the rotor. As noted in the generator rotor Specification A 469/ 
A 469M, the yield strength requirement must be observed 
closely since the design may be based on an offset of 0.02 or 
0.2 %. Minimum values for both of these situations are pro- 
vided in Table 2, and both must  be complied with since the 
specification states that the requirements of Table 2 are to 
be met. 

Another aspect of the mechanical testing requirements 
is that they are intended to be complete before running the 
final stress relief heat treatment. One reason for this is that 
since the rotor is generally heat-treated as a solid cylinder, 
that is before the wheel stages are gashed, an appreciable 
amount  of machining remains to be done after completion 
of the mechanical testing. However, there is the precaution- 
ary note, also addressed under heat treatment, about addi- 
tional testing if the stress relief temperature is within T~ - 
25 (T~ - 14) of the tempering temperature T. 

Although ductility requirements are included for both 
longitudinal and radial tension test specimens, it should be 
noted that the Charpy impact test requirements apply only 
to radially oriented specimens. 

An ultrasonic examination of the forging in accordance 
with Test Method A 418 is required. This is to be done after 
heat treatment and before removal of test specimens in lo- 
cations that would interfere with the examination. The pur- 
chaser must provide the acceptance criteria. 

Many rotor designs include an axial bore that is ma- 
chined after heat-treatment, an example being shown in Fig. 
18.1. Not infrequently a core is trepanned from the specified 
location and mechanical tests may be required from this ma- 
terial in accordance with Supplementary Requirement $2. 
The bore surfaces are to be examined visually, but magnetic 
particle examination of such bores is commonly required. 

Not included in the specification because the purchaser, 
in most cases, does considerable machining after delivery of 
the forging, magnetic particle examination can be called for 
by the use of a supplementary requirement. It should he 
noted though that few, if any, forging suppliers would ship 
such a vital component  without first examining the piece in 
accordance with Test Method A 275/A 275M. 



A stability or heat indication test in accordance with Test 
Method A 472 is required for Grades D and E. Supplemen- 
tary Requirement S11 provides for heat indication tests for 
any of the remaining grades. As previously discussed, this 
test is intended to expose any tendency for the rotor to warp 
during and a~er  heating to the required temperature, gen- 
erally at or slightly above the maximum operating temper- 
ature. A tendency for excessive run out can often be cor- 
rected by an additional stress relieving operation, and 
sometimes, with purchaser approval, the stress relief is in- 
cluded as an initial stage in the heat indication test. A forging 
whose axis does not correspond to the original ingot axis will 
probably fail this test. 

A 471-94, Vacuum-Treated Alloy Steel 
Forgings for Turbine Rotor Disks and Wheels 

This is the third of a group of four specifications, first pub- 
lished in 1962, that deals with generator and turbine rotor 
forgings. The fourth standard in the group is A 472, a test 
method for heat stability testing of steam turbine rotors. 
Like the preceding three specifications the requirement is for 
vacuum degassed alloy steel. The specification is currently 
under revision for conversion to the dual format and to ref- 
erence the General Requirements Specification A 788. 

Since the product takes the form of relatively fiat, large 
diameter disks, a minimum upsetting requirement of 2: 1 is 
specified, meaning that the axial length of the billet or pre- 
form before upsetting must be at least twice the axial height 
of the finished disk forging. As is the case for tube sheet 
forgings, in order to consolidate the axial center of the disk, 
it is necessary to do a certain amount  of axial forging work 
on the billet before upsetting to form the disk. 

The heat treatment requirement is for a normalize, 
quench, and temper cycle, where the initial normalize may 
be a part  of the post forge heat treatment. Preliminary ma- 
chining must be done before the quench and temper stage. 

A min imum tempering temperature of l l00~ (595~ 
applies for all classes except Class 10 when a minimum of 
1200~ (650~ is specified. 

Post heat treatment stress relief is required if the stock 
removal, excluding the peripheral test material, exceeds 3/16 
in. (5 mm). Minimum temperatures are specified for this op- 
eration, but there is no provision for retesting if the stress 
relieving temperature infringes on the 25~ (14~ window 
under the tempering temperature. 

A 768-95, Vacuum-Treated 12% Chromium 
Alloy Steel Forgings for Turbine Rotors 
and Shafts 

First published in 1979, this rotor specification was written 
to cover the use of the martensitic stainless steels for turbine 
rotors, used both in the wet steam service typical of many 
nuclear power applications, and the advanced high temper- 
ature designs. 

Use of the basic oxygen or open-hearth steel making 
processes is not allowed, but their application for these steels 
would not be economic in any case because of chromium 
losses. The more likely route would be by the electric furnace 
coupled with a ladle refining unit or an AOD converter if 
separate vacuum degassing facilities are available. For ESR 
ingots, the electrodes are required to have come from a vac- 

uum degassed heat, and the need to maintain the ingot axis 
with the forging axis is stressed. 

Four martensitic stainless steel alloys are included, three 
of which are available in a choice of two strength classes. 
The highest of these, Grade 2, has a minimum tensile 
strength of 150 ksi (1035 MPa), and a minimum yield 
strength of 110 ksi (760 MPa). This is higher than any of the 
alloy steels included in Specifications A 469, A 470, or A 471. 

Considerable research activity, much of it involving the 
Electric Power Research Institute (EPRI) [7] and the Euro- 
pean COST 501/502 [8] program, has centered on advanced 
12 % chromium rotors and disks [9,10]; however, as yet none 
of these materials has been suggested for inclusion in this 
specification. 

A 891-98, Precipitation Hardening Iron Base 
Superalloy Forgings for Turbine Rotor Disks 
and Wheels 

This specification is an example of meeting the requirements 
for a specific application in the power generation industry. 
The forgings are intended for elevated temperature applica- 
tions. The alloy formerly known under the UNS designation 
K66286 is now designated $66286 and is sometimes referred 
to by the trade name A286. This is nominally a 25 % nickel- 
15 % chromium-l% % molybdenum-2 % titanium stainless 
steel with boron and vanadium. The titanium addition con- 
tributes to the precipitation hardening effects in the ~t' in- 
termetallic compound, as well as protecting the boron used 
to enhance the creep strength of the material. 

The steel is required to be vacuum melted followed by 
secondary melting by either the VAR or ESR process. 

The heat treatment is described in some detail as a re- 
quirement for each of the two strength conditions (types) 
specified. In addition, stress rupture testing to ASTM Prac- 
tice E 292 is required at 1200~ (650~ as well as creep 
testing to Practice E 139 at 1000~ (540~ 

A companion grade of material, $66220 (known as Disk- 
alloy) is used for similar applications but has not been sug- 
gested for inclusion in Specification A 891. 

A 940-96, Vacuum Treated Steel Forgings, 
Alloy, Differentially Heat Treated, for 
Turbine Rotors 

Because of steam temperature conditions the requirements 
for the high pressure (HP) rotor in a steam turbine differ 
from those needed in the intermediate pressure (IP) and low 
pressure stages (LP). Although the steam temperature may 
be the same in a design that uses an IP stage, through the 
use of a reheater stage in the boiler, in the LP stage both the 
temperature and pressure are lower. For a combined HP and 
LP or IP and LP rotor, the use of differential heat treatment 
enables good elevated temperature properties to be main- 
mined in the high temperature stage, while enhanced tough- 
ness is obtained in the LP stage [ 11]. This is the purpose of 
Specification A 940. 

Vacuum degassing is mandatory for the steel, and the 
only grade is a chromium-molybdenum vanadium alloy steel 
that does not have high toughness in the normalized and 
tempered condition used to obtain opt imum creep strength. 

The prescribed heat treatment for the HP section of the 
rotor is austenitizing fully followed by fast air-cooling. A1- 



though  vert ical  hea t  t r ea tment  is not  m a n d a t o ~ ;  this is usu- 
ally achieved by placing the forging vertically in a cooling 
tower  and using high capaci ty  b lowers  to accelera te  the air- 
cooling. 

For  the LP side of the  rotor, the cooling from the same  
aus teni t iz ing t empera tu re  is achieved by wate r  quenching  
us ing wate r  sprays.  I t  will be  appa ren t  that  to do both  heat  
t r ea tmen t  opera t ions  at  the same  t ime,  the  ro to r  mus t  be 
suspended  in the cool ing tower  wi th  the LP sect ion down for 
the spray  quenching.  The forging would  be ro ta ted  dur ing  
the cool ing processes .  Temper ing is requi red  at  a m i n i m u m  
of  1200~ (650~ and  the same  t emper ing  t empe ra tu r e  ap-  
pl ies to bo th  sect ions of the rotor. 

Al though the s ame  tensi le  and  yield s t rength  and  duc-  
t i l i ty requ i rements  app ly  to bo th  sections,  the  Charpy V- 
notch  l imits  a re  very different.  The HP sect ion mus t  mee t  a 
m i n i m u m  of  6 ftlb (8 J) a t  r oom t empera tu re  and  a maxi-  
m u m  t rans i t ion  t empera tu re  of  250~ (120~ while  the  re- 
qu i r emen t  for  the  LP sect ion is 25 ftlb (34 J) and  a m a x i m u m  
t rans i t ion  t empera tu re  of 36~ (2~ 

A 982-00, Steel Forgings, Stainless, for 
Compressor and Turbine Airfoils 

As is the case for  Specif icat ion A 891, this  specif icat ion was 
wr i t t en  for  an  impor tan t ,  specific componen t  app l ica t ion  in 
the  p o w e r  genera t ion  field. The airfoils can  be p roduced  as 
open  die  forgings,  bu t  s ince apprec iab le  number s  of  a given 
airfoi l  a re  no rma l ly  required,  c losed or  impress ion  die  forg- 
ing would  be favored. 

Five of  the  six al loys tha t  a re  cur ren t ly  inc luded  a re  400 
series  mar tens i t i c  s ta inless  steels, and  the sixth is the 17-4PH 
prec ip i ta t ion  ha rden ing  mar tens i t i c  s tainless  grade.  Ident i-  
f icat ion by  UNS number s  is included.  

The manufac tu r ing  requ i rements  include a l imi ta t ion  of  
2150~ (1175~ for  the  m a x i m u m  metal  t e m p e r a t u r e  du r ing  
forging, and  specific hea t  t r ea tmen t  requ i rements  for each 
grade  are  descr ibed  in a table.  Since s t ra ightening  af ter  heat  
t r ea tmen t  is a d is t inct  possibility, given the shape  of  com- 
p ressor  and  tu rb ine  blades,  a m a n d a t o r y  stress rel ieving hea t  
t r ea tmen t  r equ i r emen t  fol lowing s t ra igh ten ing  is inc luded  in 
the  table.  Quenching  f rom the stress rel ief  t empera tu re  is not  
permi t ted ,  s ince this  can lead  to fur ther  d is tor t ion  dur ing  
subsequent  machin ing .  

A s u p p l e m e n t a l '  requi rement ,  S1, manda t ing  a second- 
a t3  mel t ing process  is provided,  together  with ano the r  as- 
soc ia ted  requi rement ,  $2, requi r ing  a hea t  analysis  f rom 
each r emehed  ingot, ra ther  than  f rom one remel ted  ingot  
from a mas te r  heat. 

Although the sulfur  and  phosphorous  l imits  for Grades  
A, B,  C, and  D are  apprec iab ly  lower  than  the r equ i remen t s  
of mos t  o the r  mar tens i t i c  s ta inless  steel specifications,  it  is 
l ikely tha t  s ignif icant  fur ther  reduct ions ,  par t i cu la r ly  for sul- 
fur, wou ld  be requi red  for  best  mechan ica l  proper t ies .  This 
is par t icu la r ly  the  case for  Grades  E and  F. Fo r  example ,  the 
l imits  for  sul fur  and  phosphorus  are  apprec iab ly  lower  for  
the 17-4PH mate r ia l  in Specif icat ion A 579/A 579M as Grade  
61 as  c o m p a r e d  to the  requ i rements  for these e lements  for  
17-4PH as Grade  F in Specif icat ion A 982. In  addi t ion ,  p rod-  
uct  analysis  to lerances  for  sulfur  and  phospho rus  are  not  
pe rmi t t ed  in Speci f ica t ion A 579/A 579M for Grade  61. 
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Steel Forgings for General Industry 
THIS GROUP OF SPECIFICATIONS COVERS A WIDE 
range of applications outside of the field of pressure vessels 
and power generation. Included are mechanical components 
such as gears and pinions, crankshafts, steel mill rolls and 
components for defense, railroads, and other applications 
that fall under the heading of "General Industrial." The speci- 
fications fall into two main categories, those with stated 
chemical compositions and those in which, because the size 
range is not defined, the manufacturer  generally chooses the 
required composition under the broad headings of carbon or 
alloy steels in order to obtain the mechanical properties 
stated in the specification. 

A 290-02, Carbon and Alloy Steel Forgings for 
Rings for Reduction Gears 

This, one of the older ASTM steel standards, was first pub- 
lished just after the end of WWII in 1946. It covers an im- 
portant type of forging used in many mechanical applica- 
tions ranging from marine propulsion systems to earth 
moving equipment. 

The steels used are considered to be weldable, under the 
proper conditions, and in this respect it should be realized 
that the carbon levels will substantially exceed 0.35 % in 
most cases. 

It should be noted that the rings can be ordered either 
to mandatory mechanical properties including tension, im- 
pact, and hardness tests, or simply to a hardness range. This 
is defined by the class designation for the required grade, 
and so is an important i tem in the purchase order. 

Depending on the required ring dimensions, the forgings 
could be produced on a ring-rolling machine, or as rings pro- 
duced as hollow forgings on a press. If the quantities re- 
quired permit, then the rings could be made from a multiple 
forging and separated before or after heat treatment; in the 
former case the surface hardness of the end faces could pose 
a problem. 

Nondestructive examinations are not specified, although 
supplementary requirements for this purpose are provided 
in the specification as well as in Specification A 788. Possibly 
because cutting the gear teeth (a highly specialized opera- 
tion) would not normally be done by the forge shop, a sur- 
face NDE was not included as a specification requirement. 
An ultrasonic examination would, however, be desirable, 
given the cost and importance of such components. 

The use of the hardness only option should be weighed 
carefully. The mechanical testing option, given the number  
of tests and that it involves the use of an integral full section 
test prolongation, gives full assurance that the required 
properties have been obtained in the forging. The specifica- 
tion requires that hardness testing be done after final ma- 
chining to the ordered dimensions. This testing is specified 
for the flat end faces of the ring at stated locations, and the 

number  of impressions required increases with the ring di- 
ameter, so that uniformity on the surface can be assured. 
However, depending on the grade selected and the cross sec- 
tion of the ring, the hardness may reduce moving into the 
cross section, so that the gear tooth root area may be softer 
than expected. 

The carbon ranges for all of the grades are wide enough 
to permit  the selection of a carbon level suitable for surface 
hardening by flame or induction methods. 

Vacuum degassing is not a specification requirement, 
but would be advisable for the steels concerned, and can be 
included in the purchase order by means of a supplementary 
requirement, chosen from Specifications A 788 or A 290. Two 
similar carbon steels, Grades A and B are included, with 
Grade B having a restricted carbon range of 0.40-0.50 % and 
a higher tensile strength. The manganese to carbon ratios 
possible with these steels are quite low, being of the order of 
2 : 1, and this can adversely affect notch toughness; however, 
these steels do fall in line with popular grades, such as SAE 
1040 and 1045. It should be noted that the carbon steel 
grades carry limits on the common alloying elements, prob- 
ably to exercise some control over weldability. 

The Grade 3 alloy steel has a carbon range of 0.35- 
0.45 %, so that it embraces SAE 4140. 

Grade 4 is a nickel-chromium-molybdenum alloy with a 
wide carbon range that permits three strength classes. The 
SAE Grade 4340 could be accommodated in Grade 4, as well 
as some of the popular variants with higher molybdenum 
contents. Grade 6 is similar to Grade 4, except that the nickel 
and molybdenum ranges are higher, and a vanadium range 
is specified. This material would accommodate  through 
hardening of thick ring sections. 

The last alloy steel, Grade 5, is one of the Nitralloy steels 
with a nominal 1 %  aluminum that would provide a very 
high hardness case for the gear teeth after nitriding. 

Perhaps as a reflection on the size of gear rings pro- 
duced to this specification no carburizing steels are included. 

Heat treatment is prescribed for all grades, either by 
normalizing and tempering for both classes of Grade 1, or  
quenching and tempering for all of the other grades and clas- 
ses. Minimum tempering temperatures are laid down also. 
Unless the material has a very fine grain size, normalized 
and tempered forgings to Grade 1, Class 1 may be marginal 
for the required Charpy impact test. This should not be a 
problem for the remaining grades since they are required to 
be quenched and tempered. 

The mechanical testing requirements are explicit using 
integral test prolongations. These are to be extensions of the 
length of the ring, and one prolongation is required for each 
forged ring; or if gear rings are forged in multiple to be sep- 
arated after heat treatment, one prolongation is required at 
the end of each multiple. Heat lot testing is not permitted. 
Two tension tests and two sets of Charpy impact specimens 
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are required from each test prolongation. These are to be 
offset 180 ~ from each other and oriented tangentially to the 
ring diameter. This, in effect, would be parallel to the direc- 
tion of maximum hot working for a ring forging. 

It should be noted that the Charpy impact test require- 
ment  in Table 2 is not listed as being an average value so 
that each specimen is required to meet the minimum ab- 
sorbed energy requirement. 

A 291-03, Steel Forg,ngs, Carbon and Alloy, 
for Pinions, Gears, andShafts for 
Reduction Gears 

A companion to Specification A 290, this specification was 
first published in 1946 and is intended for power transmis- 
sion gearing for marine and other transport and mechanical 
applications. As opposed to Specification A 290 the forgings 
here are intended to be cylindrical rather than rings. Al- 
though the carbon contents involved tend to be high, the 
steels used are considered to be weldable, provided that the 
appropriate precautions are taken. 

The materials involved are very similar to those in Spec- 
ification A 290, including a carbon steel with limited alloying 
elements, a carbon/alloy steel in which by agreement nickel, 
chromium, and molybdenum can be added, a chromium- 
molybdenum alloy, three nickel-chromium-molybdenum 
steels and a nitriding grade. 

Carbon contents can range as high as 0.55 %, and al- 
though for Grades 2 through 3A carburizing is possible be- 
cause only a maximum carbon is specified and a quench and 
temper heat treatment is specified, it would seem that any 
local hardening of gear teeth is intended to be limited to 
induction or flame hardening or nitriding. 

The silicon requirement is listed as a maximum of 0.35 
or 0.40 % for all grades so that low silicon steels produced 
during ladle refining as well as by vacuum carbon deoxida- 
tion can be accommodated. It should be noted that the Gen- 
eral Requirements Specification A 788/A 788M requires that 
the steel used be killed. 

No provision is made for using separate test bars for 
mechanical testing, so that the necessary material must  be 
provided as an extension or prolongation of the main body 
(where the gear teeth will be located) from each forging. Spe- 
cial conditions apply for gears that are forged as multiples, 
or for those weighing less than 500 lb (225 kg). 

A feature of the specification is that, for the larger di- 
ameters, provision is made for both longitudinal and tan- 
gential orientation of the test specimens. This choice is at 
the producer's option and reduced ductility values are per- 
mitted for the tangential orientation. This distinction is car- 
ried forward to the optional Charpy impact tests that are 
covered by Supplementary Requirement $2, although of 
course these are done only when specified in the purchase 
order. 

Like Specification A 290, surface hardness ranges are 
specified for each strength class; however, a restricted hard- 
ness range for a given forging within the prescribed limits is 
not included. 

As is the case with Specification A 290, mandatory non- 
destructive examination is not a specification requirement. 
Again, in the case of a surface examination, this would nor- 
mally be done on the finished shape with the gear teeth 

formed, but the forging producer would be well advised to 
do both a volumetric and a surface examination on the heat 
treated blank, since a later claim may include machining 
costs incurred after delivery. 

A 427-02, Wrought Alloy Steel Rolls for Cold 
and Hot Reductton 

First published in 1958, Specification A 427 is an example 
of an ASTM forging specification written for a specific in- 
dustry application. The specification is short and does not 
include specific steel composition requirements. This aspect 
is left to the forging supplier unless included in the purchase 
order. 

Surface hardness is an important property of steel mill 
roils, and traditionally, this has been done using rebound 
hardness testers such as the Scleroscope in which a hard- 
ened tup is dropped onto the roll surface and the hardness 
measured in terms of the height of the rebound. Although 
rebound hardness testing is widely used industrially for a 
variety of products, particularly if they are hard, Specifica- 
tion A 427 is unique in specifying it as a required test prac- 
tice. The Scleroscope was the original hardness-testing in- 
strument referenced in Specification A 427, and this requires 
a practiced eye to take the hardness readings in one of the 
Shore scales from Test Practice E 448, Scleroscope Hardness 
Testing of Metallic Materials. 

Hardness testing using Test Method A 956 is now in- 
cluded in the specification, since instrumented rebound 
hardness testers using the Leeb principle have been found to 
be particularly useful in hardness testing this type of forging. 

A 504/A 504M-04, El Wrought Carbon 
Steel Wheels 

This specification was first published in 1964, replacing two 
earlier specifications, namely Specification A 57, Multiple 
Wear Wrought Steel Wheels, and A t 86, One Wear Wrought 
Steel Wheels. Specification A 25, Wrought Steel Wheels for 
Electric Railway Service was incorporated in Specification A 
504 in 1993. In the current revision, the specification was 
extensively revised to incorporate Specification A 788 and 
change to the dual format. Although perhaps not obvious 
from the title, the scope clause indicates clearly that this 
specification deals with wheels for locomotives and rolling 
stock for the railroad system, and certain terms such as one 
wear, multiple wear, and tape size are described in the defi- 
nition of terms section. 

It should be noted that, in the United States, forgings 
for wheels and axles besides complying with specification 
requirements are approved on a prototype basis by testing 
carried out at the AAR facilities in Pueblo, Colorado. 

Four classes of  carbon steel are included. These vary in 
carbon content, and would be classified as medium to high 
carbon steels. 

The wheel forgings are heat treated by first austenitizing 
and then quenching to harden the rims or running surface, 
followed by tempering to obtain a rim surface hardness 
within the range specified for the ordered class. These hard- 
ness ranges vary in width from 40 to 80 Brinell points, 

Ultrasonic examination is still required, but now must  
conform to Practice A 388/A 388M. Scanning and calibra- 



tion requirements are included in the specification. Magnetic 
particle examination using the wet fluorescent method in ac- 
cordance with Test Method A 275/A 275M is required, and 
a basic set of acceptance criteria (that can be amended by 
the purchase order) is now included. 

Shot peening of what is called the plate surface, located 
between the wheel hub and rim, is a requirement. This is 
intended to improve fatigue strength of the wheel. 

Specific marking requirements are a part  of the specifi- 
cation. 

A 521/A 521M-04, Steel, Closed-Impression 
Die Forgings for General Industrial Use 

This is the single ASTM forging specification that addresses 
impression or closed die forgings directly. It includes both 
carbon and alloy steels and a range of heat treatment op- 
tions. Since impression or closed die forgings are normally 
produced in some volume, the choice of steel is a purchase 
order item, together with the strength grade required. The 
producer, before accepting an order, should concur that the 
chosen carbon or alloy steel will be capable of meeting the 
required tensile strength requirements when processed ac- 
cording to the specification. 

For Grade CA forgings the purchaser may specify that 
one tension test per heat be taken. While no tensile require- 
ments are specified, the purchaser may wish to know what 
the as forged tensile properties are for the forging in ques- 
tion, so that if needed, heat treatment could be done. 

The supplementary requirements include one, $2, on 
grain flow. This enables the purchaser to evaluate the grain 
flow obtained relative to the intended service. This could be 
useful in the development of prototype components. 

The specification has extensive nonmandatory appendi- 
ces on forging and die tolerances that can be specified by the 
purchaser through the purchase order. 

A 551-94, Steel Tires 

This specification for carbon steel tires for railway locomo- 
tives and rolling stock was first written in 1965 to replace 
two earlier specifications, A 26 and A 329. The major  differ- 
ence between these two older specifications was that for A 
329 the forged tire rings had to be quenched and tempered, 
whereas heat treatment was not specified for A 26. The speci- 
fication is somewhat dated, does not reference Specification 
A 788, and is currently under revision. 

Although manufacture is not actually mentioned, the 
tires would be produced, close to the required size and 
shape, as forged rings. The materials specified are medium 
to high carbon steels, but there is an option for the purchaser 
to specify additional alloying elements. 

Hardness ranges are provided for the heat-treated clas- 
ses, but tension testing is provided only by supplementary 
requirement. 

A 579/A 579M-04a, Superstrength Alloy 
Steel Forgings 

Originally published in 1967, this specification includes a 
large number  of high strength special alloy and stainless 
steels that had been developed to meet various applications, 

both commercial and military, that call for tensile strengths 
generally of 150 ksi (1035 MPa) or above. An example of a 
military application for Grade 84 is shown in Fig. 19.1. 

The compositions listed in the chemical requirement ta- 
ble range from a mundane SAE 4130 alloy with a specified 
vanadium range to the far more complex maraging steels. 
The steels are identified by a grade numbering system that 
currently starts at Grade 11 and runs to Grade 84 with many 
gaps. The rationale for the numbering system is not clear, 
but it is presented best in the table of tensile properties 
where the grouping is shown according to heat treatment. 
Many of the steels were proprietary at one time, with readily 
recognized trade names, and some may have had patent pro- 
tection; however, this is not currently the case. 

The included alloys all have UNS designations, and 
these together with some of the names by which they were 
known are included in the following table. 

Grade UNS Number Common Name 

11 K42598 
12 K51255 
12a K51255 
13 K13051 
21 K23477 
22 K24070 
23 K24728 
31 K32550 

32 K44220 

33 K14394 
41 T20811 
51 $41001 
52 $42201 
53 $43100 
61 $35000 

62 $17700 

63 $43100 
64 S35500 

71 K92820 
72 K92940 
73 K93120 
74 K91930 
75 K91940 
81 K91122 
82 K91283 
83 K91094 
84 K91472 

3Nil.SCr0.9MoCb Gun steel type 
HY130 
HY140 
SAE 4130 + 0.05-0.10V 
Nonstandard 4300 series: 4335Mo 
SAE 4340 with increased molybdenum 
D6a (D6ac if VAR used) 
High silicon, nickel, chromium, 
molybdenum 
High silicon, nickel, chromium, 
molybdenum 
High silicon, chromium, molybdenum 
H l l  Tool steel 
Martensitic stainless steel, Type 410 
Martensitic stainless steel, Type 422 
Martensitic stainless steel, Type 431 
Precipitation hardening semi- 
austenitic: AM3S0 
Precipitation hardening semi- 
austenitic: 17-7PH 
Martensitic stainless steel, Type 431 
Precipitation hardening semi- 
austenitic: AM355 
Maraging steel (200) 
Maraging steel (250) 
Maraging steel (275) 
Maraging steel, 12-5-3 (160) 
Maraging steel, 12-5-3 (180) 
9 Nickel-4 Cobalt steel: HP9-4-25 
9 Nickel-4Cobalt steel: HP9-4-30 
9 Nickel-4 Cobalt steel: 
9 Nickel-4 cobalt steel: HP9-4-20 

The heat-treated cross-sectional limitations in the use of 
these alloys are indicated relative to minimum yield strength 
by means of a table. This indicates, as would be expected, 
that Grade 13 (SAE 4130) has a maximum heat treated sec- 
tion size of 1 in. (25 mm) when yield strengths up to 180 ksi 
(1240 MPa) are required; however, it should be noted that 
the room temperature Charpy V-notch requirement at room 
temperature drops from a minimum of 20 ft-lbf (27 J) for 



Fig. 19.1--A guided 5000 Ib (2265 kg) penetrator warhead being 
dropped at a test range. The warhead was forged from a high 
strength low alloy steet with a composition similar to Grade 84 of 
ASTM A 5791A 579M. 

the 140 ksi (965 MPa) minimum yield strength to a mini- 
mum of 10 ft-lbf (14 J) when a minimum yield strength of 
160 ksi (1 I00 MPa) is required. It should be noted too that 
no minimum tempering temperatures are specified. 

Many of the alloys included in this specification were 
intended to be remelted in order to maintain acceptable duc- 
tility and toughness. The advent of ladle refining has reduced 
this need in many cases, but it should be stressed that clean 
steel practices are most important to the successful appli- 
cation of this specification, and easy machinability should 
not be expected. 

Acceptance criteria for the mandatory nondestructive 
examinations is not included, since these depend on the forg- 
ing application, but reference is made to the supplementary 
requirements of Specification A 788 to assist the purchaser. 

A 646/A 646M-04, Premium Quality Alloy 
Steel Blooms and Billets for Aircraft and 
Aerospace Forgings 

Originally published in 1971, this specification saw a major 
revision and conversion to the dual format in 2004. The 
product is for hot worked starting stock for forgings, and 
requirements for minimum hot working cross section reduc- 
tion are based on the required area of the bloom. It is noted 
in the scope that the terms billet and bloom are regarded as 
being synonymous. The purchaser of billets or blooms to this 
specification would normally be a forging producer rather 
than an end user. 

The specification was originally written to include two 
classes, one for remelted material and the other for vacuum 
degassed electric furnace steel that was teemed either in air, 
or under vacuum. This was augmented, at the time that the 
specification was updated, to include a third class of steel 
that was vacuum degassed and ladle refined. This new class, 
although intended to be intermediate between the existing 
Classes 1 and 2 in terms of quality, was numbered as Class 
3. This was to avoid any confusion for users of the earlier 
revisions of the specification. 

The commonly used steel cleanliness standards in the 
aerospace industry are AMS 2300 and AMS 2301 [I], and 
reference to these is included in a supplementary require- 
ment. With the advent of secondary ladle refining a third 
standard AMS 2304 [1] was introduced and this also is now 
included in the supplementary requirement. It should be 
noted that steel cleanliness is still required to be rated in 
accordance with Methods E 45, Determining the Inclusion 
Content of Steel, even if Supplementary Requirement S1, 
Magnetic Particle Cleanliness, is specified in the purchase 
order; however, the purchaser is required to specify the ac- 
ceptance criteria. 

A companion specification, Test Method A 604, covers 
the macro etch testing of carbon and alloy steel bars, billets, 
and blooms produced from consumable remelted ingots. For 
the vacuum degassed air melted steel of Classes 2 and 3, the 
requirements of ASTM E 381, Method for Macroetch Test- 
ing, Inspection, and Rating Steel Products, Comprising Bars, 
Billets and Blooms, and Forgings, apply. Again for Methods 
E 381 and A 604, the acceptance criteria must be furnished 
bv the purchaser, who in most cases would be the forging 
producer. It follows that the requirements for the end user 
must be available to the bloom or billet producer. 

Volumetric quality by ultrasonic examination is another 
mandatory part of the specification. This may be by the con- 
tact method in accordance with Practice A 388 /A 388M, or 
by the immersion method in accordance with Practice E 214, 
Immersed Ultrasonic Examination by the Reflection Method 
Using Pulsed Longitudinal Waves. 

Another feature of the specification is the provision of a 
chemical composition table for an assortment of alloys that 
have been commonly supplied for aerospace forging appli- 
cation. These include some of the materials, including 4130, 
found in Specification A 579; however, the grade numbers  
do not coincide.  It is noted that the material listing provided 
is not intended to exclude others that could be provided un- 
der this specification. 

A 668/A 668M-04, Steel Forgings, Carbon and 
Alloy for General Industrial Use 

This widely used specification was first published in 1972 as 
a result of the merging of three earlier specifications from 
the 1940-1942 period. These were: 

�9 A 235, Carbon Steel Forgings for General Industrial Use 
�9 A 237, Alloy Steel Forgings for General Use 
�9 A 243, Carbon and Alloy Steel Ring and Disk Forgings 

It is not unusual  for older drawings to reference one of 
the original specifications, and a table is included as an ap- 
pendix to Specification A 668lA 668M, showing the relation- 



ship between the older specifications and the new combined 
specification. 

The specification includes two steel categories, carbon 
and alloy, with the separation based on strength level. The 
individual grades are distinguished by heat treatment type 
and by strength or hardness level. Another most important 
aspect of the specification is that there are essentially two 
situations: 

The first involves forgings that are required to be tension 
tested and the minimum requirements are based on the heat- 
treated section size. 

The second is for forgings that are ordered to a hardness 
requirement only. 

The distinction between these options is that the hard- 
ness only situation requires certification and marking with 
the suffix "H." For example, forgings ordered to Grade E 
meaning carbon steel in the quenched and tempered or nor- 
realized, quenched and tempered condition with specified 
minimum tensile properties and hardness would be certified 
and marked as Grade E The same forging with the same heat 
treatment, but only hardness tested, would be certified and 
marked as Grade FH. Forgings in the as forged condition, 
that is supplied without heat treatment, are covered only as 
carbon steels, Grades A or All. All of the remaining condi- 
tions Grades B/BH through N/NH must be heat treated as 
prescribed for the particular grade. 

Carbon steels are covered by Grades A through E 
Grades G through N are required to be alloy steels. 
Because the application of the forgings supplied to 

Specification A 668/A 668M is so diverse, the choice of steel 
is intended to be left to the manufacturer, the purchaser  
stipulating the desired Grade and whether or not tension 
testing is required. It  should be noted, however, that provi- 
sion has been made for the purchaser to include the choice 
of steel composition, and an appendix to the specification 
gives examples of some standard steel compositions that are 
used when making forgings to the various grades. 

A feature of the specification that has been hotly debated 
is the chemical requirements table. This lists only maximum 
limits for manganese, phosphorus, and sulfur for the car- 
bon steels and phosphorus and sulfur for the alloy steels. 
Through reference to the General Requirements Specifica- 
tion A 788 and from there to the Terminology Specification 
A 941, one arrives at a definition for an alloy steel, but the 
purchaser should be aware that the supplier may at tempt to 
use a carbon steel when an alloy steel is required. 

The intended purchaser is always advised to request that 
the proposed steel chemistry or  standard chemistry desig- 
nation be furnished when considering buying a forging to 
this specification. 

When tension testing is required, the details for the 
number  and location of specimens are given in detail. Hard- 
ness testing locations and number  of tests are specified, as 
well as specific restrictions on the variation in hardness 
within the allowable range. 

It is important to note that the specification does not 
include Charpy impact  testing, although that may be accom- 
plished by reference to the supplementary requirements in 
Specification A 788. However, the type of heat treatment 
used is of more importance when impact testing is ordered. 

The provision for permitting forgings to be purchased 
on the basis of hardness testing only could amount  to con- 
siderable cost savings because, apart  from the cost of the 

test, there would be no need to provide test material. De- 
pending on the application and forging size and type, the 
knowledgeable purchaser could use this to good effect, but 
in such a case appreciation of the capabilities of the pro- 
posed steel composition, the heat treatment cycle, and the 
heat treatment facility is essential. Responsible supervision 
would be desirable also. 

Specification A 668/A 668M is used by many govern- 
ment agencies, both state and federal, for items as diverse 
as lock gate equipment and bridge parts to crane lifting 
hooks and support forgings for pressure vessels. It has a lot 
of potential if used properly, but is also open to abuse if the 
purchaser  does not pay heed to the ordering requirements 
and the required certification. This should be remembered 
when comparing quotations for forged components to this 
specification. 

A 711/A 711M-04, Steel Forging Stock 

Similar to Specification A 646/A 646M, this specification 
deals with the raw material for making steel forgings. How- 
ever, unlike the former specification, cast material such as 
ingots and strand cast shapes is included. Again in contrast 
to Specification A 646/A 646M, the terms "billet" and 
'`bloom," as well as "slab," are defined in terms of cross- 
sectional area, but it is noted that the terms '%illet" and 
"bloom" are frequently used interchangeably. 

A requirement for a minimum hot working reduction of 
2:1 is applicable to billets and blooms; however, the pur- 
chaser should be aware that these terms can be used for 
strand cast shapes, which are produced without hot working. 
This issue has been addressed in Specification A 788, 
whereby as cast shapes must be classified as cast billets or 
cast blooms. 

Because of its more general application, unlike Specifi- 
cation A 646/A 646M, a list of commonly used steels is not 
included. Reference to Specification A 29/A 29M, Steel Bars, 
Carbon and Alloy, Hot-Wrought and Cold-Finished, General 
Requirements for, is used to assist in this choice. 

Surface condition is often considered to be important in 
forging stock, and provision is made for local removal of 
defects or imperfections. This includes dimensional limits 
tied to the size of the stock. This subject is of particular im- 
portance for closed or impression die forgings. 

A large number  of supplementary requirements is pro- 
vided to include such topics as hot working reduction, prod- 
uct analysis, macro etching, heat treatment tests, and non- 
destructive examinations. 

The specification is intended for use by forging shops 
purchasing stock from a steel mill or warehouse, and some 
knowledge of ingots and wrought blooms and billets is as- 
sumed. 

A 729/A 729M-05, Alloy Steel Axles, 
Heat-Treated, for Mass Transit and Electric 
Railway Service 

Now in dual format this recently updated specification is in- 
tended to serve the needs of the railroad industry. All axles 
are now required to be heat treated, removing the variability 
associated with forgings in the as forged condition. 

One of the important upgrades relates to the ultrasonic 
examination requirements where reference is made to Prac- 



tice A 388/A 388M for the equipment and procedures, and 
references to obsolete equipment removed. Also Test Method 
A 275/A 275M is referenced for magnetic particle examina- 
tion, and the mandatory Annex A1 is referenced for accep- 
tance criteria. This annex was always mandatory but appar- 
ently was intended for visual examination. This revision, in 
calling for magnetic particle examination, makes the annex 
more effective. 

The heat-treated Grades F, G, and H although classed as 
alloy steels had few chemical requirements. These grades are 
retained for continuity with the AAR requirements, but a re- 
port of the actual composition used is now required for the 
mandatory certification, since certification is now manda- 
tory. New alloy steel Grades A, B, C, and D are included with 
full chemical requirements for the benefit of both producers 
and purchasers. The original strength requirements have 
been retained. 

Two new interesting supplementary requirements are in- 
cluded, one on the use of quenching from a subcritical tem- 
perature above 900~ (480~ to induce favorable residual 
surface compressive stresses [2], and the other for the mea- 
surement of residual stresses by X-ray diffraction. 

A 837/A837M-03, Steel Forgings, Alloy for 
Carburizing Applications 

suits, it is important for a forging procedure, including the 
forging temperature range, to be established and adhered to. 
For this reason, the purchaser may request a written forging 
procedure. This is something to be considered seriously, 
given that the typical forgings will be relatively small and 
only two tension tests are required per heat or forging lot. 
The lot size definition, according to the terminology section, 
forms a part of the microalloy forge procedure, lending even 
more importance to this document. 

A microstructure requirement of either a minimum of 
90 % ferrite and pearlite or 90 % bainite forms a part of the 
metallurgical requirements. The frequency of establishing 
this is not specified, but tying this to the minimum tension 
test frequency would not be unreasonable. 

It will be appreciated that for a process of this type that 
the cross-sectional dimensions of the forging will be a limit- 
ing feature, and the specification states that the maximum 
cross-sectional thickness or diameter is 4 in. (200 mm). 

As an exception to Specification A 788/A 788M, this is 
the only forging product specification that requires the pur- 
chaser to request certification if this is required. 

A 983/A 983M-04, Continuous Grain Flow 
Forged Carbon and Alloy_ Steel Crankshafts 
forMedium Speed Diesel Engines 

This is one of the few specifications for steel forgings that 
do not include a table of mechanical properties. An under- 
standing of the application explains this, since for carburiz- 
ing applications the forging must first be machined close to 
its final form before being carburized over the designated 
surfaces, after which it is quenched and lightly tempered. As 
well as core material properties, the hardness of the carbu- 
rized surface must  fall into the required range. The machin- 
ing, carburizing, and heat treatment would often be done in 
facilities removed from the forging producer, limiting the re- 
quirements needed for certification of the initial forging. 

A blank carburizing cycle on a test bar  could be used to 
qualify a heat for the core properties, and this could be a 
candidate for a new, as yet unwritten, supplementary re- 
quirement. 

Post forge heat treatment by normalizing or normalizing 
and tempering is mandatory, and a maximum hardness re- 
quirement of 229HB applies regardless of composition. This 
is intended to help machinability. 

Typically for carburizing application, the carbon content 
of the base material is restricted to less than 0.25 %. 

A 909-03, Steel Forgings, Microalloy, for 
General Industrial Use 

Representing an important group of forging materials that 
have become very important in the automotive and construc- 
tion equipment industries, Specification A 909 is closely al- 
lied to the bar  Specification A 576, Steel Bars, Carbon, Hot- 
Wrought Special Quality, that serves the same industries. 
Specification A 921/A 921M, Steel Bars, Microalloy, Hot- 
Wrought, Special Quality for Subsequent Hot Forging, is in- 
tended to be used in specifying the starting stock for forgings 
to this specification. 

The basis of these steels is the ability to meet specified 
properties with no heat treatment beyond cooling after com- 
pletion of forging. In this sense, to ensure reproducible re- 

Before dealing with this specification a few words concern- 
ing the development of this type of crankshaft may be 
helpful. 

Besides being used in reciprocating internal combustion 
engines, crankshafts are found in some compressors, partic- 
ularly those used in natural gas transmission service, and in 
mechanical presses. 

For small quantity production and for low speed diesel 
engine use, slab forged crankshafts, made to a general ap- 
plication specification such as Specification A 668/A 668M, 
have been used frequently. For these applications, Specifi- 
cations A 456/A 456M and A 503/A 503M can be used to 
specify nondestructive examination requirements and indi- 
rectly influence the forging production. 

The advent of the medium speed diesel engine, with its 
more demanding crankshaft loading, opened wide applica- 
tions in marine and land transport and, particularly when 
coupled with waste heat recovery systems, for electrical 
power generation systems. The success of these engines, 
multiplied by their conversion to natural gas for fuel, re- 
sulted in a need for improved forging quality and increased 
production capabilities, qualities that can be satisfied by the 
use of continuous grain flow (CGF) forgings [3]. 

Continuous grain flow crankshaft forgings can be pro- 
duced as conventional closed or impression die forgings, and 
although size limitations are imposed by press capacity and 
die size, some locomotive crankshafts with crankpin or main 
bearing journal diameters of about 7 in. (175 ram) have been 
made this way. One V-16 locomotive engine design employed 
two such four throw crankshaft forgings bolted together by 
means of central flanges. From the repair and reconditioning 
aspect, this design permitted either the front or back half to 
be replaced. 

Another limitation for large crankshafts made as single 
operation closed die forgings, close to the press power limits, 
was the need to hot twist to get the correct angular orien- 
tation for the crankpins. 



A more versatile continuous grain flow forging process 
consists of building up the forging in a series of forging 
steps, using closed dies in either a specially designed multi- 
directional forging press, or using proprietary mechanical 
equipment under a conventional open die forging press, to 
amplify and convert by means of lever systems, the down- 
ward effort of the press to a horizontal force. For the latter, 
one system was developed in France and is known as the RR 
system [4]; another well-documented system was developed 
in Poznan, Poland by Dr. Tadeusz Rut and is known as the 
TR method [5]. These CGF crankshafts are sometimes re- 
ferred to as staged or built-up crankshafts, but the latter 
term is used also for some very large low speed marine 
crankshaft designs where separate webs are shrink fitted 
onto the main bearing sections. 

The CGF designs are produced in several countries using 
open die forging presses with additional equipment, but in 
the United States they are produced on one of two multi- 
directional hydraulic presses that were designed specifically 
to produce CGF crankshafts. One of these presses is shown 
in Fig. 19.2. 

The heat to forge operation for these dedicated presses 
is done using induction furnaces, as illustrated in Fig. 19.3 
so that only the area to be forged can be brought up to tem- 
perature quickly. The perils involved in using induction heat- 
ing that were described in Chapter 6 must be recognized and 
taken into account for successful forging. One such problem 
is that the starting bar size for many medium speed diesel 
engines will exceed 7 in. (175 mm), and for the multi- 
directional presses can be as large as 11 in. (275 mm). The 
direct heating effect in a low frequency induction furnace is 
limited to the first 2 or 3 in. (50 or 75 ram) from the surface, 

so that the core of the bar is heated by conduction. If power 
is maintained until the center is up to temperature, the risk 
of overheating the surface is very high, so that a soak period 
with little or no power application is required. 

The great advantage of the staged CGF forged crank- 
shaft over the single closed die forgings, besides accommo- 
dating larger diameters, is that longer length one piece shafts 
are possible, and since the correct angular crankpin position 
can be maintained, hot twisting is eliminated. This facilitates 
the production of the large V-18 engines that are now pop- 
ular for many marine applications. 

The multidirectional presses enable forgings to be pro- 
duced with minimal excess stock and facilitate the use of 
counterweights attached by welding, a technique that  is 
popular with North American engine builders as well as 
some in Europe. The open die forging machine systems re- 
quire additional excess stock for machining so that welded 
counterweights can be used only after additional machining. 
This may account for the continued prevalence of bolted 
counterweights used in most  European engine designs. 

Specification A 983/A 983M was written to provide a 
national consensus standard for a specific type of crankshaft 
that is in wide international use, and to replace or augment 
the many proprietary or in-house specifications written by 
engine builders. The specification permits the engine pur- 
chaser not only to have a say in the integrity of a vital com- 
ponent by referencing the specification in the purchase order 
for the engine, but to have a say, through the consensus stan- 
dards process, in the contents of the specification. 

Vacuum degassed steel is a specification requirement. 
Although hot rolled bar  is an acceptable starting form for 
the crankshaft forgings, an important provision is that the 

Fig. 19.2--A large multi-directional hydraulic forging press designed to make continuous 
grain f low crankshafts. The bars are heated in the two induction furnaces in the fore- 
ground and are carried to the closed die press by a special stiff leg crane. A partially 
completed crankshaft is being lifted from the press after forging a crankpin, and will join 
other shafts on the racks to the left and right of the press. Some new bars await the start 
of the forging process on the rack to the right of the press. The crankshafts are forged 
incrementally starting with the coupling flange and proceeding one crankpin throw at a 
time. Two gas fired horizontal furnaces used for final heat treatment are visible in the 
background. (Courtesy EIIwood National Crankshaft Company) 



Fig. 19.3--A partially completed crankshaft forging being removed from an induction 
heating furnace for transfer to the closed die forging press. (Courtesy EIIwood National 
Crankshaft Company) 

bar may not be produced by slitting a rectangular section, 
since this may defeat a prime advantage of continuous grain 
flow forgings in that the central core material from the orig- 
inal cast stock would be exposed on the surface. Initial pre- 
production or first article macro etch testing of the forging 
is required to demonstrate satisfactory continuous grain 
flow. Heat treatment is mandatory., and designs that include 
welded counterweights are addressed. 

A grain size determination at the tension test location is 
required, and provision has been made for elongation to be 
measured on a 4D gage length for forgings made to inch- 
pound units and 5D when SI units are specified. This is one 
of the few ASTM product specifications to require the use of 
the 5D gage length for the tension test when SI units are 
required. 

Charpy V-notch impact testing is included as a supple- 
mentary requirement since this is a necessary test for some 
marine inspection agencies. Many engineers would argue 
that impact testing is unnecessary for crankshafts, because 
the failure mode will either be by fatigue or mechanical heat 
damage to beating surfaces through seizure. 

The single most important nondestructive examination 
for crankshafts is by the magnetic particle method, because 
the primary failure mode is by fatigue that is strongly influ- 
enced by surface conditions in terms of metallurgical and 
mechanical effects. For this reason, the examination require- 
ments are included in Specification A 986/A 986M that was 
discussed in conjunction with the test methods standards. 

Ultrasonic examination is also covered in supplementary 
requirement and references Specification A 503/A 503M. 
The starting bar  can be subjected to a full volumetric ex- 
amination, but examination of the forging is more restricted 
because of geometric considerations. The examination 
should be done after heat treatment, but before drilling oil 

passages. Great care must be taken to eliminate misleading 
reflections caused by the complex geometry of the forging. 

Although not common at present for marine crank- 
shafts, surface treatment by nitriding or induction hardening 
is widely used for locomotive applications. Provision for this 
is included in the supplementary requirement section. 

Two inclusion-rating provisions are also available as 
supplementary requirements. One of these covers conven- 
tional testing at the mid-radius position of the starting bar, 
and the second addresses the near surface location that is of 
great importance in the crankpin and main bearing posi- 
tions. 

A 1021-02, Martensitic Stainless Steel 
Forgings and Forging Stock for High 
Temperature Service 

As the title suggests, a major application for the billets and 
forgings to this specification is the power generation field, 
and the included materials are found in Specification A 982/ 
A 982M for turbine blade applications, although there is no 
cross-reference at this time. 

The standard is unusual in providing for both stock for 
reforging and finished forgings. 

The tension and impact test requirements mirror  those 
in Specification A 982/A 982M, except of course for the 17- 
4PH stainless steel found in that specification. The Charpy 
V-notch impact test requirements for Grade D Class 
1 (UNS42225) are quite low, being on the lower shelf at room 
temperature. 

It should be noted that a stress relieving heat treatment 
is required after straightening a forging, and that liquid 
quenching after stress relief is not permitted. 
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The Role of the Purchaser 
AS I/VITH MANY OTHER COMMODITIES FORGINGS 
are produced to meet a particular need and in most orga- 
nizations forging procurement is handled by a purchasing 
department.  This group is expected to deal with all the ma- 
terials, equipment, and components that are required to 
meet the manufacturing needs of the organization. The pur- 
chasing agent is the crucial link between the producer and 
the user. The purchase order (PO) is the vehicle used to con- 
vey the user's needs to the forging supplier, but before a pur- 
chase order is issued the purchaser  needs to know that the 
material can be supplied, what it will cost, and when it can 
be supplied. This is usually achieved by asking for a quota- 
tion from one or more potential vendors. In U.S. Govern- 
ment  parlance, such documents are known variously as an 
invitation for bid (IFB), request for proposal (RFP), or a re- 
quest for quotation (RFQ). The RFP and the purchase order 
should be essentially the same at the very least in technical 
content. There may be several steps in this path and more 
than one purchasing entity may be involved. Quotation re- 
quests are often made to support an industrial exercise in- 
tended to confirm the feasibility of a design project and may 
never result in an actual purchase, but in any event the RFP 
should mirror  as closely as possible the eventual purchase 
order, but taking into account changes that are the result of 
comments  or exceptions taken by the selected supplier. Even 
in the apparently simple situation of the purchase of a fully 
completed forging, such as a forged crankshaft for a diesel 
locomotive from an integrated forging company, although 
the order for the crankshaft is placed directly from the en- 
gine builder to the manufacturer, the forge shop has to pur- 
chase materials to make the steel and the forging, as well as 
supplies such as nuts and bolts and oil hole plugs. From this 
then it is clear that not only are the request for pricing and 
the purchase order an indispensable part  of the transaction, 
but the specification(s) that the forgings are made to become 
of major  importance as well. 

These specifications could be quite simple and con- 
tained within the quotation request and purchase order 
themselves, for example, a rolled steel bar 10 in. (250 mm) 
in diameter and 12 ft (360 cm) long to SAE 1045. This de- 
scribes the size of the bar, its chemistry, and its condition. It 
is important to note here that the former, and still commonly 
used, AISI designations have been out of use for many years. 
This simple example quoted tells nothing about surface 
finish, dimensional tolerances, heat treatment, mechanical 
properties, or soundness of the material. 

Perhaps some of the quotations received in response to 
this request would include some additional description of 
the required material, for example, that the bar would be 
hot rolled to mill tolerances on diameter and straightness, 
cut to length to a tolerance of -0 ,  +0.25 in. (+6 ram), and 
with sawn ends. The material would be in the as rolled con- 
dition. There possibly would be no mention of a material 
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specification beyond SAE 1045. Of course, much of this in- 
formation could be conveyed to the purchaser  in a phone 
call before making the formal quotation. The more detail 
that is required to fill the order, the more complex the RFP 
and the PO become and the need for a material specification 
arises. Sometimes the purchaser will describe the intended 
application of the material, and this may alert the observant 
supplier to ask further questions, such as in the above ex- 
ample, whether or not the decarburized surface of the hot 
rolled bar is to be removed for a component  that is to be 
subjected to fatigue loading in service. Information on the 
application of a forging is sometimes self evident in as much 
as it is obvious that a diesel engine crankshaft is expected to 
operate in a diesel engine, and the forging supplier should 
be aware- - for  his own protection---of the various material 
related factors that will affect crankshaft performance. Often 
there are few clues to the intended end use of a forging, and 
the forging manufacturer  must simply follow the purchase 
order and specification requirements. 

At one time many large companies wrote their own 
specifications and these were tailored to suit precisely their 
own operational needs. This often required that personnel 
were wholly dedicated to this not inconsiderable task, and 
once written these specifications required periodic revision 
to meet the changing needs of the company and the devel- 
opments in the materials supply industries. With ever tight- 
ening fiscal restraints the ability to write and maintain in- 
house material specifications has declined significantly in 
many cases. 

There are some trade organizations that still write and 
maintain standards for their industries. Often these describe 
dimensional aspects of the products that their members  
make, an example being the MSS standards [1]. What then 
are the alternatives? Fortunately in the United States the na- 
tional consensus standards writing bodies work diligently to 
write and maintain the backbone of the material specifica- 
tions, test methods, and recommended practices that are 
used both in North America and abroad. A study of the steel 
forging standards published by ASTM is included in this vol- 
ume, but it is worth emphasizing here that both the pur- 
chaser and the supplier should take the time and trouble to 
understand what is being bought and what is being sold 
from the perspectives of both parties. It should be realized 
that if there is a conflict between the requirements of the 
purchase order and the specification, then this should be re- 
solved before melting steel or making parts. It is not always 
possible to say that the purchase order requirements take 
precedence, particularly if the specifications of a legally re- 
quired code or practice are involved. For example, if the or- 
der is for the purchase of forgings for use in a pressure vessel 
that is to be covered under the rules of the ASME Boiler and 
Pressure Vessel Code, then the forgings must comply with a 
chosen material specification that is permitted in Section II 
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of that code. Failure to do this can lead to rejection of the 
material or at best enduring the delays and uncertainties of 
trying to get the material accepted under the special rules of 
a Code Case. It, therefore, behooves the manufacturer  (since 
he is the materials "expert") as well as the purchaser to make 
certain that the product meets all of the requirements of the 
material specification and construction code, as well as the 
purchase order, since in the case of a dispute the forging 
supplier may not be able to shelter totally behind the excuse 
of simply following the purchase order requirements. A cor- 
ollary of this is that both the purchaser and the supplier 
should take an active interest in the development and main- 
tenance of the national consensus standards. 

Remembering that additional work on the forging may 
be done by the purchaser, or looking forward to experience 
when the part  goes into service, there may be a need for 
more explicit details of the forging manufacturing history 
such as the full nondestructive examination reports, not sim- 
ply that the forging met the minimum specification require- 
ments. Admittedly, this involves some work on the suppliers 
part, although this is reduced if the request is known ahead 
of time, but the data can be invaluable in assessing later 
developments, be they failure analysis, remaining life assess- 
ment, or repair proposals. 

The use of consensus standards minimizes the need for 
specific purchase order instructions. The Purchasing Re- 
quirements section in ASTM steel specifications helps in list- 
ing items that should be a part  of the purchase order, and 

directs attention to the Supplementary Requirements section 
for specific items that may be relevant to the use of the forg- 
ings. 

An admonition that was made during the specification 
reviews needs to be repeated here, and that is that attention 
must be paid to the scope clause of the chosen specification, 
to assure that the required forging application is covered. 
Failure to do this can mean that necessary quality assurance 
provisions for the application may not be met. This is par- 
ticularly important for the end users of the finished equip- 
ment. It is not enough to know that some consensus speci- 
fications are included in the description. 

A major aim of this review of the forging process is to 
assist the purchasing agent or manager  to understand better 
the product relative to sending out an inquiry or placing a 
purchase order. It is hoped that the specification review will 
facilitate matching the need for a particular forging with the 
appropriate product specification relative to the application. 
To repeat, the purchasing agent is often the only direct link 
between the forging supplier and the engineer who needs the 
forging, and it should not be assumed in every case that the 
needs are fully understood in the request given to the pur- 
chasing department. 
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Forging Failure Analysis 
Process Related 

AN UNDETECTED, OR IGNORED, INGOT RELATED 
defect can be expected to show up as a forging defect, and 
may not be revealed until late in the production process for 
the component.  Although some ingot internal problems, 
such as fully enclosed solidification voids, can be healed dur- 
ing forging, others such as surface cracks, pouring laps, and 
gross piping will give rise to defective forgings. This subject 
was discussed in Chapters 4 and 13, but it should be noted 
that it is not always apparent that problems encountered in 
a forging were the direct result of a condition in the ingot. 
As an example, during magnetic particle examination of cy- 
lindrical open die forgings in a modified SAE 4330 alloy 
steel, several transverse indications were detected. These 
were about 0.75 in. (18 mm) in length, and when probed, 
persisted to a depth of about 0.5 in. (12 mm). At the time 
they were detected about 1 in. (25 mm) of stock had been 
removed from the original forging surface, but later tests on 
other forgings showed that they actually began closer to the 
original forged surface. Etching of the indications in situ re- 
vealed that a decarburized envelope surrounded them, sug- 
gesting that they were present during heating for forging. 
Curiously, it was noted during the probing operations that 
the length of the indications essentially did not change until 
they were removed. All of this directed attention to the ingots 
that were from a big end down fluted forging ingot mold 
with a top diameter of 30 in. (750 mm). Since ingot porosity 
was suspected, cross sections from an ingot were hot acid 
etched. Those sections from the upper part  of the ingot 
showed radially disposed, cylindrical near surface pores 
about the same length as the indications in the forgings, 
while those from lower in the ingot were pore free. The ori- 
gin of the magnetic particle indications was now clear. Near 
surface, cylindrically shaped gas pores had been formed by 
reaction between carbon and oxygen in the steel during the 
initial solidification after the manner  of a r imming steel. The 
ferrostatic head pressure in the mold had suppressed the 
pore formation lower in the ingot, and during heating for 
forging the proximity to the surface had permitted sufficient 
oxidation of the internal pore surface to impede the forge 
welding of the pores. The fix was to correct both deoxidation 
and vacuum degassing procedures during steel making. If  
surface NDE had not been a requirement, these defects 
would not have been discovered before delivery. 

An important, if fortunately very infrequent, occurrence 
is the use of the wrong material for the forging. This can 
occur because of stock inventory problems, perhaps in mark- 
ing or handling--one piece of scaled forging billet, of a given 
size, looks much like another, or simply by removing the 
wrong ingot from the forge heating furnace. In a busy forge 
shop on a given day there may be ingots of different steel 
grades from the same ingot mold being heated in the same 
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batch furnace, and a scheme such as a closely followed chart 
is used to locate each ingot in the furnace. This is the re- 
sponsibility of the furnace operator, often called the Heater. 
The problem here may not reveal itself until the mechanical 
testing stage is reached, when abnormal hardness, tensile or 
impact properties are obtained. A product analysis of course 
reveals the cause, but the next problem is to find the other 
forging made from incorrect material, and this may not al- 
ways be so easy! Alertness is required on the part  of those 
involved in machining, mechanical testing, and NDE exam- 
inations for situations that are noticeably abnormal,  even if 
the required specification values are met, since the incorrect 
chemical composition may adversely affect subsequent weld- 
ing operations or service conditions. This could be termed 
inadvertent grade substitution. Unfortunately, the inten- 
tional use of the wrong material has occurred often enough 
to warrant  the insertion of grade substitution language in the 
steel specifications. 

Forging 

Apart from making the steel more difficult to work, low in- 
terior temperatures can lead to significant internal forging 
bursts. Although these may be revealed during machining or 
by NDE methods, again to the detriment of costs and sched- 
ule, examples have been seen of service failures attributable 
to such internal defects. Internal bursts generally exhibit a 
woody fracture appearance, and in some observed cases 
have been the origin for fatigue cracks spreading from inside 
to the outer surfaces. In one example, Fig. 21.I, a pinion 
forging with integral bearings was removed from an exca- 
vator after an inspection showed oil seeping from what ap- 
peared to be cracks on the end faces. Examination revealed 
an oval shaped internal burst lying along the axis of the pin- 
ion with fatigue cracks that had propagated outwards from 
the periphery of the crack. At that t ime the pinion had not 
quite separated into halves. In this example an alert machin- 
ist could have detected the problem long before the pinion 
was put in service. 

Carbon segregation can lead to problems in forgings 
made from the larger ingots, notably those weighing in ex- 
cess of 15 tons (14 t). The carbon content can vary signifi- 
cantly from top to bottom of the ingot [1], leading to differ- 
ences in mechanical properties after heat treatment. This 
effect has been noticed in very large ship propulsion shaft 
forgings made from ingots weighing more than 30 tons (27 
t), to the extent that the tempering temperature had to be 
adjusted along the length of the shaft. 

Hydrogen Damage 

The adverse effects of hydrogen are well known in the weld- 
ing of steels, where the term "Fish Eyes" is often used. These 
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Fig. 21.1--An excavator pinion about 18 in. (450 mm) in diameter 
that was removed from service because of visible longitudinal crack- 
ing. The cause was an original internal forging burst that propa- 
gated during heat treatment and then propagated further out- 
wards by fatigue in service. The cracking could have been detected 
during machining, as well as by surface NDE. 

effects can be seen on the fracture surfaces of tension test 
specimens, Fig. 10.1, and often in failed bend tests. They are 
characterized by shiny light colored elliptical fracture sur- 
faces, each with a tiny dark spot near the center, hence the 
term "eye." Similar effects are sometimes found during the 
tension testing of forgings, and are accompanied by a drastic 
loss of ductility, both in elongation and reduction of area. 
Careful inspection of the eye, and there may be more than 
one, will reveal a small inclusion in the fish eye, and exam- 
ination in a scanning electron microscope (SEM) will show 
an intergranular fracture, characteristic of the presence of 
hydrogen. Baking the tension test specimen at about 500~ 
(260~ for an hour or two will restore ductility, but if this 
is to be used, then the forging should be baked as well, with 
the hold time adjusted for the section thickness. Hold times 
of the order of 10 h/in. have been used for this purpose. 

Fatigue 

In dealing with defects and production problems in forgings, 
the reader is apt to be left with the impression that all service 
failures and difficulties can be laid at the forging's door. 

Nothing can be further from the truth. In practice, manu- 
facturing defects in forgings are generally apparent before 
the forging is to be shipped, and thus become an "error and 
defect" cost, together perhaps with a schedule delay. Unde- 
tected defects that surface in service are relatively rare. What 
then is the major reason for in-service failure? The short an- 
swer to this is fatigue, and although the causes of fatigue 
failure have been known, for about a century, in many cases 
they are still disregarded. The repeated application of a load 
to a component can lead to failure at stresses, much lower 
than the tensile or yield stress of the material, if the number 
of load cycles is high enough. This is known as fatigue. The 
classic example is for a rotating shaft mounted on bearings. 
The shaft will have a tendency to sag between the bearings, 
inducing compressive surface loads at the top and tensile 
loads at the bottom. As the shaft rotates an alternating 
tension/compression load cycle is set up and if these stresses 
are high enough, failure can be anticipated after many load 
reversals. As the loads are reduced the number of cycles to 
failure increases until a steady state condition exists when 
failures do not occur; this is known as the endurance limit 
for the material, and as a rule of thumb is approximately 
half of the tensile strength. However, it should be noted that 
surface condition is of paramount importance when consid- 
ering fatigue. Surface finish, and even the methods used to 
achieve this finish, are critical aspects in considering the fa- 
tigue life of a component. Geometric features must be con- 
sidered also. Simple features, such as a change in cross sec- 
tion or a keywaF, have an enormous influence on the life of 
a component operating under alternating stresses. It is es- 
sential to minimize stress concentration points, so that at a 
change in cross section, for example, a generous smooth ra- 
dius is necessary. Similarly for a keyway, no sharp corners 
should be present, and the fewer and shallower the machin- 
ing marks are on the surface, the better it is for extended 
life. Some of these requirements cut across low cost ma- 
chining and assembly practices. For example in a keyway, 
machining sharp corners comes naturally to the process and 
simplifies making the key for the desired snug tight fit. In- 
troducing the necessary radii into the keyway for good fa- 
tigue life increases machining and assembly costs. The au- 
thor's first job was in an aero engine factory that made large 
sleeve valve radial piston engines. Suspended from the ceil- 
ing joists all through the vast machine shop was the exhor- 
tation No Sharp Comers! It should be remembered that al- 
though surface condition is of paramount importance in 
considering fatigue strength, failures can originate at sub- 
surface locations in the presence of significant stress risers, 
such as the examples shown in Figs. 21.1 and 21.2. 

While in certain industries the importance of surface 
finish and component design because of fatigue was well 
known, in others the lessons were less so. An example was 
the case of the Comet, an early pressurized jet powered air- 
liner. The airframe designers were apparently less familiar 
with the requirements for fatigue prevention in a pressure 
vessel (the fuselage) than their colleagues in the same com- 
pany that produced the jet engines, with the result that fa- 
tigue cracks originating at the window openings caused cat- 
astrophic rupture of the fuselage in flight. A similar situation 
existed in the ship building industry when welding began to 
replace riveting for hull construction. In riveted construction 
it is difficult for a crack to propagate through the joint into 
the next plate; this difficulty disappears with welded con- 



Fig. 21.2--Failed crankshaft counterweight weld from a CGF crank- 
shaft. Although the fillet weld had ample throat thickness along 
the sides of the counterweight, the welds were inadequate at the 
ends of the counterweight post where centrifugal forces in service 
are high. Fatigue cracking started at the weld root at the ends of 
the post and propagated through most of the fillet weld section 
before the counterweight flew off. 

struction and construction features such as loading hatch 
corners assume critical importance. Here a fatigue crack can 
develop at a stress concentration and result in a catastrophic 
brittle failure. Although the numerous Liberty ship brittle 
failures during World War II were attributed to brittle failure 
due to the poor notch toughness of the hull steels, it is likely 
that attention to good fatigue resisting design and construc- 
tion features such as the absence of areas of high stress con- 
centration could have prevented many of the failures. 

Some components are more complex than others with 
respect to fatigue loading. For example, an internal combus- 
tion engine crankshaft presents special situations with nu- 
merous highly stressed areas. During the compression and 
firing strokes high bending stresses are imposed on the 
crankpin and main bearing radii. In addition, both torsional 
and bending stresses are experienced at the lubrication holes 

in the bearing journals. The radii at the oil holes and be- 
tween the journals and the crankshaft webs must be large 
and smooth with no machining ridges. Providing residual 
compressive stresses at these surfaces is beneficial to crank- 
shaft life. These compressive stresses can be obtained by 
cold working the surfaces, for example, by rolling or shot 
peening techniques, or surface hardening by nitriding or in- 
duction hardening. A machine for induction hardening 
crankshafts is shown in Fig. 12.4. However this is done, the 
final surface finish is a paramount  factor. Since surface 
grinding is often used to obtain the final dimensions and 
surface finish, care must be taken to avoid the tiny surface 
grinding cracks that will readily act as origin points for a 
fatigue crack. Cracking caused during grinding is a subject 
in itself and was discussed in Chapter 8, but generally is at- 
tributed to the grinding media becoming dogged and bur- 
nishing the surface rather than cutting it. The timely dress- 
ing of the grinding wheel is very important, but even the 
diamond quality used for this purpose has been found to be 
a factor. In the author's experience, even the use of worn 
silicon carbide polishing cloth with power tools on a hard- 
ened steel surface can cause shallow cracking. 

Another factor that can promote fatigue failure is sur- 
face decarburization. This can occur when insufficient stock 
is removed from the surface following heat treatment. The 
decarburized skin has a lower strength than the underlying 
material, and hence a lower fatigue strength. Although not 
considered to be forgings, coil and leaf springs can be prone 
to this problem, together with any seams or tokes remaining 
from the original rolling operation that can act as stress ris- 
ers for fatigue failures. 

It is worth noting here that some fatigue failures result 
from repair procedures that weaken the surface when re- 
storing a dimensional problem. Frequently, such repairs 
involve welding and sometimes peening. Reports have 
appeared in the literature, and the author has personally 
investigated similar instances, where a mis-machined key- 
way or shaft journal has been rebuilt by welding and rema- 
chined to size. Sometimes the weldments had cracked, per- 
haps due to lack of preheat, or some other weld defect had 
left a surface stress concentration. In others, the fatigue 
strength of the weld deposit was inadequate for the appli- 
cation. A popular design of diesel electric locomotive crank- 
shaft was made by two crankshaft manufacturers. The shafts 
produced by one of them experienced several counterweight 
weld failures in which a counterweight would be thrown off 
the crankshaft, damaging both the shaft and the crankcase. 
Examination of a failed counterweight at tachment weld, Fig. 
21.2, clearly showed that the weld had failed by fatigue origi- 
nating at the partial penetration weld root at the ends of the 
counterweight post. There was insufficient depth of weld at 
these locations. Counterweight welds from the second manu- 
facturer had been made using better weld preparations and 
gave no service problems. 

In some applications for ship shafting a copper alloy 
bearing surface is required. If the shaft is flanged at both 
ends, a split sleeve that is joined in situ on the shaft can be 
used, using the weld shrinkage to hold the sleeve in position 
on the shaft. However, precautions must be taken to avoid 
welding onto the shaft surface, because of the risk of inter- 
granular copper penetration of the shaft surface. This risk of 
intergranular copper alloy penetration in steel can be much 
reduced if the forging is stress relieved before welding. 



Fig. 21.3--Failure of a crane sheave shaft forging shortly after weld restoration of the 
bearing surface. The weld beads of the repair can be seen as well as the overlay of bronze 
from the sheave bearings. Bearing seizure appeared to be through lack of lubrication, and 
molten bronze had penetrated the shaft surface. Brittle fracture of the shaft started at 
the bronze penetration areas. The shaft microstructure was coarse apparently through 
lack of heat treatment leading to low toughness. 

Failures due to copper alloy surface penetration of steel 
have been observed in crankshafts where a bearing seizure 
resulted in deposition of the copper alloy on a journal sur- 
face. The journal had been cleaned of adhering metal parti- 
cles from the damaged bearing, fitted with new bearings, and 

restored to service, to be followed soon after by fracture of 
the journal by fatigue. In a similar incident, following a 
bronze bearing seizure on a weld repaired sheave shaft from 
a crane, replacement of the bronze bearing was followed by 
a brittle fracture of the sheave shaft, Fig. 21.3. The fracture 

Fig. 21.4--Failed cement kiln shaft forging. Failure was by fatigue originating at bronze 
grain boundary penetration stemming from an earlier bearing seizure. The shaft surface 
had been cleaned but particles of bronze could still be seen. Notice the alignment of the 
fracture path with the circumferential scores that were sites of bronze penetration. 



origin was a small fatigue crack originating at a grain bound- 
ary bronze penetrat ion site. A fractured shaft from a cement  
works is shown in Fig. 21.4. The fatigue fracture in this case 
again started at a bronze penetrat ion site caused by a bear- 
ing seizure. 

Co r ro s ion  Fa t igue  typically occurs in components  that 
are subjected to alternating stresses whilst in corrosive en- 
vironments,  such as a carbon or  alloy steel part  (e.g., a ro- 
tating shaft that  is operat ing in an aqueous environment).  
The fatigue strength is significantly degraded in such circum- 
stances and measures must  be taken to protect  the stressed 
surfaces. A c o m m o n  incidence of  corrosion fatigue is found 
in s team boilers in locations subject to repeated heating and 
cooling. Superheater  headers are an example. In order  to 
control the superheated steam temperature,  water sprays are 
often used to reduce the steam temperature.  A baffle is usu- 
ally placed to prevent water  droplets f rom hitting the header  
ID surface, but  if this should happen, the repeated localized 
spot heating and cooling of  the header  wall can cause sharp 
t ransgranular  cracks that  will rapidly penetrate it. This prob- 
lem should not  be confused with stress corrosion in which, 
for a given material, specific corrosive agents in conjunct ion 
with applied or  residual stresses can cause extensive crack- 
ing. For  many, but  not  all materials, this cracking is inter- 
granular. The problem is known by various names; for ex- 
ample, Season Cracking in brass is associated with ammon ia  

together with high residual stresses. In the carbon steels, 
Caustic Cracking is associated with the concentrat ion of  so- 
d ium hydroxide from the boiler feed water at areas of high 
residual stress, such as at rivet holes in riveted boiler shells. 
Similar cracking has been found near welded seams that  
were not stress relieved. 

The correction of  these problems can involve stress re- 
lief of  the component ,  effective in the case of  brasses when 
the environment  cannot  be changed,  o r  by removal of  the 
corrosive agent, as is the case for boiler feedwater t reatment  
for boilers. 

Liquid metal embri t t lement  or  attack is often another  
form of stress corrosion. Copper alloy weld overlays on car- 
bon or  alloy steels have been known to result in grain bound- 
ary penetrat ion of  the base material. Stress relief of  the part  
before overlaying has been found to be helpful in such cases. 
However, it is not  always easy to identify the cause of  the 
attack, particularly if the manufactur ing and use histories 
are not known; and all these problems are generic and not  
associated simply with forgings. 
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Postscript 
THE FORGING OF STEEL HAS PROGRESSED FAR 
from its initial use of agglomerating and consolidating small 
batches of iron and steel before forming them into useful 
products, to the current high integrity forged components 
that are used, and taken for granted in everyday life. The 
provision of vital utilities such as electricity, gas, and water, 
as well as transport by land, sea, and air all depend on the 
integrity and availability of steel forgings. 

Understanding of the contents of the scope clause that 
is a part  of each of ASTM International's specifications is 
essential for the successful application of the standards. If a 
forging product specification is to be used for an application 
that is not mentioned in the scope, the requirements of the 
specification should be considered relative to the expected 

performance of the forging rather than the first cost. For 
example, Specification A 723/A 723M, Alloy Steel Forgings 
for High-Strength Pressure Component Application, has 
been used to advantage in the manufacture of structural an- 
choring components for an offshore oil platform because 
besides offering the necessary mechanical properties it in- 
cludes extensive testing requirements to give the needed 
quality assurance. 

This work describes not only the features that go into 
making forgings, but also the tools in the form of consensus 
standards that enable the manufacturer  and user to define 
the required product, and make an intelligent choice of the 
manufacturing controls that are appropriate for the intended 
use. It is hoped that these aims have been achieved. 
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