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NOTICE 

To the best of our knowledge the information in this pub- 
lication is accurate; however, the Publisher does not assume 
any responsibility or liability for the accuracy or completeness 
of, or consequences arising from, such information. This book 
is intended for informational purposes only. Mention of trade 
names or commercial products does not constitute endorsement 
or recommendation for use by the Publisher. Final determ- 
ination of the suitability of any information or product for use 
contemplated by any user, and the manner of that use, is the 
sole responsibility of the user. We recommend that anyone in- 
tending to rely on any recommendation of materials or pro- 
cedures mentioned in this publication should satisfy himself as 
to such suitability, and that he can meet all applicable safety 
and health standards. 
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The chemical and allied industries employ a multitude of unit 
operations in product manufacturing. Both chemicals and physical 
mechanisms are employed in these operations, ranging from simple 
bulk handling and preparation of chemical feedstocks to complex 
chemical reactions in the presence of heat and or mass transfer. 
These operations require application of scientific and engineering 
principles to ensure efficient, safe and economical process 
operations. To meet these objectives, process equipment must 
perform intended functions under actual operating conditions and do 
so in a continuous and reliable manner. Equipment must have the 
characteristics of mechanical reliability, which includes strength, 
rigidity, durability and tightness. In addition, it must be designed at 
an optimized ratio of capital investment to service life. 

This book is designed as a handy desk reference covering 
fundamental engineering principles of project planning schemes and 
layout, corrosion principles and materials properties of engineering 
importance. It is intended as a general source of typical materials 
property data, useful for first pass materials selection in process 
design problems. 

This book is based upon seminars given by the author during the 
1980s. With the recent addition of material relating to elastomers 
and plastics, this book has been brought up-to-date. 

Nicholas P. Cheremisinoff 
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1. 
OVERALL PROCESS SYSTEM DESIGN 

1.1  INTRODUCTION 

The chemical process industries (CPI), petroleum and allied industries 
apply physical as well as chemical methods to the conversion of raw feed- 
stock materials into salable products. Because of the diversity of products, 
process conditions and requirements, equipment design is often unique, or 
case specific. The prime requirement of any piece of equipment is that it 
performs the function for which it was designed under the intended process 
operating conditions, and do so in a continuous and reliable manner. Equip- 
ment must have mechanical reliability, which is characterized by strength, 
rigidness, steadiness, durability and tightness. Any one or combination of 
these characteristics may be needed for a particular piece of equipment. 

The cost of equipment determines the capital investment for a process 
operation. However, there is no direct relationship to profits. That is, more 
expensive equipment may mean better quality, more durability and, hence, 
longer service and maintenance factors. These characteristics can produce 
higher operating efficiencies, fewer consumption coefficients and operational 
expenses and, thus, fewer net production costs. The net cost of production 
characterizes the perfection rate of the total technological process and 
reflects the influences of design indices. Therefore, it is possible to compare 
different pieces of equipment when they are used in the manufacture of 
these same products. 

The desirable operating characteristics of equipment include simplicity, 
convenience and low cost of maintenance; simplicity, convenience and low 
cost of assembly and disassembly; convenience in replacing worn or damaged 
components; ability to control during operation and test before permanent 
installation; continuous operation and steady-state processing of materials 
without excessive noise, vibration or upset conditions; a minimum of per- 
sonnel for its operation; and, finally, safe operation. Low maintenance often 
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2 Materials Selection Deskbook 

is associated with more complex designs as well as cost. Automation of 
production is the most complete solution to problems associated with inain- 
taining steady operation, easy maintenance and a minimum of  operating 
personnel. The addition of control devices must be considered as part of the 
overall design and a factor that adds to the capital investment of the project. 
Increased automation through the use of controls increases the degree of 
sophistication in equipment design but lowers operational expenditures 
while increasing production quality. The use of automatic devices influences 
the form and dimensional proportions of the equipment as well as imposing 
additional constraints on the design. I t  is justified by increased production 
efficiencies and added security during normal and emergency operations. 

Design practices often are neglected in engineering curricula. In fact, 
most textbooks stress conceptual design fundamentals and leave the detailed 
design principles to job experience and training. Consequently, equipment 
design is often treated as an art rather than as an exact science that applies 
rigorous engineering principles. This deficiency exists not only in many 
engineering undergraduate curricula, but also in the industrial published 
sector in that few texts present detailed design practices and guidelines. It is 
the intent of the authors to fill this void, at  least in part, by organizing 
standard industrial design practices for equipment used throughout the CPI 
and other major industries. This work will take the form of a series of 
textbooks that provide detailed design and calculation procedures for sizing 
and selecting equipment. We shall depart from the standard unit operations 
textbooks, of which there are several classical works, by not stressing theory. 
Rather, we will concentrate on specific design practices, computational 
methods and working formulas. Hence, we hope the reader of principal 
interest will be the practicing engineer. 

This first volume presents fundamental design principles that may be 
applied to all equipment. Emphasis is placed on process system peripherals, 
particularly vessels and their associated components. Design principles for 
all types of vessels, and selection, sizing and design criteria for piping system 
components are presented. Because practices rather than theory are stressed, 
only the final working formulas are presented; further, since we intend this 
to be a designer’s guide, numerous example problems are included through- 
out the book. 

The first chapter provides an overview of process design strategies. 
Fundamental definitions and a brief review of preparing process flow plans 
are included. 

1.2. PLANNING PROJECTS AND EQUIPMENT DESIGN 

There are numerous stages of activities that must be conducted before an 
actual process, plant or even small-scale pilot system reaches its operational 
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stage. Figure 1.1 is a simplified flow diagram illustrating some of the major 
activities and their normal sequence. From the initial idea the engineer is 
directed to prepare a preliminary design basis. This includes a rough flow 
plan, a review of the potential hazards of the process and an assimilation of 
all available technical, economic and socioeconomic information and data. 
At this stage of a project often the engineer or engineers are not the final 
equipment designers, but merely play the devil’s advocate, by establishing 
the equipment requirements. Dialog established between the conceptual 
design engineer and the process designer results in an initial process flow 
plan. From the flow plan, a preliminary cost estimate is prepared, many 
times by a different engineer whose expertise is cost estimating. Once 
management approval is received, the design engineer’s work begins. In the 
initial stages the design engineer will help prepare a preliminary engineering 
flow plan, select the site and establish safety requirements. 

This initial project stage is often considered a “predesign” period, which 
constitutes the basis of the conceptual design. Usually a collection of indi- 
viduals are involved in discussions and planning. The cast of characters 
includes the project engineer, who oversees the entire project, the design 
engineer (with whom we are most concerned), safety engineer, environmental 
engineer and, perhaps, a representative from management and additional 
support personnel. 

Once the overall process has been designed conceptually, a more detailed 
engineering flow plan is prepared. This flow plan serves two purposes; (1) to 
document the logic behind the process operation, and (2) to identify in 
detail major process equipment, including all control devices. A complete 
flow plan also will identify potential hazards and their consequences, in 
addition to how they are handled. After the environmental and safety engi- 
neers have reviewed all potential hazards related to handling toxic materials, 
noise, radiation, etc., recommendations are outlined for safe and standard 
handling and disposal practices. These recommendations often affect the 
overall system design, resulting in revised plans. 

The next stage is the actual construction of the unit according to the 
revised plans. By now, the design engineer is totally involved and has selected, 
sized and designed most of the equipment and process piping, based 
(hopefully) on the standard practices outlined in this book. During the 
actual construction phase, the design engineer will list and review the plans 
with the project engineer. 

At the completion of the unit or system construction, a prestartup review 
is conducted by the designer and his support personnel. This should include 
a review of all operating, as well as emergency and shutdown, procedures. 
The prestartup review normally involves the following personnel in addition 
to the designer: project engineer, trained operating personnel, operations 
foreman, the company environmental engineer, the division and company 
safety engineers and representatives from management. At this point, any 
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additional changes or recommendations to the process design are made. 
Major process revisions may be requested by the operations foreman, project 
engineers, design engineer, safety and environmental coordinators and/or 
plant operating personnel. Table 1.1 summarizes major items that are con- 
sidered in the operating procedures planning. 

The project planning activities may be much more complex than illustrated 

Table 1.1. Major Items in Operating Guidelines Planning 

PURPOSE O F  PROCESS OR OPERATION 

0 General Discussion of Process 
What will be done (brief summary) 
Chemistry involved 
Major unit operations 

HdzdrdS involved-severity 
Protective equipment-what, where, when 
Area restrictions-what, where, when 
Ventilation 

0 Personnel Protection 

0 Startup 
Preparation and handling 

Feedstocks 
Catalysts 
Equipment 

0 Step-by-step Description 
Flow plans 
Sketches 
Labelled parts of units 
Position of valves, control settings, etc. 

0 Sampling and Final Product Form 
Description of equipment 
Actions required 

Step-by-step description 
0 Shutdown Procedure 

Flow plans 
Sketches 
Labelled parts of unit 
Position of  valves, control settings, etc. 

0 Emergency Shutdown Procedure 
Action required 
Followup required 
Emergency personnel/outside organizations 

Description 
Hazards or  precautions 

0 Product or Waste Disposal 

0 Unit Cleaning Procedures 
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by the simple flow diagram of Figure 1.1. This depends, of course, on the 
magnitude of the project. Often, large complex system planning has numer- 
ous checkpoints at various stages where a continuous review of technical and 
revised economic forecasts is performed. Also not shown in this flow dia- 
gram is the legal framework for obtaining construction and operating permits 
as well as preparing the environmental impact statement and meeting local, 
state and federal regulations. 

1.3. EQUlPMENT AND LNSTRUMENTATION CODES 

Process and instrumentation flow diagrams (P & I diagrams) essentially 
define the control and operating logic behind a process as well as provide a 
visual record to management and potential users. In addition, P & I diagrams 
are useful at various stages of a project’s development by providing: 

0 

0 

0 

0 

0 

the opportunity for safety analysis before construction begins; 
a tabulation of equipment and instrumentation for cost estimating purposes; 
guidelines for mechanics and construction personnel during the plant assembly 
stage; 
guidance in analyzing startup problems; 
assistance in training operating personnel; and 
assistance in solving daily operating and sometimes emergency problems. 

P & I diagrams contain four important pieces of information, namely, all 
vessels, valves and piping, along with a brief description and identifying 
specifications of each; all sensors, instruments and control devices, along 
with a brief description of each; the control logic used in the process; and, 
finally, additional references where more detailed information can be ob- 
tained. 

Information normally excluded from P & I diagrams includes electrical 
wiring (normally separate electrical diagrams must be consulted), nonprocess 
equipment (e.g., hoist, support structures, foundations, etc.) and scale 
drawings of individual components. 

There are basically two parts to the diagram: the first provides a schematic 
of equipment and the second details the instrumentation and control devices. 
The P & I diagram provides a clear picture of what each piece of equipment 
is, including identifying specifications, the size of various equipment, 
materials of construction, pressure vessel numbers and ratings, and drawing 
numbers. Equipment and instrumentation are defined in terms of a code 
consisting of symbols, letters and a numbering system. That is, each piece 
of equipment is assigned its own symbol; a letter is used to identify each 
type of equipment and to assist in clarifying symbols, and numbers are used 
to identify individually each piece of equipment within a given equipment 
type. Table 1.2 illustrates common equipment symbols and corresponding 
letter codes. 
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Table 1.2. Common Equipment Symbols and Letter Codes 
~ ~~ 

Equipment Symbol Code Information Needs 

Conrrol valve 

Piping 

Valves 

Centrifugal 
Pump 

Rotameter 

Reactor 

Filter 

Back Pressure 
Regulator 

cv 

P a 

__c=l_ 

LOADING 
BAS -& 

Tracing 

Spring-Loaded 
Relief Valve 

Size, maximum flowrate, 
pressure drop 

Material, size, wall 
thickness 

Type: ball (B), globe (G), 
needle (N), etc. 

Inlet/outlet pressure, 
flowrate 

R Tube, float, body, 
maximum flowrate 

R Pressure vessel no., 
drawing no., size 

FIL Pore size 

Range of gauge and 
loading source 

Shown on vessel with 
power pack and control 
signal 

Type: steam (S) /  
electric (E) 

Relief pressure, orifice 
size 
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When denoting instrumentation it is important that definitions be under- 
stood clearly. Terms for instruments and controls most often included on 
P & I diagrams are given below: 

Instrument Loop-A combination of one or more interconnected instru- 
ments arranged to measure or control a process variable. 

Final Control Element-A device that directly changes the value of the 
variable used to control a process condition. 

Transducer (Converter)--A device that receives a signal from one power 
source and outputs a proportional signal in another power system. A trans- 
ducer can act as a primary element, transmitter or other device. 

Fail Closed (usually normally closed)-An instrument that will go to the 
closed position on loss of power (pneumatic, electric, etc.). 

Fail Open (usually normally open)-An instrument that will go to the open 
position on loss of power (pneumatic, electric, etc.). 

Fail Safe-An instrument that on loss of power (pneumatic, electric, etc.) 
wd1 go to a position that cannot create a safety hazard. 

Process Variable-A physical property or condition in a fluid or system. 
Instrument-A device that measures or controls a variable. 
Local-An instrument located on the equipment. 
Remote-An instrument located away from the equipment (normally a 

Primary Element-A device that measures a process variable. 
Indicator-A device that measures a process variable and displays that 

variable at  the point of measurement. 
Transmitter-A device that senses a process variable through a primary 

element and puts out a signal proportional to that variable to a remotely 
located instrument. 

Controller-A device that varies its output automatically in response to 
changes in a measured process variable to maintain that variable at a desired 
value (setpoint). 

Instrumentation normally is denoted by a circle in which the variable 
being measured or controlled is denoted by an appropriate letter symbol 
inside the circle. When the control device is to be located remotely, the 
circle is divided in half with a horizontal line. Table 1.3 gives various 
instrumentation symbols and corresponding letter codes. The specific op- 
erating details and selection criteria for various process instrumentation are 
not discussed in this book. The reader is referred to earlier works by 
Cheremisinoff [ 1,2] for discussions on essential control and measurement 
instrumentation. 

Piping normally is denoted by solid lines. Piping lines on the P & I diagram 
should be accompanied by the following identifying information: 

control cabinet). 

1. line number, 
2. nominal pipe size and wall thickness, 



Overall Process System Design 9 

Table 1.3. Typical lnstrument Codes and Examples 

General Symbols 

0 

Instrument process 
piping 
lnstrument air lines 
Electrical leads 
Capillary tubing 
Locally mounted 
instrument 
(single service) 

Locally mounted 
transmitter 

Board-mounted 
transmitter 

Diaphragm motor 
valve 

$3 
Electrically operated 
valvc (solenoid 
or motor) 

Piston-opcrated valve 
(hydraulic or 
pneumatic) 

3-way body for 
any valve 

Safety (relief) valve 

Manually operated 
control valve 

~ ~~ 

Temperature Symbols 

Temperature 
recording controller 

Temperature well 

Temperature indicator 'd 
Pressure Symbols 

Pressure alarm 

Pressure controller 
(blind type) 

Prcssurc indicator 
(locally mounted) 

Pressure recorder 
(board mounted) 

Flow Symbols - 1- Flow indicator, 

I:low recorder b 
differential type ($ 
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3. origin and termination, 
4. design temperature and pressure, 
5. specified corrosion allowance, 
6. 

7. insulation type and thickness, 
8. 
9. 

winterizing or process protection requirements (i.e., heat tracing via steam or 
electric), 

test pressure (indicate hydrostatic or pneumatic), and 
piping flexibility range (e.g., the maximum or minimum operating temperature). 

1.4. VESSEL CODES AND FLANGE RATINGS 

In this first volume we shall direct much of our attention to vessel design. 
In the United States, the primary standard for pressure vessel design is that 
of the American Society of Mechanical Engineers (ASME). (In subsequent 
chapters information on European codes for vessels shall be reviewed.) The 
ASME code is essentially a legal requirement. It provides the minimum 
construction requirements for the design, fabrication, inspection and certifi- 
cation of pressure vessels. The ASME code does not cover: (1) vessels 
subject to federal control; (2) certain water and hot water tanks, (3) vessels 
with an internal operating pressure not exceeding 15 psig with no limitation 
on size; and (4) vessels having an inside diameter not exceeding 6 inches 
with no limitation on pressure. 

Flange ratings are also specified by the ASME. Table 1.4 gives the various 
flange ratings in terms of the strength of materials, as based on ASME 
standards. Table 1.5 gives data on flange pressure-temperature ratings. 
Finally, Figure 1.2 gives data on allowable stress at different temperatures 
for carbon steel pipe and 304 stainless steel plate. 

All pressure vessels must pass appropriate hydrostatic testing before 
approval for service. For safety reasons, hydrostatic pressure testing is 
almost always recommended over a pneumatic test. The recommended 

Table 1.4. Flange Ratings for Different Materials 

Strength of Materials 
~~ 

Carbon Steel Stainless Steel 

150 Ib @ 500°F @ 500°F 
300 Ib 
600 Ib 
900 Ib 

1500 Ib 
2500 Ib 

@ 850°F @ 1000°F I 
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Table 1.5. Typical Flange Pressure-Temperature Data 

Carbon Steel 304 SS 

”F 150 psia 300 psia 150 psia 300 psia 

IO0 275 720 275 615 
200 240 700 240 550 
300 210 680 210 495 
400 180 665 180 450 
500 150 625 150 410 
600 130 555 130 380 
700 110 470 110 355 
800 92 3 65 92 3 30 
900 70 225 70 310 

1000 40 85 40 300 
1100 255 
1200 155 

- - - 
- - - 

204300 I I I I I I 

- 
C.S. 
SA 106 Gr.A 

Y 

W 
-I 
m a 
3 5,000 - s 
a J 

0 I I I I I I 
0 2 4 6 8 10 12 

O F /  100 

Figure 1.2. Allowable stress for different materials. 

hydrostatic test is typically 150% of the temperature corrected design. The 
pneumatic test is typically 125% of design, as recommended by ASME. A 
“proof-test” is used when calculations are not possible. This requires at least 
twice the maximum allowable pressure and employs a brittle coat on the 
vessel to indicate overstress. 
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2. 
DESIGN AND CORROSION 

2.1 INTRODUCTION 

Corrosion occurs in various forms and is promoted by a variety of causes, 
all related to process operating conditions. It is a continuous problem that 
can lead to contaminated process streams which leads to poor product 
quality and unscheduled equipment shutdowns, which leads to reduced 
production, and high maintenance and equipment replacement costs. Min- 
imizing corrosion is a key consideration for the designer and can be accom- 
plished in two ways: (1) proper material selection for apparatus, and 
(2) preventive maintenance practices. Both these approaches must be ex- 
amined by the designer. This chapter reviews principles of corrosion causes 
and control. It is important to recognize conditions that promote rapid 
material degradation to compensate for corrosion in designing. 

2.2 TYPES OF CORROSION 

Corrosion is characterized by the controlling chemi-physical reaction that 
promotes each type. Each of the major types is described below. 

Uniform corrosion is the deterioration of a metal surface that occurs uni- 
formly across the material. It occurs primarily when the surface is in contact 
with an aqueous environment, which results in a chemical reaction between 
the metal and the service environment. Since this form of corrosion results in 
a relatively uniform degradation of apparatus material, it can be accounted 
for most readily at  the time the equipment is designed, either by proper 
material selection, special coatings or linings, or increased wall thicknesses. 

Galvanic corrosion results when two dissimilar metals are in contact, thus 
forming a path for the transfer of electrons. The contact may be in the form 
of a direct connection (e.g., a steel union joining two lengths of copper 

13 
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piping), or the dissimilar iiietals may be immersed in an electrically con- 
ducting medium (e.g., an elcctrolytic solution). One metal acts as an anode 
and, consequently, suffers more corrosion than the other metal, which acts 
as the cathode. The driving force for this type of corrosion is the electro- 
chemical potential existing between two metals. This potential difference 
represents an approximate indication of the rate at which corrosion will take 
place. That is, corrosion rates will be faster in service environments where 
electrochemical potential differences between dissimilar metals are high. 

Thermogalvanic corrosion is promoted by an electrical potential caused by 
temperature gradients and can occur on the same material. The region of the 
metal higher in temperature acts as an anode and thus undergoes a high rate 
of corrosion. The cooler region of the metal serves as the cathode. Hence, 
large temperature gradients on process equipment surfaces exposed to 
service environments will undergo rapid deterioration. 

Erosion corrosion occurs in an environment where there is flow of the 
corrosive medium over the apparatus surface. This type of corrosion is 
greatly accelerated when the flowing medium contains solid particles. The 
corrosion rate increases with velocity. Erosion corrosion generally manifests 
as a localized problem due to maldistributions of flow in the apparatus. 
Corroded regions are often clean, due to the abrasive action of moving par- 
ticulates, and occur in patterns or waves in the direction of flow. 

Concentration cell corrosion occurs in an environment in which an electro- 
chemical cell is affected by a difference in concentrations in the aqueous 
medium. The most common form is crevice corrosion. If an oxygen concen- 
tration gradient exists (usually at gaskets and lap joints), crevice corrosion 
often occurs. Larger concentration gradients cause increased corrosion (due 
to the larger electrical potentials present). 

Cavitation corrosion occurs when a surface is exposed to pressure changes 
and high-velocity flows. Under pressure conditions, bubbles form on the 
surface. Implosion of the bubbles causes local pressure changes sufficiently 
large to flake off microscopic portions of metal from the surface. The result- 
ing surface roughness acts to promote further bubble formation, thus in- 
creasing the rate of corrosion. 

Fretting corrosion occurs where there is friction between two metal 
surfaces. Generally, this friction is caused by vibrations. The debris formed 
by fretting corrosion accelerates the damage. initial damage is done by 
contact welding. Vibrations cause contact welds to break, with subsequent 
surface deterioration. Debris formed acts to accelerate this form of corrosion 
by serving as an abrasive. Fretting corrosion is especially prevalent in areas 
where motion between surfaces is not foreseen. If allowances for vibration 
are not made during design, fretting corrosion may be a strong candidate. 

Pitting corrosion is a form of localized corrosion in which large pits are 
formed in the surface of a metal usually in contact with an aqueous solution. 
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The pits can penetrate the metal completely. The overall appearance of the 
surface involved does not change considerably; hence, the actual damage is 
not readily apparent. Once a pit forms, it acts as a local anode. Conditions 
such as debris and concentration gradients in the pit further accelerate 
degradation. There are several possible mechanisms for the onset of pitting 
corrosion. Slight damage or imperfections in the metal surface, such as a 
scratch or local molecular dislocation, may provide the environment neces- 
sary for the beginning of a pit. 

Exfoliation corrosion is especially prevalent in aluminum alloys. The grain 
structure of the metal determines whether exfoliation corrosion will occur. 
In this form of corrosion, degradation propagates below the surface of the 
metal. Corrosion products in layers below the metal surface cause flaking of 
the metal. 

Selective leaching occurs when a particular constituent of an alloy is re- 
moved. Selective leaching occurs in aqueous environments, particularly 
acidic solutions. Graphitization and dezincification are two common forms 
of selective leaching. Dezincification is the selective removal of zinc from 
alloys containing zinc, particularly brass. The mechanism of dezincification 
of brass involves dissolving the brass with subsequent plating back of copper 
while zinc remains in solution. Graphitization is the selective leaching of 
iron or steel from gray cast irons. 

Intergranular corrosion occurs selectively along the grain boundaries of a 
metal. This is an electrochemical corrosion in which potential differences 
between grain boundaries and the grain become the driving force. Even with 
relatively pure metals of only one phase, sufficient impurities can exist along 
grain boundaries to allow for intergranular corrosion. Intergranular corrosion 
is generally not visible until the metal is in advanced stages of deterioration. 
These advanced stages appear as rough surfaces with loose debris (dislodged 
grains). Welding can cause local crystal graphic changes, which favor inter- 
granular corrosion. It is especially prevalent near welds. 

Stress corrosion cracking is an especially dangerous form of corrosion. It 
occurs when a metal under a constant stress (external, residual or internal) 
is exposed to a particular corrosive environment. The effects of a particular 
corrosive environment vary for different metals. For example, Inconel-600 
exhibits stress corrosion cracking in high-purity water with only a few parts 
per million of contaminants at about 300°C. The stress necessary for this 
type of corrosion to occur is generally of the residual or internal type. Most 
external stresses are not sufficient to induce stress corrosion cracking. Ex- 
tensive cold working or the presence of a rivet are common stress providers. 
Corrosion products also can build up to provide stress sufficient to cause 
stress corrosion cracking. The damage done by stress corrosion cracking is 
not obvious until the metal fails. This aspect of stress corrosion cracking 
makes it especially dangerous. 
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Corrosion fatigue is caused by the joint action of cyclically applied stresses 
and a corrosive medium (generally aqueous). Metals will fail due to cyclic 
application of stress (fatigue). The presence of an aqueous corrosive environ- 
ment causes such failure more rapidly. The frequency of the applied stress 
affects the rate of degradation in corrosion fatigue. Ordinary fatigue is 
generally not frequency dependent. Low-frequency applied stresses cause 
more rapid corrosion rates. Intuitively, low frequencies cause extended 
contact time between cracks and the corrosive medium. Generally, the 
cracks formed are transgranular. 

Hydrogen blistering is caused by bubbling of a metal surface due to 
absorbed hydrogen. Monatomic hydrogen can diffuse through metals, 
whereas diatomic hydrogen cannot. Ionic hydrogen generated by chemical 
processes (such as electrolysis or corrosion) can form monatomic hydrogen 
at  a metal surface. This hydrogen can diffuse through the metal and combine 
on the far side of the metal forming diatomic hydrogen. The diffusion hydro- 
gen also can combine in voids in the metal. Pressure within the void increases 
until the void actually grows (visibly apparent as a blister) and ultimately 
ruptures, leading to mechanical failure. 

Hydrogen embrittlement is due to the reaction of diffused hydrogen with a 
metal. Different metals undergo specific reactions, but the result is the same. 
Reaction with hydrogen produces a metal that is lower in strength and more 
brittle. 

Decarburization results from hydrogen absorption from gas streams at  
elevated temperatures. In addition to hydrogen blistering, hydrogen can 
remove carbon from alloys. The particular mechanism depends to  a large 
extent on the properties of other gases present. Removal of carbon causes 
the metal to lose strength and fail. 

Grooving is a type of corrosion particular to environmental conditions 
where metals are exposed to acid-condensed phases. For example, high 
concentrations of carbonates in the feed to a boiler can produce steam in the 
condenser to form acidic condensates. This type of corrosion manifests as 
grooves along the surface following the general flow of the condensate. 

Biological corrosion involves all corrosion mechanisms in which some living 
organism is involved. Any organism, from bacteria and fungi to mussels, 
which can attach themselves to a metal surface, can cause corrosion. Bio- 
logical processes may cause corrosion by producing corrosive agents, such as 
acids. Concentration gradients also can be caused by localized colonies of 
organisms. Some organisms remove protective films from metals, either 
directly or indirectly, leaving the actual metal surface vulnerable t o  corrosion. 
By selective removal of products of corrosion, biological organisms also can 
cause accelerated corrosion reactions. There are also some bacteria that 
directly digest certain metals (e.g., iron, copper or aluminum). Micro- 
organisms also may promote galvanic corrosion by removing hydrogen from 
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the surface of a metal causing a potential difference to be created between 
different parts of the metal. 

Stray current corrosion is an electrolytic degradation of a metal caused by 
unintentional electrical currents. Bad grounds are the most prevalent causes. 
The corrosion is actually a typical electrolysis reaction. 

Gaseous corrosion is a general form of corrosion whereby a metal is 
exposed to a gas (usually at elevated temperatures). Direct oxidation of a 
metal in air is the most common cause. Cast iron growth is a specific form of 
gaseous corrosion in which corrosion products accumulate onto the metal 
surface (and particularly at  grain boundaries) to the extent that they cause 
visible thickening of the metal. The entire metal thickness may succumb to 
this before loss of strength causes failure. 

Tuberculation occurs in aqueous solutions. Mounds form over metal sur- 
faces providing for concentration differences, favorable environments for 
biological growth, and an increase in acidity leading to hydrogen formation. 

Deposit attack occurs when there is nonuniform deposition of a fdm on a 
metal surface. The most common form appears as unequal scale deposits in 
an aqueous environment. Unequal film provides for concentration cells, 
which degrade the metal by galvanic means. 

Impingement is corrosion caused by aerated water streams constricting 
metal surfaces. It is similar to erosion corrosion in which air bubbles take the 
place of particles. The pits formed by impingement attack have a character- 
istic tear drop shape. 

Liquid metal corrosion occurs when a metal is in contact with a liquid 
metal. The main type of corrosion with highly pure liquid metals is simple 
solution. The solubility of the solid metal in the liquid metal controls the 
rate of damage. If a temperature gradient exists, a much more damaging form 
of corrosion takes place. Metal dissolves from the higher temperature zone 
and crystallizes out in the colder zone. Transfer of solids to liquid metal is 
greatly accelerated by thermal gradients. If two dissimilar metals are in con- 
tact with the same liquid metal, the more soluble metal exhibits serious 
corrosion. The more soluble metal dissolves along with alloys from the less 
soluble metal. Metal in solutions may move by gross movement of the liquid 
metal or by diffusion. Depending on the system, small amounts of impurities 
may cause corrosive chemical reactions. 

High-temperature corrosion is induced by accelerated reaction rates in- 
herent in any temperature reaction. One phenomenon that occurs frequently 
in heavy oil-firing boilers is layers of different types of corrosion on one 
metal surface. 

Causes of corrosion are the subject of extensive investigation by industry. 
Almost any type of corrosion can manifest itself under widely differing 
operating conditions. Also, different types of corrosion can occur simul- 
taneously. It is not uncommon to see crack growth from stress corrosion to 
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be accelerated by crevice corrosion, for example. For more detailed descrip- 
tions of the mechanisms of corrosion, the reader should consult the litera- 
ture [l-lo]. 

2.3 MATERIALS EVALUATION AND SELECTION 

Materials evaluation and selection are fundamental considerations in 
engineering design. If done properly, and in a systematic manner, consider- 
able time and cost can be saved in design work, and design errors can be 
avoided. 

The design of any apparatus must be unified and result in a safe functional 
system. Materials used for each apparatus should form a well coordinated 
and integrated entity, which should not only meet the requirements of the 
apparatus’ functional utility, but also those of safety and product purity. 

Materials evaluation should be based only on actual data obtained at con- 
ditions as close as possible to intended operating environments. Prediction 
of a material’s performance is most accurate when standard corrosion testing 
is done in the actual service environment. Often it is extremely difficult in 
laboratory testing to expose a material to all of the impurities that the 
apparatus actually will contact. In addition, not all operating characteristics 
are readily simulated in laboratory testing. Nevertheless, there are standard 
laboratory practices that enable engineering estimates of the corrosion 
resistance of materials to be evaluated. 

Environmental composition is one of the most critical factors to consider. 
It is necessary to simulate as closely as possible all constituents of the service 
environment in their proper concentrations. Sufficient amounts of corrosive 
media, as well as contact time, must be provided for test samples to obtain 
information representative of material properties degradation. If an insuffi- 
cient volume of corrosive media is exposed to the construction material, 
corrosion will subside prematurely. 

The American Society for Testing Materials (ASTM) recommends 250 ml 
of solution for every square inch of area of test metal. Exposure time is also 
critical. Often it is desirable to extrapolate results from short time tests t o  
long service periods. Typically, corrosion is more intense in its early stages 
(before protective coatings of corrosion products build up). Results ob- 
tained from short-term tests tend to overestimate corrosion rates which 
often results in an overly conservative design. 

Immersion into the corrosive medium is important. Corrosion can proceed 
at different rates, depending on whether the metal is completely immersed 
in the corrosive medium, partially immersed or alternately immersed and 
withdrawn. Immersion should be reproduced as closely as possible since there 
are no general guidelines on how this affects corrosion rates. 
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Oxygen concentration is an especially important parameter Lo metals 
exposed to aqueous environments. Temperature and temperature gradients 
should also be reproduced as closely as possible. Concentration gradients in 
solutions also should be reproduced closely. Careful attention should be 
given to any movement o f  the corrosive medium. Mixing conditions should 
be reproduced as closely as possible. 

The condition of the test metal is important. Clean metal samples with 
uniform finishes are preferred. The accelerating effects of surface defects 
lead to deceptive results in samples. The ratio of the area of a defect to the 
total surface area of the metal is much higher in a sample than in any metal 
in service. This is an indication of the inaccuracy of tests made on metals 
with improper finishes. The sample metal should have the same type of heat 
treatment as the metal to be used in service. Different heat treatments have 
different effects on corrosion. Heat treatment may improve or reduce the 
corrosion resistance of a metal in an unpredictable manner. For the purpose 
of selectivity, a metal stress corrosion test may be performed. General trends 
of the performance of a material can be obtained from such tests; however, 
it is difficult to reproduce the stress that actually will occur during service. 

For galvanic corrosion tests it is important to maintain the same ratio of 
anode to cathode in the test sample as in the service environment. 

Evaluation of the extent of corrosion is no trivial matter. The first step in 
evaluating degradation is the cleaning of the metal. Any cleaning process 
involves removal of some of the substrate. In cases in which corrosion 
products are strongly bound to the metal surface, removal causes inaccurate 
assessment of degradation due to surface loss from the cleaning process. 
Unfortunately, corrosion assessments involving weight gain measurements are 
of little value. It is rare for all of the corrosion products to adhere to a metal. 
Corrosion products that flake off cause large errors in weight gain assessment 
schemes. 

The most common method of assessing corrosion extent involves deter- 
mining the weight loss after careful cleaning. Weight loss is generally con- 
sidered a linear loss by conversion. Sometimes direct measurement of the 
sample thickness is made. Typical destructive testing methods are used to 
evaluate loss of mechanical strength. Aside from inherent loss of strength 
due to loss of cross section, changes brought about by corrosion may cause 
loss of mechanical strength. Standard tests for tensile strength, fatigue and 
impact resistance should be run on test materials. 

There are several schemes for nondestructive evaluation. Changes in elec- 
trical resistance can be used to follow corrosion. Radiographic techniques 
involving X-rays and gamma rays have been applied. Transmitted radiation 
as well as back scattered radiation have been used. 

Radiation transmission methods, in which thickness is determined by 
(measured as) the shadow cast from a radioactive source, are limited to 
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pieces of cquipment small enough to be illuminated by small radioactive 
sources. There are several schernes for highlighting cracks. If the metal is 
appropriate, magnetic particles can be used to accentuate cracks. Magnetic 
particles will congregate along cracks too small to be seen normally. An 
alternate method involves a dye. A dye can be used that will soak into 
cracks preferentially. 

Because of the multitude of engineering materials and the profusion of 
material-oriented literature it is not possible to describe specific engineering 
practices in detail in a single chapter. However, we can outline general 
criteria for parallel evaluation of various materials that can assist in proper 
selection. The following is a list of general guidelines that can assist in 
material selection: 

1. Select materials based on their functional suitability to the service 
environment. Materials selected must be capable of maintaining their func- 
tion safely and for the expected life of the equipment, and at  reasonable 
cost. 

2. When designing apparatus with several materials, consider all materials 
as an integrated entity. More highly resistant materials should be selected for 
the critical components and for cases in which relatively high fabrication 
costs are anticipated. Often, a compromise must be made between mechan- 
ically advantageous properties and corrosion resistance. 

3. Thorough assessment of the service environment and a review of options 
for corrosion control must be made. In severe, humid environments it is 
sometimes more economical to use a relatively cheap structural material and 
apply additional protection, rather than use costly corrosion-resistant ones. 
In relatively dry environments many materials can be used without special 
protection, even when pollutants are present. 

4. The use of fully corrosion-resistant materials is not always the best 
choice. One must optimize the relation between capital investment and cost 
of subsequent maintenance over the entire estimated life of the equipment. 

5.  Consideration should be given to special treatments that can improve 
corrosion resistance (e.g., special welding methods, blast peening, stress re- 
lieving, metallizing, sealing of welds). Also, consideration should be given to 
fabrication methods that minimize corrosion. 

6 .  Alloys or tempers chosen should be free of susceptibility t o  corrosion 
and should meet strength and fabrication requirements. Often a weaker 
alloy must be selected than one that cannot be reliably heat treated and 
whose resistance to a particular corrosion is low. 

7. If, after fabrication, heat treatment is not possible, materials and fabri- 
cation methods must have optimum corrosion resistance in their as-fabricated 
form. Materials that are susceptible to stress corrosion cracking should not 
be employed in environments conducive to failure. Stress relieving alone 
does not always provide a reliable solution. 
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8. Materials with short life expectancies should not be combined with 
those of long life in nonreparable assemblies. 

9. For apparatuscs for which heat transfer is important, materials prone 
to scaling or fouling should not be used. 

10. For service environments in which erosion is anticipated, the wall thick- 
ness of the apparatus should be increased, This thickness allowance should 
secure that various types of corrosion or erosion do not reduce the apparatus 
wall thickness below that required for mechanical stability of the operation. 
Where thickness allowance cannot be provided, a proportionally more 
resistant material should be selected. 

1 1 .  Nonmetallic materials should have the following desirable character- 
istics: low moisture absorption, resistance to microorganisms, stability 
through temperature range, resistance to flame and arc, freedom from out- 
gassing, resistance to weathering, and compatibility with other materials. 

12. Fragile or brittle materials whose design does not provide any special 
protection should not be employed under corrosion-prone conditions. 

Thorough knowledge of both engineering requirements and corrosion 
control technology is required in the proper design of equipment. Only 
after a systematic comparison of the various properties, characteristics and 
fabrication methods of different materials can a logical selection be made 
for a particular design. Tables 2.1 through 2.5 can assist in this analysis. 
Table 2.1 lists general physical and material characteristics, as well as char- 
acteristics of strength, that should be considered when comparing different 
metals and/or nonmetals for a design. Table 2.2 is a listing of fabrication 
parameters that should be examined in the materials comparison process. 
In addition to the characteristics listed in Tables 2.1 and 2.2, an examination 
of design limitations and economic factors must be made before optimum 
material selection is accomplished. Design limitations or restrictions for 
materials might include: 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

size and thickness 
velocity 
temperature 
composition of constituents 
bimetallic attachment 
geometric form 
static and cyclic loading 
surface configuration and texture 
special protection methods and techniques 
maintainability 
compatibility with adjacent materials 

Economic factors that should be examined may be divided into three 
categories: (1) availability, (2) cost of different forms, and (3) size liniita- 
tions and tolerances [3]. More specifically, these include: 



22 Materials Selection Deskbook 

Table 2.1. Parameters to Analyze in Materials Selection 

Metals Nonmetals 

General Physical Characteristics 

1 )  Chcniical composition ( W )  
2) Contamination of contents by 

3) Corrosion characteristics in: 

1) Anisotropy characteristics (main and 
cross-direction) 

2) Area factor (h2/lb/mil) 
3) Burn rate (in./min) 
4) Bursting strength (Mullen points) 
5 )  Change in linear dimensions @ 100°C 

6) Clarity 

8) Creep characteristics @ temperature 

corrosion products 

Alniosphcre 
Water 
Soil for 30 min. (%) 
C he in ica I s 
Gases 7) Color 
Molten metals 

range-Cree apparent modulus 4 4) Creep characteristics @' temperature 

5 )  Crystal structure 
6) Damping coefficient 
7) Density (g/cm3) 
8) Effect of cold working 
9) Effect of high temperature on 

range (10" Ibf/in. ). 
9) Crystal structure 

10) Crystalline melting point 
11) Damping coefficient 
12) Decay characteristics in: 

Atmosphere 

Chemicals 
corrosion resist an ce Alcohols 

Hydrogen Gases 
High temperatures High relative humidity 

10) Effect on strength after exposure to: 

11) Electrical conductivity (mholcm) Hydraulic oils 
12) Electrical resistivity (n/cm) Hydrocarbons 
13) Fire resistance Solvents 
14) Hardenability Sunlight 
15) Maximum temperature not affecting 

strength ("C) 
16) Melting point ("C) 
17) Corrosion factor (rapidity of 

corrosion) 14) Density(g/cm3) 
18) Susceptibility to corrosion: 

Water 

264 (Ibflin. ) fiber stress 
66 ( lbf /h2)  fiber stress 

13) Deflection te perature ("c) ?! 

15) Dielectric constant 
16) Dielectric strength: short timelstep- 

17) Dissipation factor (1 M a )  
18) Effect on decay from: high 

General 
Hydrogen damage by-step 
Pitting 
Galvanic 
Corrosion fatigue temperature/low temperature/ 
Fretting exposure to heat 
Stress corrosion cradting 
Corrosion/erosion 20) Electrical resistivity 
Cavitation damage arclsec 
Intergranular insulation (96 hp 90% RH and 
Selective attack 35"C)Mn 
High temperature 2 1) Combustion properties/fire resistance 

22) Flarninability 

24) Gas permeability (cm3/100 im2/mi1 
thick/24 hr/atm at 25°C): C02, H2, 

19) Electrical loss factor (1 Ma) 

19) Thcrinal coefficient of expansion 

20) Thermal conductivity (W/m 'C) 
21) Wearing quality: 

("C-1) 23) Fillers 

In he rent N27 0 2  
25) Heat d'stortion temperature at 264 

26) Thermal coefficient of expansion 
i Via heat treatment 

Via plating Ibflin. ) ("F) 

(in.-l OF) 
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Table 2.1, continued 

Metals Nonmetals 

General Physical Chpnckristics 

27) Thermal conductivity (Btu/ft2 h "F  

28) Light transmission, total white (%) 
29) Maximum service temperature ('C) 
30) Melt index (dg/min.) 
31) Minimum and maximum 

h - 1 )  

temperatures not affecting strength 
( " 0  

32) Softening temperature ("C) 
33) Stiffness-Young's modulus 
34) Susceptibility to various forms of 

deterioration: 
Generdl 
Cavitation/erosion 
Erosion 
Fatigue 
Fouling 
Galvanic (metal-filled plastics) 
Impingement 
Stress cracking and crazing 

35) Thermal conductivity W/m"C) 
36) Wearing quality: 

Inherent 
Via treatment 

Strength and Mechanical Characteristics 

1 )  Bearing ultimate (N/mm2) 
2)  Complete stress-strain curve for 

tension and compression 
3) Compre ion modulus of elasticity 

4) Fatigue properties 
5) Hardness (Vickers) 
6) Impact properties (Charpy kg/cm2 

4 Ocgimm ) 

65 20°C): 
Notch sensitivity 
Effect of low temperature 
Maximum transition temperature 

("C) 
7) Poisson's ratio 
8) Response to strewrelieving methods 
9)  Shear modulus of elasticity Ocg/mm2) 

10) Shear ultimate (Pa) 
1 1  j Tension modulus of elasticity (Pa) 
12) Tension-notch sensitivity 
13) Tension yield 

1) Abrasion resistance 
2) Average yield ( lb f /h2 )  
3) Bonding strength (Ib/thickness) 
4) Brittleness 
5) Bursting pressure ( lb f /h2 )  
6) Compressive stren th 

Axial (Ibf/in.2) 
at 10% deflection ( lb f /h2 )  

Flatwise (lbf/in. 4 :  ) 

7) Deformation under load 
8) Elongation (%) 
9) Elongation at break (%)-75"F (24'C) 

10) Fatigue properties 
11) Flexibility and flex life 
12) Flexural strength (N/mm2) 
13) Hardness (Rockwell) 
14) Impact strength, Izod (ft Ib-l in.-' 

15) Inherent rigidity 
16) Modulus of elasticity ( lb f /h2  or 

notch) 

kglmm2) 
In compression 
In flexure 
In tension 
In shear 
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Table 2. I ,  continued 

Metals Nonmetals 

Strength and Mechanical Characteristics 

17)  Itesistance to fatigue 
18) Safe operating temperature ( " 0  
19) Shear ultimate (Pa) 
20) Tcar strength: 

2 1) Tcnsile strength (Ibf/in2 or kg/min2) 
22) Vacuum collapse temperature 

Propagating @/mil) 
Initial (lb/in.) 

Table 2.2. Fabrication Parameters to Analyze in Materials Selection 

General Subject Parameter 

Metals 
~ 

Brazing and soldering 

Formability at elevated and 
room temperature 

Formability in annealed and 
tempered states 

Machinability 

Compatibility 
Corrosion effect 
Flux and rod 

Aging characteristics 
Annealing procedure 
Corrosion effect of forming 
Heat treating characteristics 
Quenching procedures 
Sensitivity to variation 
Tempering procedure 
Effect of heat on prefabrication treatment 

Apparatus stress X local stream curve 
Characteristics in: 

Bending 
Dimpling 
Drawing 
Joggling 
Shrinking 
Stretching 

Corrosion effect of forming 
Elongation X gauge length 
Standard hydro press specimen test 
True stress-strain curve 
Uniformity of characteristics 

Best cutting speed 
Corrosion effect of: 

Drilling 
Milling 
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Table 2.2, continued

General Subject Parameter

Metals

Routing
Sawing
Shearing
Turning

Fire hilzard
Lubri(.Gnt or I:oolant
Material and shape of I:utting tool
Quality suitilbility for:

Drilling
Routing
Milling
Sawing
Shearing
Turning

Protective coating Anodizing
Cladding
Ecology
Galvanizing
Hard surfacing

Metallizing
Need of application for:

Storage
Processing
Service

Paint adhesion and compatibility

Plating
Prefabrication treatment
Sensitivity to contaminants
Suitability
Type surface preparation

Quality of finish Appearance
Cleanliness
Grade

Honing
Polishing
Surface effect

Weldability Arc welding
Atomic hydrogen welding
Corrosion effect of welding
Cracking tendency
Prefabrication treatment effects
Elecriic flash welding
Flux
Friction welding
Heat zone effect
Heli-arc welding
Pressure welding
Spot welding
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Table 2.2, continued 

General Subject Parameter 

Metals 

Torch welding 
Welding rod 

Torch cutting Cutting speed 

Nonmetals 

Molding and injection 

Lamination 

Formation at  elevated 
tempcratures 

Machinability 

Protective coating 

Quality of finish 

Compresi 
Compresi 
Compresi 
Injection 
Injection 
Molding 
Mold (lin 
Specific 1 

Laminati 
Laminati 

sion ratio 
sion molding pressure (lbf/in2) 
rion molding temperature (“C) 
molding pressure (1bf/h2)  
molding temperature (‘C) 

qualities 
ear) shrinkage (in./in.) 
iolume (d) 
on pressure (lbf/in2) 
o n  temperature (“C) 

Adverse effects of: 
Drilling 
Milling 
Sawing 
Shearing 
Turning 

Best cutting speed 
Fire hazard 
Machining qualities 
Material and shape of cutting tool 

Cladding 
Painting 
Plating 
Sensitivity to  contaminants 
Suitability 
Type surface preparation 

Appearance 
Cleanliness 
Grade 
Polishing 
Surtacc and effect 

Joining Adhesive joining 
Bonding 
Cracking tendency 
fleat zone effect 
Weld ing 
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Table 2.5. Corrosion Rates of Steel and Zinc Panels Exposed for Two Years [ I  I ]  

No. Location Steel Zinc Environmenta 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
2 3. 
24. 
25. 
2 6. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 

Noriiiaii Wells, N W T ,  Canada 
Phoenix, AZ 
Saskatoon, Sask., Canada 
Vancouvcr Island, BC, Canada 
Detroit, MI 
Fort Amidor, Panama C.Z. 
Morenci, MI 
Ottawa, Ont., Canada 
Potter County, PA 
Waterbury, CT 
State College, PA 
Montreal, Quc., Canada 
Melbourne, Australia 
Halifax, NS, Canada 
Durham, NH 
Middlctown, OH 
Pittsburgh, PA 
Columbus, OH 
South Bend, PA 
Trail, BC, Canada 
Bethlehem, PA 
Cleveland, OH 
Miraflores, Panama C.Z. 
London (Battersea), England 
Monroevillc, PA 
Newark, NJ 
Manila, Philippine Islands 
Limon Bay, Panama C.Z. 
Bayonne, NJ 
East Chicago, IN  
Cape Kennedy, F L  '/2 mile 
Brazos River, TX 
Pilsey Island, England 
London (Stratford), England 
Halifax, NS, Canada 
Cape Kennedy, FL 180 ft. 
Kure Beach, NC 800 ft. 
Cape Kennedy, F L  180 ft. 
Daytond Beach, FL 
Widners, England 
Cape Kennedy, FL 180 ft. 
Dungeness, England 
Point Reyes, CA 
Kure Beach, NC 80 ft. 
Galetea Point, Panama C.Z. 

0.06 
0.18 
0.23 
0.5 3 
0.57 
0.58 
0.77 
0.78 
0.8 1 
0.89 
0.90 
0.94 
1.03 
1.06 
1.08 
1.14 
1.21 
1.30 
1.32 
1.38 
1.48 
1.54 
1.70 
1.87 
1.93 
2.01 
2.13 
2.47 
3.07 
3.34 
3.42 
3.67 
4.06 
4.40 
4.5 0 
5.20 
5.76 
6.52 

11.7 
14.2 
17.5 
19.3 
19.8 
21.2 
27.3 

0.006 R 
0.01 1 R 
0.01 1 R 
0.019 RM 
0.053 1 
0.025 M 
0.047 R 
0.044 U 
0.049 R 
0.100 1 
0.045 R 
0.094 U 
0.030 1 
0.062 U 
0.061 R 
0.048 SI 
0.102 1 
0.085 U 
0.069 SR 
0.062 1 
0.05 1 1 
0.106 1 
0.045 M 
0.095 1 
0.075 SI 
0.145 1 
0.059 U 
0.104 M 
0.188 1 
0.07 1 1 
0.045 M 
0.072 M 
0.022 IM 
0.270 1 
0.290 1 
0.170 M 
0.079 M 
0.160 M 
0.078 M 
0.400 1 
0.160 M 
0.140 IM 
0.060 M 
0.250 M 
0.600 M 

aR rural SI semi-industrial M marine IM ind ustr ial-mar ine 
RM rural-marine SR semi-rural I industrial U urban 
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1. Availability - In required quantities (single, multiple, Limited, unlimited) 
- I n  different forms (bar, casting such as sand, centrifugal, die, 

pcrmancnl mould, etc., extrusion, forging, impact extrusion, 
pressing, sintcred, powder pressing) 

- In metallized and pretreatment forms (galvanized, plastic coated, 
plated, prcfabrication treated) 

- In cladded forms 
- Uniformity o f  material 
- I'reedoin from defects 
- Dclivcry time 

Cost in different forms - Bar, shape, plate, sheet 2. 
- Casting (sand, centrifugal, die, permanent mould, etc.) 
- Extrusion 
- Forging 
- Impact extrusion 
- Pressing 
- Sintered 
- Powder pressing 

- Gauge 
- Length 
- Weight 
-Width 

3. Size limitations and tolerances in different forms 

Tables 2.3 through 2.5 give general corrosion-resistance ratings of different 
materials. Table 2.3 lists various metals and Table 2.4 gives ratings for various 
nonmetals. Table 2.5 gives typical corrosion rates of steel and zinc panels 
exposed to the atmosphere in various locations about the U.S. Figure 2.1 
also illustrates relative corrosion rates of steel and zinc in major areas of the 
world. 

2.4 DESIGN GUIDELINES 

Often, complex apparatus and systems, process piping arrangements and 
even support structures utilize different metals, alloys or other materials. 
These are often employed in corrosive or conductive environments and, in 
practice, the contact of dissimilar materials cannot be avoided totally. It is 
important that the designer minimize the damaging effects of corrosion by 
optimizing the compatibility of materials either by selection or arrangement 
in the overall design. Compatible materials are those that will not cause an 
uneconomic breakdown within the system, even though they are utilized 
together in a particular medium in appropriate relative sizes and composi- 
tions. In addition to material influences on each other by virtue of inherent 
or induced differences of electric potentiality, adverse chemical reactions 
can occur as a result of changes in materials caused by environmental varia- 
tions. All these possibilities must be examined thoroughly by the designer. 

The following general considerations should be followed in designing all 
types of process equipment: 
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1.  Dissimilar metals should be in contact (either directly or by means of 
a conductive path such as water, condensation, etc.) only when the func- 
tional design so dictates. 

2. Scales of Galvanic Potentials are useful indicators of galvanic corrosion; 
however, information is needed on the amount of current flowing between 
dissimilar metals. 

3. To ensure compatibility, detailed engineering descriptions of all materials 
and their metallurgical properties are needed. General information (e.g., mild 
steel) does not provide sufficient data to establish compatibility in con- 
ductive or corrosive media. 
4. Galvanic corrosion of dissimilar metals can be minimized by controlling 

humidity near such bimetallic connections. In general, continuously dry 
bimetallic joints do  not corrode. 

5 .  Avoid faying surfaces of dissimilar metals by separating them com- 
pletely. Examples of poor and proper connections are given in Figure 2.2. 
Note that dielectric separation can be provided in several manners, e.g., in- 
sulating gaskets (synthetic rubber, PTFE, etc.), spreadable sealants, coatings. 

6.  The formation of crevices between dissimilar metals should be avoided. 
Corrosion at such connections is generally more severe than either galvanic 
or crevice corrosion alone. Also, crevices between metals and certain types 
of plastics or elastomers may induce accelerated rates of combined crevice 
and chemical attack. Testing is recommended prior to establishing final 
design specifications. 

7. Noble metals should be specified for major structural units or com- 
ponents, particularly if the design requires that these are smaller than adjoin- 
ing units. There is an unfavorable area effect of small anode and large 
cathode. Corrosion of a relatively small anodic area can be 100-1000 times 
more severe ,than the corrosion of bimetallic components, which have the 
same area submerged in a conductive medium. Hence, less noble (anodic) 
components should be made larger or thicker to allow for corrosion. In addi- 
tion, provision should be made for easy replacement of the less noble 
components. 

8. Brazing or welding alloys should be more noble (i.e., cathodic) than at  
least one of the joined metals. Also, these alloys should be compatible to 
both the other metals. 

9. Fasteners made of dissimilar metal should be insulated completely from 
both metals of the joint (or at least the one that is least compatible with the 
metal of the fastener). 

10. Clad metals are candidates for galvanic corrosion along exposed edges. 
An example is copper/aluminum clad to aluminum. 

11. Proper system and sequences of welding attachment of bimetallic pads 
for structures and equipment should be specified to avoid distortion and 
input stresses. 
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Aluminum rivet corrodes *-. 

._-- 
Bad 

Undercutting 

ll., Steel rivet 

- 
'Undercutting 

POOR DESIGN 

Steel 
Sealant fillet 

Dielectric 
sleeve \ 

' Metal washer 
(if required) 

Dielectric washer 

Bronze 

GOOD DESIGN 

Figure 2.2. Examples of poor and proper connections of dissimilar metals. 

12. In aluminum castings, integral corrosion-resistant steel inserts may be 

13. Sources of mercury (e.g., mercury thermometers) should be avoided in 

14. Avoid coupling carbon or graphite components with other metals in 

used. An example is shown in Figure 2.3. 

the vicinity of aluminum and copper alloy equipment. 

conductive environments. 
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15. Designs that establish large temperature gradients in equipment result- 
ing in adverse polarization of metals should be avoided. 

16. If dielectric separation of fasteners in noncompatible joints cannot be 
implemented readily, fasteners should be coated with a zinc chromate primer 
and exposed ends encapsulated. This is illustrated in Figure 2.4. 

17. Use sealing (encapsulating or enveloping type with shrinkable plastic) 
on bimetallic joints if geometrical arrangements prohibit access to such joints 
for replacement. 

The following general guidelines are most applicable to piping system 
designs. 

1. Ensure effective separation between piping sections of dissimilar metals. 
Examples of this are illustrated in Figure 2.5. As shown, dielectric non- 
absorbent gaskets of adequate thickness can be inserted between dissimilar 

Figure 2.3. Example of a corrosion-resistant stcel insert used in an 

.Encaosulation 

aluminum casting. 

Figure 2.4. lincapsulation of Cxposcd nictal conncctions. 
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GOOD 

Insulating washers 

‘Dielectric gasket 

Plastic sleeve 
Neoprene and washer 
rubber gasket 

s M I - - - - - c  __c 

1 

Figure 2.5. Gasket insertion between pipc llangcs for sealing purposes and to minimize 
galvanic corrosion between dissimilar piping rnctals. 

pipe connections. Note that graphite packings and gaskets should not be 
used for dielectric separation except for steam service or similar applications 
at elevated temperatures, as with nonconductive media. 

2. Piping should not be directly attached to dissimilar metal structures via 
conductive materials. 

3. Graphite and carbon packing should not be used in pipe systems con- 
taining conductive media upstream of heat exchangers and other critical 
equipment. Graphite particles can deposit onto tube bundles in heat ex- 
changers and promote galvanic corrosion. Where possible, use insert seals and 
packing. 

4. Avoid fitting copper alloy pipes upstream of carbon steel equipment. 
Salts of carbon from copper-base pipes can dissolve in solution and pose 
problems to carbon-steel components and vessels downstream. If the use of 
copper alloy pipes is unavoidable, sacrificial sections of mild steel pipe can 
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be inserted between such connections. These sacrificial sections should be 
easily accessible to enable replacement and thus should be provided with 
adequate wall thickness to meet a well-planned maintenance program fre- 
quency. 

5. Pickling and passivation of Monel and stainless steel pressure vessels 
should be specified to prevent deep pitting. 

6. In situations in which piping protrudes partitions or bulkheads of dis- 
similar metals, proper precautions should be taken against galvanic corrosion. 
Possible solutions include the use of dielectric gaskets or sleeves and the use 
of plastic adhesive tapes. Examples are illustrated in Figure 2.6. 

7. In buried pipeline installations, avoid contact of piping with structures 
of dissimilar metals. Also, where possible, specify uniform quality, grade and 
surface conditions. Various quality sections should not be welded together in 
buried installations. 

8. Tinning of copper piping or components is a good approach toward 
minimizing galvanic action between dissimilar metals. 

9. Heat exchangers that utilize copper coils are potential candidates for 
galvanic corrosion due to dissolved copper salts interacting with the gal- 
vanized steel shell. This problem can be avoided by nickel plating the coils. 
The coils then can be separated from direct contact with the vessel via insu- 
lation. Also, it is preferable to conduct the water on the tube side of heat 
exchangers. 

The above factors represent considerations that the design engineer must 
account for to ensure compatibility between components and equipment 
materials. In addition to these, there are geometric considerations that can 
minimize corrosion problems if accounted for in design. The following are 
general guidelines pertaining to geometry in a design aimed at  minimizing 
corrosion. The overall design approach involves the selection of the optimum 
geometry for a piece of equipment that is less likely to undergo certain types 
of corrosion, either directly or indirectly. Such shapes, forms, combinations 
of forms and their method of attachment, along with their fabrication 
technique and treatment, should not aggravate corrosion. 

1. For structures and equipment, the utility should be located where it 
cannot be affected by natural and climatic conditions. This includes (1) cor- 
rosive pollution that may be airborne, (2) prevalent winds, and (3) surface 
water currents from near or remote sources. 

2. Undrainable traps that accumulate liquids and absorbent solid wastes 
should be avoided. Structures should be designed to be self-draining. 

3. Provisions should be made for the removal of moisture or other corrosive 
media from critical areas. 

4. Laps and crevices should be avoided if possible. If they cannot, then 
effective seals should be used (particularly in areas of heat transfer) between 
metal and a porous material or where aqueous environments contain in- 
organic chemicals or dissolved oxygen. 
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5. Laps should be faced downward on exposed surfaces. 
6. Effort should be made to design shapes that will reduce the effects of 

high fluid velocity, turbulence and the formation of gas bubbles. 
7. Asymmetrical shapes of unequal thickness should be avoided for gal- 

vanizing. Extremes in weight and cross sections of design members also 
should be avoided. 

8. Impellers should have shapes that minimize high turbulence formation 
and reduce low-pressure buildup at their tips, which can lead to cavitation. 

,Steel bulkhead 

I 
I 
I 
\ box 

Dielectric sleeve 

Grating 

k 

Phosphor bronze 

k 

Synthetic rubber '. 
gasket-'/n in. 

/ 
Bron 

w- 
Neoprene gasket 

\ -Aluminum bulkhead 

Figure 2.6. Examples of minimizing galvanic corrosion when piping penetrates parti- 
tions and bulkheads. 
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For piping arrangements and vessels, the following geometric considera- 
tions are recommended. 

9. Piping systems should be designed for an economic flow velocity. For 
relatively clean fluids, a recommended velocity range where minimum corro- 
sion can be expected is 2 to 10 fps. If piping bores exist, maximum fluid 
velocities may have a iiiean velocity of 3 fps for a 3/8-in. bore to  10 fps for 
an 8-in.-diameter bore. Higher flow velocities are not uncommon in situations 
that require uniform, constant oxygen supply to form protective films on 
active/passive metals. 

10. Condensate filters, deaerators, traps, drains and other means should 
be provided for the removal of rust, debris and any other contaminants 
from the system that may promote corrosion. 

11. The interior of piping systems should be streamlined for easy drainage. 
Stubs and dead ends should be avoided, and pipelines should be sloped con- 
tinuously downstream to their outlets. Elbows should be sloped for drainage 
purposes. 

12. Turbulence, rapid surging, excessive agitation and impingement of 
fluids onto piping walls should be avoided. Throttle valves, orifices and 
similar flowregulating devices should be employed only where necessary. 
Control devices should be selected partly on the basis of minimum resistance 
to the flow. For example, a venturi tube is preferable to an orifice plate [ 121. 
In general, one should avoid using flow-controlling devices in close proximity 
to bends or changes of flow direction downstream. 

13. When using soft metals such as lead, copper and their alloys, avoid 
sudden changes in the flow direction, such as sharp bends. 

14. To minimize nucleation, piping systems should be designed to maintain 
absolute pressure as high as possible. 

15. The bend radii of pipes should be designed to be as large as possible. 
A minimum of three times the pipe diameter is recommended to maintain 
safe, economic flow velocities. 

16. For heat exchangers, coolers, heaters, condensers and related equip- 
ment, welding of tubes in tube sheets is recommended over the rolling-in 
system. Tubes should extend beyond the tube sheets. Also, the design should 
be such that cooling water starvation at the periphery of the tube bundle is 
avoided (this is illustrated in Figure 2.7). Heat exchanger tubes should be 
slanted to provide proper drainage. 

17. Condensers should be designed to provide a realistic amount of excess 
auxiliary exhaust steam with reasonable velocity steam inlets and exhausts. 
Also, steam baffles should be slanted away from condenser bracing and other 
critical areas. 

18. For tanks and vessels, welded units are preferred over riveted or bolted 
designs. Fastener joints provide sites for crevice corrosion. Undrainable 
horizontal flat tops of tanks should be avoided unless proper drainage 
schemes are included in the design. Tank bottoms should be sloped toward 
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drain holes to eliminate the collection of liquids and sludge after emptying. 
Examples of good and poor designs for this latter case are shown in 
Figure 2.8. 

19. Inlet pipes to vessels should be directed toward the center. Also, the 
inlet pipe should protrtide into the tank and as close as possible to the normal 

POOR DESIGN GOOD DESIGN 

Rectangular 

G I  

I #=I Tubes 

I%---- 

Fai lke on periphery 
(starvation) 

Figure 2.7. Poor and good designs 

Round 
water box 

for heat exchanger inlets. 

Evaporation results in 

i 1 Fincreased concentration 

promotes pitting’ 

Figure 2.8. Poor and good designs for vessel drainage. 
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level. This minimizes splashing during filling. Splashing causes precipitation 
to accumulate on walls, producing fouling and potential corrosion sites. 

20. With side inlets and outlets on vessels, protrusions should be avoided 
that can cause additional turbulence. 

21. Tanks designed to hold hygroscopic corrodants should be well sealed 
to prevent their breathing damp air. 

22. Proper vessel designs should avoid discharges from high-positioned 
coolers directed down a pipe. This situation reduces pressure in coolers via 
siphon action. 

23. Partially filled reactors and storage vessels containing vapors of corro- 
sive constituents should be vented or provided with either vacuum removal 
or with a condenser return to the system. 

2.5 GLOSSARY OF CORROSION TERMS 

The following terms are widely used in the corrosion engineer's vocabulary. 
This subsection is included for the newcomer and defines terms used through- 
out the remainder of the text. 

Active-a free corroding condition. 
Aluminizing-a process for impregnating a metal's surface with aluminum 

to provide protection against oxidation and corrosion. 
Anchor Pattern (Surface Profile)-the shape and amplitude of the profile of 

blast-cleaned or grooved steel, which influences the bond between metallic or 
paint films and the substrate. 

Anion-negatively charged ions that migrate toward the anode of a galvanic 
cell. 

Anode-the electrode at  which oxidation of the surface or some com- 
ponent of the solution is occurring. 

Anode Polarization-the difference between the potential of an anode 
passing current and the steady-state or equilibrium potential of the electrode 
with the same electrode reaction. 

Anodic Inhibitor-a chemical constituent that reduces the rate of anodic 
or oxidation reaction. 

Anodic Metallic Coating-a special coating usually comprised, either en- 
tirely or in part, of an anodic metal, which is electrically positive to the 
substrate to which it is applied. 

Anodic Protection-a technique for reducing corrosion of a metal surface 
via passing sufficient anodic current to it to cause its electrode potential to 
enter into the passive state. 

Anodizing-the formation of a hard, corrosion-resistant oxide frlm on 
metals via anodic oxidation of the metal in an electrolytic solution. 

Base Potential-the potential toward the negative end of a scale of electrode 
potentials. 
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Blast Peening-a treatment for relieving tensile stress via inducing beneficial 
compressive stress in the surface by kinetic energy of rounded abrasive 
particles. 

Breakaway Corrosion-a sudden increase in corrosion rate, particularly 
under conditions of high-temperature dry oxidation. 

Cathode-the electrode of an electrolytic cell where reduction takes place. 
During corrosion, this is the area at wluch metal ions do not enter the solu- 
tion. During cathodic reactions, cations take up electrons and discharge 
them, hence reducing oxygen. That is, there is a reduction from a higher to 
a lower state of valency. 

Cathodic Inhibitor-a chemical constituent that reduces the rate of 
cathodic reaction. 

Cathodic Protection-a means of reducing the corrosion rate of a metal 
surface by passing sufficient cathodic current to it to cause its dissolution 
rate to become very low. 

Cation-positively charged ions that migrate to the cathode in a galvanic 
cell. 

Caustic Embrittlement-a form of stress corrosion cracking that occurs in 
steel exposed to alkaline solutions. 

Composite Plate-an electrodeposit that consists of two or more layers of 
metals deposited separately. 

Corrosion Fatigue Limit-the maximum stress that a metal can endure 
without failure. This is determined in a stated number of stress applications 
under defined conditions of stressing and corrosion. 

Corrosion Potential-the potential of a corroding surface in an electrolyte 
relative to some reference electrode. 

Corrosion Rate-the rate at which corrosion occurs. It is usually reported 
in units of inches of penetration per year (ipy), mils of penetration per year 
(mpy), milligrams of weight loss per square decimeter per day (mdd); microns 
per year (pmlyr), or millimeters per year (mmpy). Note that Ipm = 0.0395 
mils .  

Couple-an electrical contact made between two dissimilar metals. 
Critical Humidity-the relative humidity (RH) at and above which the 

atmospheric corrosion rate of a metal increases significantly. 
Current Density-the average current flowing in an electrolyte (common 

units are amperes per square foot (A/ft ), amperes per square decimeter 
(A/dm ), amperes per square centimeter (A/cm2), or milliamperes per square 
centimeter (mA/cm2) of either cathode or anode surface. 

Deactivation-in corrosion control refers to the removal of a constituent 
of a liquid that is active in promoting corrosion. 

Deposit Attack-to localized corrosion under, and resulting from, a deposit 
on a metal surface. 

Dielectric Strength-the magnitude of electrical nonconductance of a 
material. 

2 
2 
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Differential Aeration-the stimulation of corrosion at a localized area by 
differences in oxygen concentration in the electrolytic solution that is in 
contact with the metal surface. 

Diffusion Coating-application of a metallic coating. The chemical compo- 
sition of the metal is modified by diffusing the coating into the substrate at 
the metal’s melting temperature. 

Electrogalvanizing-the process of galvanizing by electroplating. 
Electrolysis-a reaction in which chemical change results in an electrolyte 

being produced from the passage of electric current. 
Electrolyte-chemical constituent, usually a liquid, containing ions that 

migrate in an electric field. 
Electrolytic Cleaning-method of degreasing/descaling metal surfaces via 

electrolysis. The metal is utilized as an electrode. 
Electrophoretic Plating-the production of a layer of deposit as a result of 

discharge of colloidal particles in solution onto an electrode. 
Electroplating-the process of electrodeposition onto a metallic substrate 

of a thin adherent layer of a metal or alloy having desirable chemical, 
physical and/or mechanical properties. 

Exfoliation-also called lamination, refers to the falling away of metal in 
layers. 

Filiform Corrosion-type of corrosion that takes place under a film in the 
form of randomly distributed hairlines. 

Flame Plating-the deposition of a hard metal coating onto a substrate via 
application of molten metal at supersonic velocities. 

Flash Corrosion-light surface oxidation of cleaned metals that are exposed 
to the environment for short times. 

Fouling-deposition of scale materials on metal surfaces. 
Galvanizing-the method of coating iron or steel with zinc by immersion of 

the metal in a bath of molten zinc. 
Green Rot-a corrosion product particular to nickel alloys and greenish in 

color that normally results from carburization and oxidation of certain 
nickel alloys at temperatures around 1000°C (1 832°F). 

Hermetic Seal-an impervious seal made by the fusion of metals of 
ceramics, which prevents the passage of gas or moisture. The seal can be 
achieved by brazing, soldering, welding, fusing glass or ceramics. 

Ion Erosion-the deterioration of materials caused by ion impact. 
Iron Rot-the deterioration of wood caused by contact with iron. 
Laminar Scale-rust formation in heavy layers. 
Localized Attack-corrosion in which one area of the metal surface is 

Metal Cladding-the combination of two or more metal compounds bonded 

Metallic Coatings-coatings that consist fully or partially of metal applied 

primarily anodic and another predominantly cathodic. 

metallurgically face to face. 
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to metals or nonmetals for the purpose of protection or to improve certain 
properties. 

Metallizing-also called metal spraying; refers to the application of a metal 
coating to a surface (either metallic or nonmetallic) by means of a spray of 
molten particles. 

Mill Scale-an oxide layer on metals produced by metal rolling, hot form- 
ing, welding or heat treatment. 

Noble-positive direction of the electrode potential. 
Noble Potential-a potential that is more cathodic (i.e., positive) than the 

Oxidation-the loss of electrons by a constituent in a chemical reaction. 
Parting-the selective attack of one or more constituents of a solid solution 

Passivation-a reduction of the anodic reaction rate of an electrode in- 
volved in an electrochemical reaction, such as corrosion. 

Passivity-a condition of a metal or alloy in which the material is normally 
thermodynamically unstable in a given electrolytic solution but remains 
visibly unchanged for a prolonged period. The electrode potential of a passive 
metal is always appreciably more noble than its potential in the active state. 

Peen Plating-the deposition of the coating metal (in powder form) on the 
substrate via a tumbling action in the presence of peening shot. 

Pickling-a form of chemical and electrolytic removal of mill scale and 
corrosion products from the surfaces of metals in an acidic solution. Electro- 
lytic pickling may be anodic or cathodic, depending on the polarization of 
the metal in the solution. 

Plasma Plating-deposition on critical areas of metal coatings resistant to 
wear and abrasion; normally this is done by means of a high velocity and 
high-temperature ionized inert gas jet. 

Rash Rusting-also called peak spotting; refers to a local corrosion due to 
inadequate coating of the peaks of a rough surface. 

Reduction-the reverse of oxidation; a chemical change of state in which 
one constituent gains electrons. 

Rust-a corrosion product consisting mainly of hydrated iron oxide; the 
term is used to describe the corrosion products of iron and ferrous ions. 

Rust Creep-also called underfilm corrosion; refers to corrosive action that 
results in damaged or uncoated areas and extends subsequently under the 
surrounding inert protective coating. 

Scaling-the formation of thick corrosion products as layers on a metal 
surface; in piping systems it is usually the deposition of water-insoluble con- 
stituents on a metal surface. 

standard hydrogen potential. 

alloy. 

Season Cracking-stress corrosion cracking of brass. 
Sherardizing-the process of coating iron or steel with zinc by heating the 

product to be coated i n  zinc powder at a temperature below the melting 
point of zinc. 
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Stress-Accelerated Corrosion-increased corrosion rate caused by applied 

Surface Preparation-the cleaning of a surface prior to treatment. 
Surface Treatment-any suitable means of cleaning and treating a surface 

that produces a desired surface profile that has required coating character- 
istics. 

Tuberculation-the formation of localized corrosion products scattered over 
the surface in the form of knob-like tiles. 

Vacuum Deposition-also vapor deposition or gas plating; the deposition of 
metal coatings by means of precipitation (sometimes in vacuum) of metal 
vapor onto a treated surface. The vapor may be produced by thermal de- 
composition, cathode sputtering or evaporation of the molten metal in air o r  
an inert gas. 

stresses. 

Weld Decay-localized corrosion of weld metal. 
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3. 
PROPERTIES AND SELECTION OF MATERIALS 

3.1 GENERAL PROPERTIES AND SELECTION CRITERIA 

Proper material selection for chemical and process equipment is one of the 
first important problems encountered by the designer. Among the many 
parameters that must be considered are structural strength specifications, 
heat resistance, corrosion resistance, physical properties, fabrication charac- 
teristics, composition and structure of material and cost. 

The properties that materials must have for a particular application 
depend largely on the environment in which they are to be used in. 
Material selection begins from determination of equipment, operating 
conditions, temperature, pressure, and various components in the process. 

No materials have properties that fulfill all requirements. For example, 
good heat conductivity is a desirable property for the fabrication of heat 
exchanger surfaces, but not for insulation purposes. Obviously, both 
positive and negative properties can coexist in a single material. A corrosion 
resistant material may be insufficient for heat resistance or mechanical 
strength. Strong materials may be too brittle, e.g., ferrosilicon. Also, 
materials that have good mechanical and chemical properties may be too 
expensive. 

The initial cost of a material does not provide the entire economic 
picture. At first, strong materials that are expensive may be more favorable 
than less expensive ones. The cost of processing cheap materials is 
sometimes high, thus creating abnormally high fabrication costs. For 
example, the cost of a ton of granite is a dozen times cheaper than that of 
nickel chromium/molybdenum steel. However, granite absorption towers are 
more expensive than steel towers of the same volume because of the high 
costs associated with processing granite. Furthermore, granite towers are 
much heavier than the steel ones; therefore, they require stronger, and 
thus more expensive, foundations. 

51 
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Because any material may be characterized by some desirable and 
nondesirable properties with respect to a specific application, the selection 
of materials is reduced to a reasonable compromise. In so doing, one 
strives to select materials so that properties correspond to the basic 
demands determined by the function and operating conditions of the 
equipment, tolerating some of the undesirable properties. 

The basic requirement for materials intended for fabricating chemical 
apparatuses is mostly corrosion resistance because this determines the 
durability of equipment. Often, corrosion data are reported as a weight loss 
per unit of surface area per unit of time. It is easy to transfer from such data 
to the penetration rate using the following relation: 

G 
P V = 8.76 - mm/yr 

where G = weight loss at  uniform corrosion (kg/m2 hr) 
V = corrosion rate (mm/yr) 
p = density of material (kg/dm3) 

Materials must have high chemical resistance as well as durability. For 
example, if the material dissolves in the product, the product quality may 
deteriorate, or materials may act as catalysts promoting side reactions and 
thus decreasing the yield of the primary product. Usually there are several 
materials suitable for use under the process conditions. In such cases the 
material is selected by additional considerations. For example, if a vessel 
must be equipped with a sight glass, the material for fabricating this item 
must be transparent and safe. In this case, Plexiglas may be used if the 
vessel operates a t  low temperatures. For higher temperatures, glass is 
used; however, glass is brittle and very sensitive to drastic temperature 
changes. Therefore, the accessories must be designed so that the glass could 
not be broken occasionally and the poisonous or aggressive liquid allowed to 
escape. In this application, double glasses or valves must be provided for an 
emergency to shut off the accessory from the working space of the vessel. 
Consequently, the poor construction property of glass may cause additional 
complications in the design. At very high temperatures sight glasses are 
made from mica. For high-pressure drops they are made from rock crystal 
(an excellent but very expensive material). An example is shown in 
Figure 3.1. 

Gauges used for measuring the liquid level in vessels may be of semi- 
transparent and even nontransparent materials. Figure 3.2 illustrates a 
simple level gauge on a steel vessel used for liquid ammonia storage. As 
shown, a narrow strip of insulation is taken away from the vessel’s shell to 
expose the bare metal. Consequently, the heat transfer coefficient from the 
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Figure 3.1. Typical glass sight gauges. 

boiling ammonia is high, and the heat transfer coefficient from air to the 
wall is low. The wall temperature close to the liquid ammonia will be 
almost the same as that of ammonia, and the unprotected part of the 
vessel that is contacted with liquid will be covered with a layer of frost 
indicating the height of the liquid level. 

Let us now consider the basic materials used in the fabrication of chemical 
equipment from the point of view of a designer. The principal construction 
materials for welded, forged and cast chemical vessels are: cast irons, gray 
cast iron, white cast iron, malleable cast irons, nodular cast iron, austenitic 
cast iron, high-silicon cast iron, lowcarbon steels (mild steel), highcarbon 
steels, low-carbon/low-alloy steels, high-carbon/low-alloy steels, high-alloy 
steels (corrosion-resistant, heat resistant and high-temperature), nickel and 
nickel alloys. Each of these is described below. 

3.2 PROPERTIES OF CAST IRONS 

Three main factors that determine the properties of cast iron are: 

1. 
2. 
3. 

the chemical composition of the cast iron, 
the rate of cooling of the casting in the mold, and 
the type of graphite formed. 
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Figure 3.2. Liquid-level gauge for an ammonia tank. 

Most commercial cast irons contain 2.5-4% carbon, and it is the 
occurrence of some of this carbon as free graphite in the matrix that is the 
characteristic feature of thin material. About 0.8-0.9% carbon is in a bound 
form as cementite (iron carbide). 

The cast irons usually have a ferrite-pearlite structure, which determines its 
mechanical properties. The ferrite content determines the cast iron's viscosity, 
while the pearlite content determines its rigidity and strength. 

Because cast iron has a carbon content approximately equivalent t o  its 
eutectic composition, it can be cast at lower temperatures than steel and 
flows more readily than steel because of its much narrower temperature 
solidification range. The presence of the graphite flakes in cast iron 
decreases its shrinkage on solidification much less than that of steel. These 
factors contribute to the fabrication of cast iron as sound castings in 
complex shapes and with accurate dimensions at low cost. 

The physical properties of cast irons are characterized by the following 
data: 

0 

0 

0 

0 

density p = 1.25 kg/dm3 
melting temperature t, = 1250- 1280°C 
heat capacity Cp = 0.1 3 kcal/kg"C 
heat conductivity A = 22-28 kcal/m "C hr 
coefficient of linear expansion a = 11 x 10-6 
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The cast irons do not possess ductility. They cannot be pressed or 
forged even while heated; however, their machining properties are considered 
good. Typical mechanical properties of various types of cast iron are given in 
Table 3.1. 

3.2.1 Gray Cast Iron 

Gray cast iron is the most commonly used cast iron and is the least 
expensive. It is the easiest to cast and machine. The tensile strength of gray 
cast iron ranges from 155 to 400 N/mmz (10 to 26 tonlin.’). The tensile 
modulus ranges from 70 to 140 kN/mmZ and the hardness from 130 to 
300 DPN. 

In nearly all standards for gray cast iron the grades are designated according 
to the tensile strength, not composition. In the British standard BS1452, for 
example, there are seven grades from 155 to 400 N/mmZ (10 to 26 tonf /h2) .  
This is the tensile strength measured on a test bar having a diameter of 
approximately 30 mm (1.2 in.). The actual strength of a casting will differ 
from that of the test bar according to the cross-sectional area (Table 3.2). 

Castings are designed to be loaded in compression because the compressive 
strength of gray iron is about three times that of its tensile strength. 

The recommended maximum design stress in tension is onequarter the 
ultimate tensile strength (for cast irons a value up to 185 N/mm2 (12 tonf/ 
in?)). The fatigue strength is one-half the tensile strength. Notched 

Table 3.1. Typical Mechanical Properties of Various Types of Cast Iron [ 11 
~~ 

Tensile strength 
Elongation 

Material Specification (tonf/in*) (~/m& (%I 

Gray Cast Iron BS1452 Grade 10 10 
14 14 
26 26 

Nodular Cast lron BS2789 SNG 24/17 24 
3217 32 
4712 47 

Malleable Cast lron 
Blackheart BS310 B290/6 

B340/12 
Whiteheart BS309 W340/3 

W4 1014 
Pearlite BS3333 P440/7 

P540/5 
P690/2 

155 
215 
400 
370 
500 
730 

290 
340 
340 
410 
440 
540 
690 

- 
17 
7 
2 

6 
12 

3 
4 
7 
5 
2 
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Table 3.2. Typical Data Showing the Effect of Strength on Gray Iron Castings [ 1 ] 

Tensile strength, N/mm2, of casting with section thickness oP: 
Gray iron t o  

us1452 I O  mm 20 mm 75 mm 100 mm 150 mm 

Gratlc 20 350 280 280 230 220 
14 230 200 150 140 L 20 
1 2  200 170 I20 110 110 
10 170 140 I10 90 7s 

specimens show the same value as unnotched specimens. For 220 N/mm2 
(14 t on f /h2 )  grades and above, the fatigue strength of unnotched specimens 
is approximately one-third the tensile strength. There is some notch 
sensitivity, although much less than is found in steel. 

3.2.2 White Cast Iron 

White cast iron is very hard (from 400 to 600 DPN) and brittle. All 
white cast irons are very difficult to machine and usually are finished by  
grinding. Table 3.3 gives properties of the four principal types of white cast 
irons. 

3.2.3 Malleable Cast Irons 

This type of cast iron is made by high-temperature heat treatment of 
white iron castings. The mechanical properties of malleable cast irons are 
given in Table 3.1; usually they are applied to the fabrication of conveyor 
chain l i n k s ,  pipe fittings and gears. 

Table 3.3. Properties of White Iron [ I ]  

Martensitic High-Carbon, 
Unalloyed Low-Alloy White Iron High-Chromium, 
White Iron White Iron (Ni-hard) White Iron 

Composition (%) 
Carbon 3.5 2.6 3.0 2.8 
Silicon 0.5 1 .o 0.5 0.8 
Nickel 3.5 - 
Chromium 1 .o 2.0 27 

Hardness (DPN) 600 400 600 500 
Tensile strength, (N/mm2) 270 300 330 420 
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3.2.4 Nodular Cast Iron 

Nodular cast iron (also referred to as ductile cast iron) is manufactured by 
inoculating the molten metal with magnesium or cesium. It is characterized 
by a homogeneous structure, higher than usual abrasion-resistance and 
strength for dynamic loads, and by easy machining. A wide variety of 
grades are available, with typical tensile strengths ranging from 380 to 
700 N/mmz (25 to 40 tonf/in.*), elongations from 17 to 2%, and hardness 
from 150 to 300 DPN (see Table 3.1). The tensile modulus is approximately 
170 kN/mmZ. The design stress is half the 0.1% proof stress, and the fatigue 
design stress is one-third the fatigue limit. The nodular cast iron is used for 
many applications such as valves in pipelines for petroleum products, 
underground pipelines and so on. 

3.2.5 Austenitic Cast Iron 

Austenitic cast irons (either flake graphite irons or nodular graphite 
irons) are produced by mixing in nickel from 13-30%, chromium from 
1-5% and copper from 0.5-7.5 (to lower nickel-containing grades to  augment 
the corrosion resistance a t  lower cost). 

The main advantages of austenitic cast irons are corrosion and heat 
resistance. For corrosion resistance, the flake and nodular are similar, 
but the mechanical properties of nodular cast irons are superior. Some of 
the commercially available austenitic cast irons are given in the Tables 3.4 
and 3.5. 

3.3 APPLICATION REQUIREMENTS OF CAST IRONS 

3.3.1 Abrasion Resistance 

The white cast irons and their low alloys have good abrasion resistance 
properties [2,3]. White cast irons are used for grinding balls, segments for mill 
liners and slurry pumps. In the ceramic industry they are used for muller 
tyres and augers; in the pulp and paper industry for attrition mill plates and 
chip feeders; and in the paint industry for balls for grinding pigments. 

3.3.2 Corrosion Resistance 

The corrosion resistance of unalloyed and low-alloy flake, nodular, 
malleable and white cast iron is comparable to mild- and low-alloy steel. 
However, these cast irons have a major advantage over steel; namely, 
greater cross section or wall thickness than steel. Consequently, they have a 
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Table 3.4. Properties of Spheroidal 

BS3468 
Designation 

A S T M ~  
A439 Trade C Si Mn 

Designa tion Names (% m a . )  (%I (%) 

AUS202 D-2 SG Ni-resist 3 .O 1.0 to 0.7 to 
Grade A type D2 2.8 1.5 
AUS202 D-2b SG Ni-resist 3 .O 1.0 to 0.7 to 
Grade B type D2b 2.8 1.5 
AUS203 D-2c SG Ni-resist 3 .O 1.0 to 1.8 to 

type D2c 2.8 2.4 
- ASTM 

A511 
2.6 2.5 3.15 to 

4.5 
- AUS204 SG 3 .O 4.5 to 1.0 to 

Nicrosilal 5.5 1.5 
AUS205 D-3 SG Ni-resist 2.6 1.5 to 0.5 

type D3 2.8 max 
- D-4 SG Ni-resist 2.6 5.0 to 1.0 

type D4 6.0 max. 
- D-5 SG Ni-resist 2.4 1.0 to 1.0 

type DS, 2.8 rnax 
Minovar 

:There are slight differences between BSS and ASTM compositions. 
Properties in brackets are indicative, not mandatory. 
0.2% proof stress. c 

Table 3.5. Properties of Flake 

ASTM 
883468 A436 Trade C Si Mn 

Designation Designation Names (% ma.) (%I (%) 

AUSlOl 
Grade 1 
AUSlOl 
Grade B 

AUSlO2 
Grade A 

AUS 104 

AUSlOS 

Type 1 Ni-resist 

Type 1 b Ni-resis t 
type l b  

Type 2 Ni-resist 
type 2 

type 1 

- Nicrosilal 

3.0 1.0 to 
2.8 

3.0 1.0 to 
2.8 

3.0 1.0 to 
2.8 

1.6 to 4.5 to 
2.2 5.5 
2.6 1.0 to 

2.0 
2.6 5.0 to 

6 .O 
3.0 1.5 to 

2.5 

1.0 to 
1.15 
1.0 to 
1.5 

1.0 to 
1.5 
1.0 to 
1.5 
0.4 to 
0.8 
0.4 to 
0.8 
0.8 to 
1.5 
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Graphite-Grade Cast Irons 

0.5% 
Proof 

UTS Stress Elastic 
Ni Cr (N/mm2 (N/mm2 Elongation Hardness Modulus 
(%I (%I min.) min.) (% min.) (HB) (kN/mm2) 

1.80 to 
22.0 
18.0 to 
22.0 
21.0 to 
24.0 
21.0 to 
24.0 
18.0 to 
22.0 
28.0 to 
32.0 
28.0 to 
32.0 
34.0 to 
36.0 

1.0 to 
2.5 
2.0 to 
3.5 
0.5 

0.20 
max. 

1.0 to 
2.5 
2.5 to 
3.5 
4.5 to 
5.5 
0.10 

max. 

max. 

370 

370 

370 

430 

370 

370 

400 

380 

230 8.0 201 max. (115)b 

230 6.0 205 max. (151) 

230 20.0 170 max. (110) 

30 170 max. 

230 10.0 230 max. 

230 7.0 201 max. (110) 

202-273 

210c 20.0 13 1-1 85 

Graphite-Grade Cast Irons 
~ ~~ 

UTS Elastic 
Ni Cr Cu (N/mm2 Elongation Hardness modulus 
(%I (%) (%I min.) (% min.) (HB) (kN/mm2) 

13.5 to 
17.5 
13.5 to 
17.5 

18.0 to 
22.0 
18.0 to 
22.0 
28.0 to 
32.0 
29.0 to 
32.0 
18.0 to 
22.0 

1.0 to 
2.5 
2.0 to 
3.5 

1.0 to 
2.5 
1.8 to 
4.5 
2.5 to 
3.5 
4.5 to 
5.5 
1.0 to 
2.0 

5.5 to 140 2.0 21 2 max. (90) 
7.5 
5.5 to 180 - 248 max. (105) 
7.5 

0.5 140 
max. 

21 2 max. (90) 

0.5 190 2.0 248 max. (1 10) 
max. 

0.5 170 212 max. (105) 
rnax. 

0.5 170 - 149-212 
max. 

3.5 to 170 - 124-174 
5.5 

- 
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longer life, although they corrode at the same rates. For example, the 
corrosion rate for boiling concentrated sulfuric acid in large cast iron pots is 
very high, but a reasonable life is obtained by making the bottom of the pots 
three inches thick. Secondly, although the matrix of a cast iron pipe may 
rust, for example, the graphite network prevents disintegration of the pipe 
and permits its duty for a longer time than a steel pipe. 

The austenitic cast irons are in widespread use in many industries (food, 
pharmaceutical, petroleum, chemical, petrochemical, pulp and paper, etc.) 
in mildly corrosive and erosive situations where the life of unalloyed or low- 
alloy cast iron or steel is short, but the high cost of stainless steel and 
nonferrous alloys cannot be justified. 

Other austenitic cast iron applications can be found in food and dairy 
production, where the metallic contamination of the product must be 
eliminated. 

3.3.3 Temperature Resistance 

The persistent increase in volume of cast iron items in high-temperature 
situations becomes the limiting factor in the use of unalloyed cast irons, 
especially in flake graphite castings [4,5]. 

The addition in a casting of about 1% of chromium can control the 
growth in the temperature range from 400 to 600°C. Above 600"C, 
scaling due to surface oxidation becomes an undesirable phenomenon in the 
use of unalloyed cast irons. For achieving dimensional stability and long 
life, silal cast irons (containing 5 5 7 %  silicon) may be used for temperatures 
up to 800"C, in cases where it is not subjected to thermal shock. For 
thermal cycling and thermal shock situations for temperatures up to 950°C, 
the 30% nickel austenitic cast irons are preferred; and above this temperature, 
where there is no thermal shock, the 28% chromium cast iron is recom- 
mended. 

Table 3.6 gives commonly used maximum working stresses for various 
grades of cast irons up to 600°C. 

Gray cast irons do not have the abrupt ductile to brittle fraction 
transition down to  -40°C as takes place in steels. Special austenitic 
nodular cast iron similar to the AUS 203 grade, but with a higher manganese 
content of about 4%, has been obtained for cryogenic purposes for 
temperatures down to -253°C. 

3.3.4 Welding Cast Iron 

Welding is sometimes used to repair broken and defective castings [6 ] .  
This process is more difficult than welding steel because the high carbon 
content in cast iron may lead to brittle structures on cooling, thus 
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Table 3.6. Maximum Working Stresses for Various Grades of Cast Iron up to  6WoC 

Maximum safe working stresses (N/mm2) 
~ 

350°C 400°C 450°C 500'C 600°C 
~~ 

Gray Iron, Grade 17 45 30 15 - - 
Nodular Iron: SNG 27/12 60 4 0  20 
Blackheart, Malleable, B340/12 45 30 20 
Pearlitic, Malleable, P33/4 75 45 30 
Austenitic Nodular. AUS203 120 100 75 45 20 

causing cracking. However, special techniques have been developed for fusion 
and nonfusion welding. Some of these are outlined in Table 3.7.  The 
engineer should consider carefully whether the properties of varieties of 
cast irons will suit his demands before specifying more expensive materials. 

3.4 PROPERTIES OF STEELS 

The second group of structural materials in the iron base category is 
steels. They have obtained an exclusive importance because of their 
strength, viscosity, and their ability to withstand dynamic loads. Also, 

Table 3.7. Rods and Electrodes for Fusion-Welding Cast Iron 

Filler Rod or Welding 
Elect rode Method Suitability Comments 

Cast Iron Oxyacetylene Gray irons but  Matching color 
(e.g. BS1453) not malleable Not machinable 

Mild Steel Metal arc Cavity filling Not machinable 

Nickel iron Metal arc Lor high- Reasonable 
(5 5 /45 1 strength gray machinability 

of thin castings 

and nodular 
irons 

Nickel Copper Metal arc I:or all gray Easy to  machine 
(70/30) irons 

Brass Oxyacetylene Gray and Often called 
(60 Cu/40 Zn) malleable irons 'bronze' welding 

Tin Bronze Oxyace tylene Gray and 
(7 Sn/93 Cu) malleable irons 
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they are beneficial for producing castings, forgings, stamping, rolling, welding, 
machining and heat treatment works. Steels change their properties over a 
wide range depending on their composition, heat treatment and machining. 

Most steels have a carbon content of 0.1-1%, but in structural steels this 
does not exceed 0.7%. With higher carbon contents, steel increases in 
strength but decreases in plasticity and weldability. In the carbon steels 
designed for welding, the carbon content must not exceed 0.3%; in the alloy 
steels it must not exceed 0.2%. When the carbon content in the steels exceeds 
the abovementioned value, they are susceptible to air hardening. Hence, 
high stresses may be created and hardening fractures in welding zones may be 
formed. The steels with low carbon content (below 0.2%) are well stamped 
and stretched, well cemented and nitrated, but badly machined. The 
physical properties of low-carbon, low-alloy steels are characterized by the 
following data: 

0 density = 7.85 kg/dm3 
0 

0 

0 

heat capacity Cp = dill kcal/m°C 
melting temperature tm = 1400-1500°C 
thermal conductivity A = 40-50 kcal/m"C hr 

3.4.1 Low Carbon Steels (Mild Steel) 

Mild steel (<0.25% carbon) is the most commonly used, readily welded 
construction material, and has the following typical mechanical properties 
(Grade 43A in BS4360; weldable structural steel): 

0 Tensile strength, 430  N/mrn2 
0 Yield strength, 230 N/m2 
0 Elongation, 20% 
0 Tensile modulus, 210 kN/mm2 

Hardness, 130 DPN 

No one steel exceeds the tensile modulus of mild steel. Therefore, in 
applications in which rigidity is a limiting factor for design (e.g., for 
storage tanks and distillation columns), high-strength steels have no advantage 
over mild steel. Stress concentrations in mild steel structures are relieved by 
plastic flow and are not as critical in other, less-ductile steels. 

Low-carbon plate and sheet are made in three qualities: fully killed 
with silicon and aluminum, semikilled (or balanced), and rimmed steel. 
Fully killed steels are used for pressure vessels. Most general-purpose 
structural mild steels are semikilled steels. Rimming steels have minimum 
amounts of deoxidation and are used mainly as thin sheet for consumer 
applications. 

The strength of mild steel can be improved by adding small amounts (not 
exceeding 0.1 %) of niobium, which permits the manufacture of semikilled 
steels with yield points up to 280 N/mmz. By increasing the manganese 
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content to about 1.5% the yield point can be increased up to 400 N/mm2. 
Tlus provides better retention of strength at elevated temperatures and 
better toughness at low temperatures. 

3.4.2 Corrosion Resistance 

Equipment from mild steel usually is suitable for handling organic 
solvents, with the exception of those that are chlorinated, cold alkaline 
solutions (even when concentrated), sulfuric acid at concentrations greater 
than 88% and nitric acid at  concentrations greater than 65% at ambient 
temperatures [7]. 

Mild steels are rapidly corroded by mineral acids even when they are very 
dilute (pH less than 5). However, it  is often more economical to use mild 
steel and include a considerable corrosion allowance on the thickness of the 
apparatus. Mild steel is not acceptable in situations in which metallic 
contamination of the product is not permissible. 

3.4.3 Heat Resistance 

The maximum temperature at  which mild steel can be used is 550°C. 
Above this temperature the formation of iron oxides and rapid scaling 
makes the use of mild steels uneconomical. For equipment subjected to high 
loadings a t  elevated temperatures, it is not economical to use carbon steel in 
cases above 450°C because of its poor creep strength. (Creep strength is 
time-dependent, with strain occurring under stress.) 

3.4.4 Low Temperatures 

At temperatures below 10°C the mild steels may lose ductility, causing 
failure by brittle fracture at points of stress concentrations (especially a t  
welds) [8,9]. The temperatures at which the transition occurs from ductile to 
brittle fraction depends not only on the steel composition, but also on 
thickness. 

Stress relieving at  600-7OO'C for steels decreases operation at  temperatures 
some 20°C lower. Unfortunately, suitable furnaces generally are not 
available, and local stress relieving of welds, etc., is often not successful 
because further stresses develop on cooling. 

3.4.5 High-Carbon Steels 

Highcarbon steels containing more than 0.3% are difficult to weld, and 
nearly all production of this steel is as bar and forgings for such items as 
shafts, bolts, etc. These items can be fabricated without welding. These steels 
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are heat treated by quenching and tempering to obtain optimum properties 
up to 1000 N/mm* tensile strength. 

3.4.6 Low-Carbon, Low-Alloy Steels 

Low-carbon, low-alloy steels are in widespread use for fabrication-welded 
and forged-pressure vessels. The carbon content of these steels is usually 
below 0.2%, and the alloying elements that do not exceed 12% are nickel, 
chromium, molybdenum, vanadium, boron and copper. The principal 
applications of these steels are given in Table 3.8. 

3.4.7 Mechanical Properties 

The maximum permissible loading of low-alloy steels according to the 
ASME code for pressure vessels is based on proof stress (or yield point), 
which is applicably superior to those of carbon steels. The cost of a 
pressure vessel in alloy steel may be more expensive than in carbon steel. 
However, consideration should be given to other cost savings resulting from 
thinner-walled vessels, which provide fabrication savings on weldings, stress 
relieving, transportation, erection and foundation. Table 3.9 compares mild- 
and low-alloy steels used for fabricating spherical gas storage tanks. 

3.4.8 Corrosion Resistance 

The corrosion resistance of low-alloy steels is not significantly better than 
that of mild steel for aqueous solutions of acids, salts, etc. The addition of 
0.5% copper forms a rust-colored film preventing further steel deterioration; 
small amounts of chromium (1%) and nickel (0.5%) increase the rust 

Table 3.8. Applications of Low-Carbon, Low-Alloy Steels [ 10) 
~ 

0.5 Mo 
1.25 CrMo 
2.25 CrMo 
6 to 12 CrMoVW 

5 to 9% Cr 

CuCr (Corten) 

High creep strength for: 
1 .  pressure vessels such as boilers operating 

2. oil refinery vessels such as crackers and 
at elevated temperatures; and 

reformers with high hydrogen pressures. 

tor oil refinery applications involving 
high-sulfur process streams, e.g., pipe stills. 

Rust-resisting steels for structural 
applications. 

2 to 9% Ni I:or cryogenic applications. 
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Table 3.9. Comparison o f  Mild and Low-Alloy Quenched and Tempered Steels [ 1 I l a  

Low-Alloy Low-Alloy 
Steel, a Steel, b Mild Steel 

~ ~~ ~~~ 

Relative t01;il weight o f  

Relative total weight of 
<hell p l a t e  1 1.35 3 .2  

other steel rcquircd tor 
supporting structures, ctc .  1 2 20 

Shcll thickness, (mm) 35 37 35 

Diarnctcr of vcsscls, (in) 39 31 14 
Capacity of cacli vessel, (in') 30,000 15,000 1500 

"Steel a WJS quenched and tcnipercd to a tensile, strength of 830  N/mm2 and a yield 
strength of 670 N/riiin2, and steel b to 620 and 4 5 0  N/nirn2, rcspcctively. I t  was con- 
sidered that thc maximum thickness of metal that could be welded onsite was 38 inm. 

resistance of copper steels still further. Low alloy steels have good resistance 
to corrosion by crude oils containing sulfur. This is illustrated by the data in 
Figure 3.3. 

In operations involving hydrogen at  partial pressures greater than 35 
kgf/cm* and temperatures greater than 250"C, carbon steels are decarborized 
and fissured internally by hydrogen [13]. Small additions of molybdenum 
prevent hydrogen attack at temperatures up to 350°C and pressures up to 
56 kgf/cm2. For higher temperatures and pressures chromium/molybdenum 
steels (2.25 Cr, 0.5 Mo) are used. Figure 3.4 shows operating limits for steels 
in atmospheres containing hydrogen. 

3.4.9 Oxidation Resistance and Creep Strength 

Chromium is the most effective alloying element for promoting resistance 
to oxidation. Table 3.10 gives temperatures at  which steels can be used in 
air without excessive oxidation. In atmospheres contaminated with sulfur, 
lower maximum temperatures are necessary. 

In fractionation columns for petroleum products, where the oxygen 
content is restricted, higher temperatures can be used without excessive 
waste of the metal. 

The creep strength of steels is a factor limiting the maximum temperatures 
for such high-pressure equipment as shells and stirrers of high temperature 
reactors. Table 3.10 presents creep data for temperatures ranging from 
400 to 600°C. The stress for 1% creep in 100,000 hours (which is a design 
criterion) is accepted to be not less than two-thirds of the creep stresses. 
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4.0 t 
n i 

300 400 500 
T E M P E R A T U R E  ("C) 

Figure 3.3. Effect of temperature on corrosion rates of steels in crude oil containing 
sulfur [12]. 
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HYDROGEN P A R T I A L  PRESSURE ( N / c m 2 )  

Figure 3.4. Operating limits for steels in atmospheres containing hydrogen. 
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Table 3.10. Alloying Effects that Improve Creep Properties [ 14) 

Stress for rupture, N/mm*, in 100,000 hr at 

Steel 400°C 460°C 480°C 500% 560°C 580'c 600°C 

Carbon (silicon-killed) 180 75 48  27 
1% Cr Mo 145 40 
21% Cr Mo 168 70 5 2  
l/2% Cr Mo V 185 70 
12% Cr Mo V 215 81 IO 55 

3.4.10 Low-Temperature Ductility 

Nickel is the alloying element used for improving low-temperature 
ductility. The addition of 1 .5% nickel to 0.25% Cr/0.25% Mo steels provides 
satisfactory application for moderately low temperatures down to about 
-50°C. 

Heat treatment by quenching and tempering improves the low temperature 
ductility of steels such as 0.5 Cr, 0.5% Mo, 1% Ni Type V. For lower- 
temperature application (below -196"C), up to 9% nickel is used as the sole 
alloying element. 

3.4.1 1 High-Carbon, Low-Alloy Steels 

Highcarbon (about 0.4%), low-alloy steels that are not weldable usually 
are produced as bars and forging for such items as shafting, high-temperature 
bolts and gears and ball bearing components. These steels can be less 
drastically quenched and tempered to obtain tensile strengths of at  least 
1500 N/mm2, thus minimizing the danger of cracking [ 151. 

3.5 PROPERTIES OF HIGH-ALLOY STEELS 

Stainless and heat-resisting steels containing at least 18% by weight 
chromium and 8% nickel are in widespread use in industry. The structure of 
these steels is changed from magnetic body centered cubic or ferritic crystal 
structure to a nonmagnetic, facecentered cubic or austenitic crystal 
structure. 
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3.5.1 Chromium Steels (400 Series), Low-Carbon 
Ferritic (Type 405): 12-13% Chromium 

The main use of this type steel is for situations in which the process 
material may not be corrosive to mild steel, yet contamination due to rusting 
is not tolerable and temperatures or conditions are unsuitable for aluminum. 
However, prolonged use of these steels in the temperature range of 450 to 
550°C causes low-temperature embrittlement of most ferritic steels with more 
than 12% chromium [ 161. 

3.5.2 Medium Carbon Martensitic: 13- 17% Chromium 
(Types 403,410,414,416,420,431,440) 

These steels resist oxidation scaling up to 825°C but are difficult to weld 
and, thus, are used mainly for items that do  not involve welded joints [17]. 
They are thermally hardened and useful for items that require cutting edges 
and abrasion resistance in mildly corrosive situations. However, they should 
not be tempered in the temperature range of 450 to 650°C. This reduces the 
hardness and wear resistance and also lowers the corrosion resistance because 
of the depletion of chromium in solution through the formation of chromium 
carbides. 

3.5.3 Medium Carbon Ferritic: 17-30% Chromium (Types 430 and 446) 

The 17% ferritic steels are easier to fabricate than the martensitic grades. 
They are used extensively in equipment for nitric acid production. The 
oxygen- and sulfur-resistant 30% chromium steel can be used at temperatures 
up to 1150°C but only for lightly loaded and well-supported furnace items 
because of its poor creep and brittlement properties when equipment is 
down to ambient temperatures [18]. 

3.5.4 Chromium/Nickel Austenitic Steels (300 Series) 

The excellent corrosion resistance over a wide range of operating conditions 
and readily available methods of fabrication by welding and other means of 
shaping metals make these steels the most extensively used throughout the 
chemical and allied industries. 

The formation of a layer of metal oxide on the surface of this steel 
provides better corrosion resistance in oxidizing environments than under 
reducing conditions. Common steels 304, 304L, 347, 316 and 316L are 
used for equipment exposed to aqueous solutions of acids and other low- 
temperature corrosive conditions. For high-temperature regimes involving 
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oxidation, carborization, etc., the 309 and 310 compositions may be 
recommended because of their higher chromium content and, thus, better 
resistance to oxidation [20]. 

Type 304- 191 10 (chromium nickel) provides a stable austenitic structure 
under all conditions of fabrication. Carbon (0.08% max.) is sufficient to have 
reasonable corrosion resistance without subsequent corrosion resistance 
for welded joints. Type 304 is used for food, dairy and brewery equipment, 
and for chemical plants of moderate corrosive duties. 

Type 304L-This is used for applications involving the welding of plates 
thicker than about 6.5 mm. 

Type 321-This is an 18/10 steel that is stabilized with titanium to 
prevent weld decay or intergranular corrosion. It has similar corrosion 
resistance to types 304 and 304L but a slightly tugher strength than 304L; 
also, it is more advantageous for use at elevated temperatures than 304L. 

Type 347-This is an 18/11 steel that is stabilized with niobium for 
welding. In nitric acid it is better than Type 321; otherwise, it has 
similar corrosion resistance. 

Type 3 16-This has a composition of 17/ 12/2.5 chromium/nickel/molyb- 
denum. The addition of molybdenum greatly improves the resistance 
to reducing conditions such as dilute sulfuric acid solutions and solutions 
containing halides (such as brine and sea water). 

Type 316L-This is the lowcarbon (0.03% m a . )  version of type 316 that 
should be used where the heat input during fabrication exceeds the 
incubation period of the 316 (0.08% carbon) grade. For example, it is used 
for welding plates thicker than 1 cm. 

Type 309-This is a 23/14 steel with greater oxidation resistance than 
18/10 steels because of its higher chromium content. 

Type 315-This has a composition that provides a similar oxidation 
resistance to type 309 but has less liability to embrittlement due to sigma 
formation if used for long periods in the range of 425 to 815°C. (Sigma phase 
is the hard and brittle intermetallic compound FeCr formed in chromium 
rich alloys when used for long periods in the temperature range of 650 to 

Alloy 20-This has a composition of 20% chromium, 25% nickel, 4% 
molybdenum and 2% copper. This steel is superior to type 316 for 
severely reducing solutions such as hot, dilute sulfuric acid. 

SSO".) 

3.5.5 Precipitation Hardening Stainless Steels 

These steels do not have AIS1 numbers and are referred to by trade 
name. Examples are given in Table 3.12. They can be heat-treated to give the 
following mechanical properties: 
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0 

0 Elongation, 10% 
0 Hardness, 400 DHN 

Ultimate tensile strength, 1235 N/mrn2 
0.2% proof stress, 1080 N/mm2 

Properties are higher than those of austenitic steels and they retain a 
general level of corrosion resistance considerably better than that of 
chromium martensitic steels. They can be supplied as forgings, castings, plate, 
bar and sheets and can be readily welded and formed before hardening. A 
typical application is for gears in pumps used for metering chemicals where 
their hardness prevents wear and galling in contact with Type 316 bodies. 

3.5.6 Chromium/Nickel/Ferrite/Austenite Steels 

These steels also are not yet included in the AIS1 system. Trade names 
and typical compositions are given in Table 3.13. These steels can be welded 
successfully because they are not predisposed to excess grain growth at  
elevated temperatures. However, the general level of their corrosion resistance 
is usually inferior to that of austenitic steels, although they have good 
resistance to stress corrosion cracking. For example, using austenitic steels in 
hot, slightly acid solutions containing chlorides causes rapid cracking in a few 
weeks, whereas the ferritelaustenite steels may last many years. 

Table 3.1 2. Examples of Precipitation Hardening Stainless Steels 

Composition, % 

Name C Si Mn Cr Ni Mo Cu AI N2 
~~ 

Armco 1717 PH 0.07 0.3 0.6 17.0 7.0 - - 1.2 - 
Armco 14/8 PH-Mo 0.03 0.3 0.6 14.5 8.5 2.5 - 1.2 - 
Allegheny Ludlum AM350 0.09 0.5 1.0 17.5 4.2 2.75 - - 0.1 
Allcgheny Ludlum AM355 0.13 0.25 1.0 15.5 4.2 2.75 - - 0.1 
Firth Vickers 520(S) 0.05 0.3 1.0 16.0 5.5 1 .75  2.0 - - 

Table 3.1 3. Compositions of FerritejAustenite Stainless Steels 

Composition (% wt) 
~ ~~~~ 

Name C Si Mn Cr Ni Mo Nb Cu 

Firth Vickers 702 0.02 0.5 0.6 15.7 2.5 1.0 0.5 
Sandvik 3RE60 0.02 1.6 18.5 4.7 2.7 
Lanelev I..erralium 25 5 1.5  2 
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3.5.7 Maraging Steels 

For corrosion resistance, these steels (18% nickel, 9% cobalt, 3% molyb- 
denum, 0.2% titanium and 0.02% carbon) are similar to the 13% chromium 
steels and, therefore, are suitable for mildly corrosive situations. Because of 
their very high strength after heat treatment (yield strength-1 390 N/mm2, 
elongation-l5%, impact strength) maraging steels find some use in a very 
high-pressure equipment. 

3.6 APPLICATIONS OF HIGH-ALLOY STEELS 

With austenitic stainless steels a high carbon content may cause the 
formation of chromium carbides at  grain boundaries, consequently producing 
intergranular corrosion. This is most likely to occur during welding (called 
“weld decay”). This phenomenon may be avoided by using either a low- 
carbon steel (grade L) (Le., less than 0.03% carbon), or a steel containing 
titanium or niobium, such as Types 321 and 347. 

Intergranular corrosion depends on the length of time the steel is 
exposed to the sensitizing temperature (500-75OoC), even if made from 
lowcarbon or titanium- or niobium-stabilized steel. 

Equipment fabricated from such a steel may undergo corrosion by 
condensation of even mild corrosives unless it is possible to keep it above 
the dew-point or to neutralize acidic condensates. This kind of corrosion 
can be prevented by a preliminary heat-treating at temperatures of 815- 
91 5°C. The niobium-stabilized steels respond best to this treatment. 

Stress corrosion cracking, usually occurring at temperatures above 8OoC, 
takes place in equipment made from austenitic stainless steel but does not 
affect ferritic steels in this way. Stress cracking most often occurs in 
solutions of chlorides. Concentrations of a few parts per million can cause 
severe cracking, even in a medium that would not be considered corrosive, 
for example in water main lines. Stress corrosion cracking can be caused by 
some thermal insulating materials, but can be prevented by cladding the 
insulation with aluminum. This eliminates rain from washing chlorides into 
contact with the steel. 

Residual stresses occur from welding and other fabrication techniques 
even at very low stress values. Unfortunately, stress relief of equipment is 
not usually a reliable or practical solution. Careful design of equipment can 
eliminate crevices or splash zones in which chlorides can concentrate. The 
use of high-nickel stainless steel alloy 825 (40% nickel, 21% chromium, 
3% molybdenum and 2% copper) or the ferritic/austenitic steels would 
solve this problem. 
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3.6.1 Oxidation Resistance 

The ferritic chromium steels (chromium is the principal alloying element) 
are the most economical for very lightly loaded high-temperature situations. 
However, they are inadequate when creep must be accounted for. Austenitic 
steels are often recommended for such conditions. The 17% chromium 
alloys (Type 430) resist scaling up to 800'C; and 25% alloy (Type 446) up to 
1100°C [21]. 

3.6.2 Mechanical Properties at  Elevated Temperatures 

The austenitic steels containing nickel are used for load-bearing applica- 
tions, pressure vessels operating above 550"C, as well as for light-load cyclic 
operation because they have a more adherent scale than chromium steels 
and generally do not become brittle under high-temperature service. The 
18/10 alloys are suitable for use up to  800°C in air; the 25/10 Type 310 
alloys are suitable for use up to 1100°C. When using Type 316 alloy at high 
temperatures, care should be taken that the atmosphere is not stagnant as 
catastrophic oxidation of molybdenum may occur. 

For high-pressure, high-temperature situations where steels are required 
with certified creep strength properties, the AIS1 austenitic steels are given 
the suffix H (e.g., 3478,316H etc.). 

Below creep range temperatures, economies can be made by using 
nitrogencontaining (for example BS1501 Part 6, Grades 304865 and 
3 16866) or worm-worked grades, as these have higher proof strength 
than ordinary grades [22]. 

3.6.3 Mechanical Properties at  Low Temperatures 

The austenitic steels can be used at very low temperatures (low-alloy 
ferritic steels containing 9% nickel down to -196°C) without the risk of 
brittle fracture [23]. 

3.7 CORROSION-RESISTANT NICKEL AND NICKEL ALLOYS 

Nickel alloys have two main properties: good resistance to corrosion and 
high-temperature strength. There are alloys for medium- and low-temperature 
applications and for high-temperature conditions in which creep resistance is 
of main importance [24]. 

The standard quality of commercially pure nickel (nickel 99% minimum, 
carbon 0.15% maximum; nickel 200/201) can be readily welded and 
fabricated in all wrought forms and as castings. However, it  is restricted to  
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special applications for which nickel alloys are not adequate (for example, for 
equipment used in the production of caustic soda where it is not subject to 
stress corrosion cracking in hot caustic soda solutions) [25,26]. 

Unalloyed nickel is used where it is necessary to eliminate iron and copper 
contamination (nickel 200 up to 300°C and nickel 201 above 300°C). 

3.7.1 Nickel/Copper (Alloy 400) 

Alloy 400 has good mechanical properties and is easy to fabricate in all 
wrought forms and castings. K-500 is a modified version of this alloy and 
can be thermally treated and is suitable for items requiring strength, as well as 
corrosion resistance. Alloy 400 has immunity to stress corrosion cracking and 
pitting in chlorides and caustic alkali solutions. 

Alloy 400 is also adequate for equipment processing of dry halogen 
gases and chlorinated hydrocarbons and can be used in reducing en- 
vironments. 

3.7.2 Nickel/Molybdenum 

This alloy has a nominal composition of 65% nickel, 28% molybdenum 
and 6% iron. I t  is generally used in reducing conditions. It is intended to 
work in very severely corrosive situations after post-weld heat treatment to 
prevent intergranular corrosion. These alloys have outstanding resistance to 
all concentrations of hydrochloric acid up to boiling-point temperatures and 
in boiling sulfuric acid solutions up to 60% concentration. 

3.7.3 Nickel/Molybdenum/Chomium 

The composition of this alloy (54% nickel, 15% molybdenum, 15% 
chromium, 5% tungsten and 5% iron) is less susceptible to intergranular 
corrosion at welds. The presence of chromium in this alloy gives it better 
resistance to oxidizing conditions than the nickel/molybdenum alloy, 
particularly for durability in wet chlorine and concentrated hypochlorite 
solutions, and has many applications in chlorination processes. In cases in 
which hydrochloric and sulfuric acid solutions contain oxidizing agents such 
as ferric and cupric ions, it is better to use the nickel/molybdenum/ 
chromium alloy than the nickel/molybdenum alloy. 

3.7.4 Nickel/Chromium/Molybdenum/Iron 

Because the composition of this alloy (47% nickel, 22% chromium, 7% 
molybdenum and 17% iron) has a higher iron content it cannot withstand 
such aggressive corrosion conditions as nickeVmolybdenum and nickel/ 
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molybdenum/chromium alloys. I t  is, however, less expensive. The nickel 
makes these alloys immune to stress corrosion cracking and also superior to 
stainless steels with respect to pitting in chloride solutions. Because of 
these properties, their greater cost over stainless steel is justified. 

3.7.5 Nickel/Chromium/Moly bdenumlcopper 

These alloys (50/60% nickel, 20/30% chromium, 518% molybdenum, and 
5/7% copper) have very good resistance to hot sulfuric acid solutions and 
similar environments. They are only available as castings but can be 
hardened by heat treatment. The castings are suitable for parts requiring 
cutting edges and good wear resistance under corrosion conditions, but 
should not be used in contact with halogens, halogen acids, and halogen 
salt solutions. 

3.7.6 NickeUSicon 

NickeVsilicon alloy (10% silicon, 3% copper, and 87% nickel) is fabricated 
only as castings and is rather brittle, although it is superior to the iron/silicon 
alloy with respect to strength and resistance to thermal and mechanical 
shock. It is comparable to the iron/silicon alloy in corrosion resistance to 
boiling sulfuric acid solutions at concentrations above 60%. Therefore, it is 
chosen for this and other arduous duties where its resistance to thermal 
shock justifies its much higher price compared with iron/silicon alloys. 

3.8 HEAT-RESISTANT NICKEL ALLOYS 

3.8.1 Nickel/Chromium 

The highchromium casting alloys (50% nickel, 50% chromium and 
40% nickel, 60% chromium) are designated for use at temperatures up to 
900'C in furnaces and boilers fued by fuels containing vanadium, sulfur and 
sodium compounds (e.g., residual petroleum products). Alloys with lower 
chromium contents cannot be used with residual fuel oils at temperature 
above 650'C because the nickel reacts with the vanadium, sulfur and sodium 
-impurities to form compounds that are molten above 650'C [27].  

3.8.2 NickeUChromium/Iron 

Alloy 800 (32% nickel, 20% chromium and 46% iron) is used for 
furnace equipment such as muffles, trays and radiant tubes and in oil and 
petrochemical plants as furnace coils for the reforming and pyrolysis of 
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hydrocarbons. Higher-strength versions of alloy 800 were developed to meet 
this situation (802 has a hgher carbon content; alloy 807 has a higher hot 
strength by adding cobalt and tungsten). For 807, the stress to produce 
rupture in 100,000 hr at 900'C is 13.8 N/mm2 compared with 8.5 N/mm2 
for alloy 800. 

3.9 COPPER AND COPPER ALLOYS 

The outstanding properties of copper-base materials are high electrical 
and thermal conductivity, good durability in mildly corrosive chemical 
environments and excellent ductility for forming complex shapes. As a 
relatively weak material, copper is often alloyed with zinc (brasses), tin 
(bronzes), aluminum and nickel to improve its mechanical properties and 
corrosion resistance. 

The classification system used in the U.S. for copper and copper alloys is 
given in Table 3.14. 

Some different grades of copper are described in Table 3.1 5 .  
The specific gravity of the soft pure metal is 8.94. Additional properties 

are : 

molding temperature 1150°C 

heat capacity Cp = 0.093 kcal/kg"C 
melting temperature t, = 1083°C 
thermal conductivity h = 334 kcal/m "C hr 
linear expansion coefficient OL = 1.65 X 
Young's modulus E = 1,080,000 kg/cm2 

Table 3.14. Classification Used for Copper Alloys in the United States [28] 

Series Constituents 

100 Not less than 99.4% copper 

200 50-99% copper plus zinc 
and minor elements 

300 Zinc and lead alloys 

400  Zinc and tin alloys 

500 Tin and phosphorus or 
phosphorus and zinc alloys 

600 Aluminum, aluminum and 
zinc, or zinc and manganese 
alloys 

Nickel, nickel and zinc, or 
zinc and lead 

700 
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The approximate tensile strength is 14 ton/in.2 at ordinary temperatures, 
and its strength decreases with increasing temperature. Typical mechanical 
properties of copper as a function of temperature are given in Table 3.16. 

Copper retains high impact strength and increases its tensile strength 
under low temperatures, including cryogenic applications. Typical data are 
given in  Table 3.17. 

Along with high mechanical properties, copper improves its conductivity in 
the range of lower temperatures (at -160°C -400, -190°C -450, and -252°C 
-1600 kcal/m “C hr). It softens in the temperature range of 200 to 220°C as 
shown in Figure 3.5. The casting properties of copper are rather fair, but  
copper can be readily stretched, flattened, rolled, welded and brazed. For 
chemical plant work, welded or brazed joints have become almost universal. 

Copper does not form protective oxide films. Therefore, its corrosion 
resistance is poor against most acids and salts. Many gases- haloids, sulfurous 
anhydride, sulfur vapors, hydrogen sulfide, carbon dioxide, ammonium- 
destroy copper. However, copper is highly corrosion resistant t o  alkali 
solutions. 

3.9.1 Brasses 

These are alloys containing more than 50% of copper used to overcome 
the softness, low tensile strength and high casting temperature of the pure 

Table 3.16. Mechanical Properties vs Temperature for Copper 

Temperature (“C) 

20 100 200 300 500 

Tensile Strength (kg/crn2) 2300 2200 1800 1500 840 
Elongation (%) 49 48 46 32 18 
Brinell Hardness (HB) 42  41 39 37 35 

Table 3.1 7. Mechanical Properties vs Low Temperature for Copper 

Temperature (“C) 

+20 -10 -40 -80 -120 -180 

Tensile Strength (kg/cm2) 2200 2250 2370 2730 2900 4100 
Yield Strength (kg/cm2) 6 00 620 650 700 750 800 
Elongation (%) 48 40 47 47 45 38 
Necking (%) 76 78 77 74 70 77 
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metal. The compositions and properties of commonly used brasses are 
presented in Table 3.18. 

Thesc annealcd brasses are used for fabrication of pressure vessels. They 
are Characterized by the following physical properties: 

0 density = 8.5 kg/dm3 
0 

0 heat capacity C - 0.092 kcal/kg"C 
0 

0 

rnclting temperature t,, = 940°C 

heat conductiviry-A = 90-100 kcal/m"C 
temperature elongation a = 2 x 10-5 

The strength and ductility of brasses are well maintained over a range of 
300" to -180"C, and castings are easy to make as well as to machine. Brass 
behaves similarly to copper in chemical plant environments, with somewhat 
greater rates of attack. 

3.9.2 Tin Bronzes 

This is the name given to copper-tin alloys containing additional alloying 
elements (Table 3.19). Small amounts of phosphorus are added to deoxidize 
the metal and in residual amounts to harden the finished alloy. Mixtures 
treated in this way are referred to as phosphor-bronzes. These have the best 
corrosion resistance of the alloys listed in Table 3.19 and are used in 
applications involving contact with dilute acid solutions where bronzes 
containing zinc (as an alternative to phosphorus, i.e., the gunmetals) would 
not be sufficiently durable. The phosphor-bronzes have a low coefficient of 
friction and good resistance to wear. They are most often used for gears and 
bearings. Lead-bearing alloys corrode more rapidly than those containing only 
tin and copper; however, apart from this, all bronze alloys can be used with 
confidence wherever copper can resist corrosion. 

3.9.3 Aluminum and Manganese Bronzes 

The aluminum-bearing (5-1 2% of aluminum) alloys retain high strength, 
good corrosion resistance and good oxidation resistance at  temperatures up 
to 400°C. The aluminum manganese bronzes are noted for high strength and 
good corrosion resistance at temperatures on the order of 400°C. These 
bronzes are available only as castings. They have good machining qualities 
combined with easy welding. With regard to corrosion resistance they 
appear to behave at least as well as the true bronzes. 

3.9.4 Silicon Bronzes 

Containing up to 3% silicon, silicon bronzes are characterized by high 
mechanical and antifriction properties. They are made in all wrought forms, 
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such as plates, sheets and castings. The silicon bronzes are well molded, 
cold- and hot-pressure shaped (rollings, forging, stamping, etc.) and welded. 

These alloys have corrosion resistance similar to that of copper, with 
mechanical properties equivalent to mild steel. Because silicon bronzes do not 
generate sparks under shocks, they can be used in the fabrication of explo- 
sion-proof equipment. Compared to tin bronzes, the tinless bronzes have a 
higher shrinkage (1.7-2.576 against 1.3- 1.5% of tin bronzes) and less 
fluid-flow, which is an important consideration in designing. 

3.9.5 Cupro-nickels 

The cupro-nickel alloys (5-30% of nickel) are perhaps the best of all for 
strength and resistance to corrosion. Table 3.20 gives typical properties. 

3.9.6 Corrosion Resistance 

Copper-base alloys perform best under reducing conditions and in the 
absence of aeration. Copper and its alloys are resistant to dilute solutions 
of several mineral acids such as sulfuric and hydrochloric, and to a wide 
range of organic acids such as acetic and formic. Aluminum bronze is 
suitable in slightly oxidizing situations. Copper-base alloys are resistant to 
most alkaline solutions, but never should be exposed to strong oxidizing 
acids such as nitric and chromic, as well as aqueous ammonia. Copper-base 
alloys are also resistant to most neutral salts, except to those forming soluble 
complexes [31]. 

3.10 MECHANICAL PROPERTIES OF LEAD AND LEAD ALLOYS 

Lead is the softest and most easily worked metal used in plant construction. 
The main difficulty in design is that the metal has a very low creep stress, 

Table 3.20. Mechanical Properties of Annealed Cupro-Nickel Alloys [ 30) 

Mechanical Properties 
Nominal Composition, % 

Hardness 0.1% Proof Stress UTS 
Materials Cu Ni Fe Mn Others (DPN) (N/mm*) (N/mm2) 

~~ 

90/10 Copper- 
Nickel-Iron 88 10 2 1 70 110 310 

80/20 Copper- 
Nickel-Manganese 80 20 05/050 75 110 340 
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even at ordinary temperatures, with or without work-hardening effects. In the 
form used for chemical plants, the purity of the metal is almost complete; 
small amounts of alloying additions in lead are intended to improve its 
mechanical properties without any significant decrease in corrosion re- 
sistance. 

There are three standard leads available in the U.S. for process plant 
construction. These are described in Table 3.21. 

Lead has the following physical properties: 
0 

0 
density p = 11.35 kg/dm3 
melting point tm = 327°C 
heat capacity Cp = 0.031 kcal/kg "C 

Table 3.21. Standard U.S. Leads [32] 

Analyses 
(%I 

~~~~~~~~ ~~ 

Chemical Acid Copper 
Lead Lead Lead 

Silver: max. 
min. 

Copper: max. 
min. 

Arsenic, Antimony and tin, max. 
Zinc, max. 
Bismith, max. 
Lead, min. 

0.020 0.002 0.020 
0.002 
0.080 0.080 0.080 
0.040 0.040 0.040 
0.002 0.002 0.015 
0.001 0.001 0.002 
0.005 0.025 0.10 

99.90 99.90 99.85 

Table 3.22. Mechanical Properties of Sheet Lead [32,33] 

Ultimate Tensile Strength (kg/cm2) 
Elongation (%) 40-50 

Brinell Hardness (HB) 4-4.6 

130-1 80 

Necking (%) 100 

Table 3.23. Mechanical Properties of Annealed Lead vs Temperature [32,33] 

Temperature (Y2) 

20 80 150 200 265 

Ultimate Tensile Strength (kg/cm2) 135 80 50 40 20 
Elongation (%) 31 24 23 20 18 
Necking (%) 100 100 100 100 100 
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0 

0 

thermal conductivity A = 30 kcal/tn "C h r  
temperature elongation = 3.9 x I 0-7 

The mechanical properties of lead are given in Tables 3.22 and 3.23. 
Lead alloys have higher strength and lower melting points than pure lead 

and, therefore, have a lower service temperature (less than 100°C). 
Dispersion-strengthened lead (DSL), obtained by a uniform dispersion of 

lead oxide through the lead particle matrix, has the traditional corrosion 
resistance of lead but much greater stiffness. DSL is fabricated as pipe and 
other extruded items, but has a limited application for process plant 
construction because the welding technique does not provide adequate 
strengths in joints. 

The recommended maximum design stresses for a life of 5 to 10 years 
based on long-time creep tests are given in Table 3.24. 

Another important factor in the selection of a lead alloy is fatigue 
strength, which may arise from high-frequency vibration from pumps and 
stirrers or from differential expansion from heat and cooling cycles. The 
marked increase of fatigue strength obtained by alloying with copper, 
silver and tellurium can be seen from Table 3.25. 

Table 3.24. Maximum Stresses in Pipe Wall of Lead Alloys [33] 

Maximum Stress, S, N/mm*, in Pipe Wall 

Temperature 99.99% Copper, Tellurium 8% Antimonial 
(Tc) Lead and Silver Leads Lead DSL 

20 2.21 2.42 
60 1.24 1.38 

100 0.66 0.86 
150 0.52 

3.50 10.34 
1.24 10.34 
0.76 9.62 

3.50 

Table 3.25. Fatigue-Strength Data of Lead Alloys [33] 

Endurance Limit, +N/mm2, 
for 20 x 106 Cycles 

Lead 20'c 80'c 

99.99 
99.99% +0.06 copper 
99.99% +0.005% silver 

+0.005% copper 
99.99% +0.06% copper 

+0.04 tcllurium 
DSL 

3.17 
4.06 
4.17 

7.70 

13.8 

2.10 
3.00 
3.05 

5.10 

12.50 
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3.10.1 Corrosion Resistance 

The corrosion resistance of lead is due to the formation of a thin 
surface film of an insoluble lead salt that protects the metal from sulfuric 
acid and related compounds of any strength at ordinary temperatures. 
Even wlicn the temperature increases to nearly 100°C the rates of corrosion 
are still low. However, strong, hot sulfuric acid attacks lead rapidly, 
especially if the acid is flowing. 

Nitric acid in any concentration attacks lead steadily, but mixtures of 
nitric and sulfuric-nitration acids-are not as active and can be handled in 
lead. 

Phosphoric acid made by the “wet process,” in which phosphate rock 
is treated with sulfuric acid, is highly inert toward lead in any concentration 
for temperatures up to 150°C. However, in the “dry process,” where 
hydrogen phosphate (H3PO4) is made directly from phosphorus or phospho- 
rus pentoxide (P20,), a chemical reaction with lead occurs. 

Lead chloride is freely soluble in hot aqueous solutions, but lead 
fluoride is almost insoluble in dilute HF solutions. When the HF concentra- 
tion reaches about 40%, steel is preferred. 

Organic chlorinations are handled in lead where the presence of iron 
might produce catalyst substitution in an undesirable position. Hence, 
lead is the material most frequently specified for chlorinators. 

Chromic acid and its salts normally are prepared in lead. Lead is 
especially suitable for organic oxidations because its inertness avoids any 
interference from reactions. 

Neutral or weak acid-salt solutions usually can be handled in lead plants, 
with the exception of those few heavy metals that may form lead alloys by 
substitution. The alums and sulfates generally have little action. 

3.1 1 ALUMINUM AND ALUMINUM ALLOYS 

The main criteria in the selection of aluminum and its alloys for 
chemical plants are corrosion resistance, ease of fabrication and price. 
High-quality aluminum grades are used for chemical and process plant 
applications. 

Physical properties of aluminum are characterized by the following 
data: 

0 

0 

0 

0 

0 

density p = 2.7 kg/dm3 
melting point t,, = 657°C 
heat capacity C,, = 0.218 kcal/kp “C 
thermal conductivity A = 188 kcal/m “C hr 
thermal elonpalion coefficient (Y = 2.4 X IO” 
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The positive properties of aluminum are its high heat conductivity 
(4.5 times higher than that of steel), low specific gravity, high ductility 
providing good rolling, and cold and hot stamping. The negative properties 
are its poor castability, poor cutting and low strength. The most important 
specifications of aluminum as a structural material are given in Tables 
3.26-3.28. 

Table 3.26. Mechanical Properties of Aluminum 

Mild, Annealed Hardened 
Aluminum Aluminum 

Ultimate Tensile Strength (kg/cm2) 700-1000 1500-2000 
Yield Strength (kg/cm2) 3 0 0 4 0 0  1400-1800 
Elongation (%) 3 0 4 0  4-8 
Necking (%) 7 0-9 0 5 0 6 0  
Brinell Hardness (HB) 15-25 40-55 

Table 3.27. Mechanical Properties of Aluminum Annealed a t  370°C 

Temperature, "C 

20 75 135 310 400 510 600 

UltimateTensileStrength (kg/cm2) 1160 1000 765 260 125 55 35 
Elongation (%) 19 24 32 39 42 45 48 
Necking (%) 79 83 88 9 1  99 99 100 

Table 3.28. Allowable Tensile and Compression Stresses for Mild 
Aluminum (annealed) vs Metal Operating Temperature 

Aluminum Temperature Allowable Tensile Allowable Bending 
("0 Stress (kg/cm2) Stress (kg/cm2) 

30 150 25 0 
3 1-60 140 225 
6 1-80 130 200 
81-100 120 175 

101-120 105 150 
121-140 90 125 
141-160 75 100 
161-180 60 75 
181-200 45 50 
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The low strength of aluminum can be considerably improved by alloying 
with magnesium, silicon, manganese, copper, etc. However, the alloys have 
substantially the same modulus of elasticity (70 kN/mm*). 

3.1 1.1 Aluminum Alloy Compositions 

Aluminum alloys can be divided into three classes: aluminum of various 
degrees of purity; wrought alloys; and casting alloys. 

3.1 1.2 Aluminum of Commercial 99% Minimum Aluminum Purity 

This is used widely for chemical and process plant applications where its 
resistance to corrosion and high thermal conductivity are desirable charac- 
teristics. The strength of aluminum can be increased by cold working, as 
shown in Table 3.29. 

The addition of alloying elements to the commercially pure metal results in 
an increase in its strength and usually has some favorable effects on other 
characteristics. 

3.1 1.3 Nonheat-Treatable Magnesium and Manganese Alloys 

These represent the best compromise between corrosion resistance and 
strength. It is the most useful class of alloys for chemical and process plant 
construction. Examples are given in Table 3.30. 

Table 3.29. Effect of Purity on the Properties of Aluminum 

Typical Mechanical Properties 

Designa tion (% min.) Cold-Work (N/mm2) (DPN) 
BSI Purity Degree of Tensile Strength Hardness 

1 99.99 Oa 54 16 
H4b 85 25 
HSC 108 30 

1A 99.8 0 69 18 
H4 100 3 1  
H8 130 40 

1B 99.5 0 85 21 
H 4  108 31  
H8 140 39 

aO = fully softened. 
bH4 = partially cold-worked. 
'H8 = fully cold-worked. 
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Table 3.30. Typical Properties of Fully Annealed 
Nonheat-Treatable Aluminum Alloys 

Typical Mechanical Properties 

Designation Magnesium Manganese (N/mm2) (DPN) 

Main Alloying Elements 
BS Tensile Strength Hardness 

N3a 1/1.5 108 29 

N6 4.515.5 280 65 
N8 4.014.9 o s /  1 .o 295 70 

N4 1.712.8 185 45 

“N signifies a nonheat-treatable alloy. 

3.1 1.4 Heat-Treatable Alloys 

These are produced by adding small amounts of copper, magnesium and/or 
silicon, which can increase their strength much more by heat-treatment than 
by cold-working (Table. 3.3 1). 

Differences in composition require different temperatures for the high- 
temperature solution treatment, as well as variations both in time and 
temperature of aging. Heat-treatable plate and sheet alloys are not widely 
used for process plant construction because heat treatment has to be applied 
after welding to restore the mechanical properties. 

Table 3.31. Effect of Heat Treatment on Heat-Treatable Aluminum Alloys 

Typical Mechanical 
Proper ties 

Main Alloy Elements Heat Tensile 
BSI Treatment Strength Hardness 

Designation Copper Magnesium Silicon Manganese Condition (N/mm*) (DPN) 

H30a - 0.4/3.4 0.6/1.3 0.4/1.0 M 215 IO 
TFb 310 100 

H15 3.814.8 0.2/0.8 O.Sl0.90 0.311.2 MC 400 125 
TF  430 160 

H9 - 0.4/0.9 0.3/0.7 M 155 50 
TF 200 80  

aH denotes a heat-treatable alloy. 
bTF is solution heat treatment followed by precipitation hardening. 
CM as cast. 



90 Materials Selection Deskbook 

3.1 1.5 Casting Alloys 

These are used as corrosion-resistant materials. Examples are given in 
Table 3.32. Some can be strengthened by heat treatment. The alloys contain- 
ing substantial amounts of silicon have the best foundry characteristics and a 
high resistance to corrosion, but are not readily machined. 

3.1 1.6 Temperature Effects 

Tensile strength diminishes rapidly with increasing temperature above 
200°C. The high-magnesium alloys N5,  N6 and N8 should not be used above 
65°C because higher temperatures make them susceptible to stress corrosion 
cracking. 

Aluminum and its alloys are excellent for low temperatures as well as for 
cryogenic applications because their tensile strength and ductility are 
increased at  low temperatures. 

They are widely employed in the manufacture, storage and distribution of 
liquified gases, particularly on sea and road tankers. The most popular alloy 
for cryogenic applications is 4.5% magnesium alloy (N8). Table 3.33 gives 
the boiling points of the most common cryogenic liquids and the minimum 
temperatures at which various materials can be used. 

3.1 1.7 Corrosion Resistance 

Clean metallic aluminum is extremely reactive. Even exposure to air a t  
ordinary temperatures is sufficient to promote immediate oxidation. This 
reactivity is self-inhibiting, however, which determines the general corrosion 
behavior of aluminum and its alloys due to the formation of a thin, inert, 
adherent oxide film. In view of the great importance of the surface film, it 
can be thickened by anodizing in a bath of 15% sulfuric acid (H2S04) solution 
or by cladding with a thin layer of an aluminum alloy containing 1% zinc. 

Aluminum is suitable for contact with cold dilute sulfuric acid solutions, 
especially if an anodizing treatment has been applied. As the H2S04 concen- 
tration increases, rates of attack also increase. This is illustrated in Figure 3.6. 
Aluminum may be used for handling oleum; however, the passivity of the 
metal with sulfuric acid is soon destroyed as the temperature rises, and the 
boiling solutions of an acid of any concentration attacks rapidly. 

Aluminum and stainless steel are used almost interchangeably for any 
strength of nitric acid. Figure 3.7 compares the rate of attack of cold 
nitric acid on stainless steel and aluminum. Figure 3.7 shows that higher 
rates of aluminum corrosion occur up to about 80% nitric acid (HNO,), but 
aluminum is still to be preferred over stainless steel for any concentration 
above 80%. 
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Table 3.32. Various Aluminum Casting Alloys 

Mechanical 
Propertiesa 

Alloy Elcments Heat Tensile 
BSI Treatment Strength Hardness 

Designation Magnesium Silicon Manganese Condition (N/mrnZ) (DPN) 

LM5 3.016 .O - 0.3/0.1 Mb 125 
LM6 - 10.0/13.0 - M 170 
LM9 0.210.6 10.0/13.0 0.310.7 T E ~  185 

T F ~  245 
M 280 LM18 - 4.516.0 - 

LM25 0.210.45 6.5/1.5 - M 130 
TE 155 
TF 245 

60 
55 
70 
100 
40 
60 
IO 
100 

aAs sand castings. The new heat treatment designations and their former equivalents: 
b~ = as cast. 
q E  = precipitation treated (P). 
dTF = solution and precipitation treated (WP). 

Table 3.33. Aluminum Alloys Recommended for Cryogenic Applications 

Boiling Minimum 
Point Temperature of Use 

Cyrogenic Liquid (“C) Material (“C) 

Propane -42 Carbon steels -5 0 
Carbon Dioxide -78 2.25% nickel steel -65 
Acetylene -84 3.5% nickel -100 
Ethylene -104 Aluminum/magnesium alloys -270 
Methane -161 Austenitic stainless steel -210 
Oxygen -182 Nickel alloys -270 
Argon -186 Copper alloys -210 
Nitrogen -196 
Hydrogen -25 3 

Aluminum does not have the mechanical reliability of stainless steel, 
especially at  higher temperatures. However, it is not nearly as susceptible to 
“weed decay” or localized attack around the welds. 

3.1 1.8 Organic Acids 

These are the second great field of application for aluminum alloys, with 
the exception of aluminum magnesium alloys. One restriction always applies 
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in  their rise--the rapid increase in corrosion rate when perfectly anhydrous 
acids are being handled a t  high temperature. The resistance to most 
acid-reacting organic compounds increases with the acid concentration. 

It is possible to carry out such oxidation processes as the conversion of 
acetaldehyde to acetic acid, or methyl alcohol to formaldehyde in  aluminum 
plants, thus avoiding boiling anhydrous acids. The metal is especially 
valuable for handling delicate chemicals, which must not acquire metallic 
taste or color. For these reasons, aluminum has found extensive use in the 
food, dairy, brewing and fishing industries. 

Neutral salts and aqueous solutions of various acids generally follow the 
acid action. Aluminum has no apparent action or microbiological processes 
(i.e., the production of antibiotics by deep-vessel fermentation). Fermenta- 
tion tanks, as well as various absorbing and extracting units, can be made 
from aluminum. 

Since aluminum is not attacked by hydrogen sulfide (H,S) solutions, it is 
used widely as a material in refineries for the handling of hydrocarbons 
made from "sour" crudes. In the strongly oxidizing conditions of manu- 
facturing hydrogen peroxide, aluminum is one of the few materials that 
does not undergo decomposition. 

Steam-heated aluminum castings are used for the melt spinning of nylon 
and polyester fibers and have been used for storage of raw materials during 
manufacturing, as well as for storage of acetic acid in cellulose acetate plants. 

3.12 MISCELLANEOUS PRECIOUS METALS 

Titanium, tantalum and zirconium are used for construction in process 
plants. The principal physical and mechanical properties of these three 
metals are given in the Table 3.34. 

Table 3.34. Properties of Titanium, Tantalum and Zirconium 1341 

Coefficient 
of 

Melting Expansion Thermal Yield Tensile 
Density Point X 10-6 Conductivity Strength Modulus Hardness 
(g/cm2) ("C) ("C) (W/m"C) (N/mmZ) (N/mm2) (DPN) 

~~ 

Titanium 4.5 1668 9.0  15 345 103,000 150 
Tantalum 16.6 2996 6.5 55 240 185,000 170 
Zirconium 6.5 1852 7.2 17 290 80,000 180 

Next Page
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3.12.1 Titanium 

Titanium is a white metal and, when cold, is brittle and may be powdered. 
At a red heat it may be forged and drawn. The tensile strength of titanium is 
almost the same as that of steel, while its specific gravity (4.5) is almost 
two times less than that of steel. Hence, its specific strength (tensile 
strength/specific gravity) is 1000, which is considerably higher than that of 
18/8 steel, which has a value of 700. Titanium is now available as plate, sheet 
and tube, and its use in chemical plant construction is considered common. 

The mechanical properties of titanium are greatly affected by small 
amounts of oxygen and nitrogen. The properties of the commercially pure 
grade metal and its alloys are given in the Table 3.35. 

The alloys with aluminum, vanadium and tin have considerably greater 
strength but lower corrosion resistance. These alloys are used as rotating 
components in centrifuges, where the strength to weight ratio is important. 
About 0.2% palladium alloy gives better corrosion resistance than the first 
four grades in Table 3.35. 

According to the ASME code (Section VIII, Div. 1) titanium may be used 
up to 300°C. The fatigue strength of the metal is about half the tensile 
strength. Typical values for the tensile strength of titanium and its alloys at 
temperatures up to 500°C are given in Table 3.36. The corrosion resistance 
of all grades of commercial pure titanium is similar. This protection relies on 
a surface film of metallic oxide. Therefore, titanium is most useful in 
oxidizing environments. 

Table 3.35. Mechanical Properties of Titanium and Alloys 
(ASTM B265/337/338) [35] 

Alloying 
Element UTS Elongation Hardness 

Grade (% max.) (N/mm2 min.) (%I (DPN) 

1 Oxygen 0.18 240 24 150 
2 0.25 345 20 180 
4 0.40 550 15 260 
5 Aluminum 6 900 10 

6 Aluminum 5 820 10 
Vanadium 4 

Tin 2.5 
7 Palladium 345 20 180 

0.15/.25 
Oxygen 0.25 

0.1510.25 
Oxygen 0.35 

8 Palladium 450 18 219 
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Table 3.36. Effect of Elevated Temperatures on Strength 
of Titanium and Alloys [ 351 

Tensile Strength, N/mm2, at Test Temperature of 

Material Room 
ASTM Grade Temperature I00"C 200°C 300°C 400°C 500°C 

1 
2 

310 
480 
545 
760 

1030 
96 0 
480 
545 

295 220 170 130 
395 295 205 185 
460 325 250 200 
585 425 310 215 
890 830 760 690 655 
820 690 620 5 35 460 
395 295 205 185 
460 325 250 200 

Titanium is generally suitable for use in boiling nitric acid, aqua regia, 
nitrites, nitrates, chlorides, sulfides, phosphoric acid, chromic acid and 
organic acids. The main advantage of titanium over stainless steel is that 
it is not affected by pitting or stress corrosion cracking in solutions 
containing chloride ions and has better resistance to erosion. It can be more 
easily protected anodically (less than 50 W for a surface equal to 100 m'). 

The corrosion resistance of unalloyed titanium in hydrochloric or sulfuric 
acids can be increased significantly by anodic protection, which maintains 
the oxide film so that the corrosion will be negligible even in severely 
reducing conditions. 

If the metal is exposed to highly oxidizing conditions in the complete 
absence of water, a violent reaction may occur (for example, in completely 
dry chlorine). In this case, 0.015% water is added as the minimum for 
passivation of titanium. 

3.1 2.2 Tantalum 

Tantalum is a light bluish metal: ductile, malleable and, when polished, 
resembles platinum. The metal is characterized by high strength and infusibil- 
ity. Its melting point is 3000°C. The metal has high ductility, good forging, 
flattening and stamping. Excellent welds can be made by the TIG process; 
however, as tantalum reacts with oxygen and nitrogen at temperatures 
above 300°C, careful shelding with argon of all areas likely to exceed this 
temperature is vital for success [ 3 6 , 3 7 ] .  

Tantalum has a degree of corrosion resistance similar to that of glass; 
therefore, it can be used in environments for which glass is required but 
without the risk of fracture and for purposes of heat transfer. The thermal 
conductivity of the metal is similar to that of nickel and nickel alloys. 
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I n  tantalum equipment very high flowrates can be admitted before 
erosion and cavitation occur, and a much higher thermal flux can be 
achieved. Therefore, the higher cost of tantalum sometimes can be justified. 

The same volume of metal tantalum is 30 times more expensive than 
titanium, but it has the range of corrosion resistance more comparable with 
the precious, rather than the base, metals. I t  is only 3% of the cost of 
platinum and 8% of the cost of gold. 

In many applications tantalum can be substituted for platinum and 
gold, and there are some environments in which tantalum is more corrosion 
resistant than platinum. Table 3.37 lists the main chemicals for which 
tantalum is not a suitable substitute for platinum and, conversely, those 
for which tantalum is better than platinum. Tantalum is rapidly embrittled by 
nascent hydrogen even at room temperature. Therefore, it is very important 
to avoid the formation of galvanic couples between tantalum and other 
metals. 

3.12.3 Zirconium 

Of high purity, zirconium is a white, soft ductile and malleable metal. At 
99% purity, when obtained at high temperatures it is hard and brittle. The 
rapid development of production techniques of zirconium has resulted 
because of its suitability for nuclear engineering equipment. 

Table 3.37. Comparative Corrosion Resistance of Tantalum and Platinum 

Chemical Tantalum Platinurn 

Acetylene Ga NR 

Bromine (wet or dry) G NR 
Bromic Acid G NR 
Cyanides G NR 

Alkalis N R ~  G 

Fluorine NR G 
Compounds Containing Fluorine NR G 

Lead Oxide NR G 

Ethylene G NR 
Lead Salts G NR 

Metals (molten) C NR 
Mercury G NR 
Mercury Compounds G NR 
Oleum NR G 
Phosphoric Acid NR G 
Sulfur Trioxide NR G 

% = good. 
bNR= not recommended. 
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Zirconium has outstanding resistance to hydrochloric acid and is a 
cheaper alternative to titanium for this duty. I t  is superior to titanium 
i n  resistance to sulfuric acid. Zirconium has excellent resistance to caustic 
alkalies in all concentrations and is superior to both titanium and tantalum in 
this rcspect. 

3.12.4 Precious Metals 

The precious metals are many times the cost of the base metals and, 
therefore, are limited to specialized applications or to those in which process 
conditions are highly demanding (e.g., where conditions are too corrosive for 
base metals and temperatures too high for plastics; where base metal 
contamination must be avoided, as in the food and pharmaceutical 
industries; or where plastics cannot be used because of heat transfer 
requirements; and for special applications such as bursting discs in pressure 
vessels). The physical and mechanical properties of precious metals and 
their alloys used in process plants are given in Table 3.38. 

3.12.5 Silver 

Silver is a white metal; it is softer than copper and harder than gold. One 
use of the pure metal (about 99.99%) is as a liner bonded to  stronger or 
cheaper metals. The metallic bond is usually of high thermal conductivity. 

Both steel and copper vessels may be lined with thin silver sheets in the 
same way as for homogeneous lead lining. As silver is extremely resistant to 
most organic acids at all concentrations and temperatures, it is used widely 
for handling foodstuffs and pharmaceutical products where nontoxicity and 

Table 3.38. Properties of Precious Metals [38] 

70% AU 
10% 20% 10% 20% 30%R 

Platinum Gold Silver Rh/Pt Rh/Pt Ir/Pt Ir/Pt 1% Rh 

Density (g/cm3) 21.45 19.3 10.5 20.0 18.8 21.6 21.7 20 
Melting point ("C) 1769 1063 961 1850 1900 1800 1815 1250 
Thermal Conductivity 
(W/m "C) 70 290 418 
Young's Modulus 
(kNlmm2) 170 70 70 195 215 
Tensile Strength 
Annealed (N/mm2) 140 110 140 325 415 370 695 925 
Hardness (DPN) 
Annealed 40 20 26 75 90 120 200 250 
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discoloration are essential. Silver is inert to hot alkaline solutions and very 
resistant to fused alkalis in the absence of oxidizing agents and to all neutral 
salt solutions. 

3.12.6 Gold 

Gold can be used only in very small portions or very thin coatings because 
of its cost. Most of the applications for which it was used in the past have 
now been accomplished with tantalum at a much lower cost. A gold/ 
platinum/rhodium alloy is used in the manufacture of rayon-spinning jets in 
the production of rayon fibers. This alloy presents the combination of 
strength, corrosion resistance and abrasion resistance necessary to prevent 
changes in hole dimensions. 

3.12.7 Platinum 

Platinum, plus other platinum group metals (Pt, Pd, Ir, Os, Rh, Ru), within 
the range of 99.8-99.99% Pt content are almost completely inert to chemical 
reagents under oxidizing conditions over a wide range of temperatures. At 
high temperatures under reducing conditions, however, it is attacked by all 
base metals, by molten silver and gold, and elemental silicon, boron, arsenic, 
phosphorus, bismuth and sulfur. One particular case is the handling of 
molten glass in the manufacture of glass wool or glass threads for weaving. 
Again, platinum electrodes are used for electrolytic production of highly 
oxidizing materials, such as ammonium persulfate and chlorine from brine 
solutions. 

3.13 METALLIC COATINGS 

Metallic coating involves the deposition of metals and alloys onto other 
metals ranging in thickness from a few microns to several millimeters. This 
method allows for the possibility to obtain the properties of the coating 
at  low cost, compared with making the items entirely from the coating 
composition. Coating permits the use of metals or alloys that are too 
brittle or too weak in the solid form (for example, chromium and zinc). The 
main reasons for applying a coating are prevention of corrosion, oxidation 
and abrasion. Coatings are produced by four main methods: electrodeposi- 
tion, spraying, dipping and diffusion. 

3.1 3.1 Electrodeposition 

Nickel, chromium and zinc are commonly used as electrodeposits. 
Chromium, the hardest of these coatings, is applied for abrasion resistance 
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and low coefficient of friction. Nickel and zinc electrodeposits are used for 
resistance to corrosion, the latter for mildly corrosive conditions [39,40]. 

3.13.2 Dip Coating 

Dip coating involves immersion of steel or copper in a bath of molten 
coating metal (zinc, tin and/or aluminum). Hot dip-galvanized (zinc-coated) 
steel should not be used in circuits containing copper equipment. This can 
result in galvanic corrosion at the copper/galvanized junctions, as well as 
cause overall galvanic corrosion of the zinc by copper redepositing from the 
water or process stream. Galvanized equipment is not recommended for use 
with liquors above 60'C. Above this temperature there is a reversal of the 
polarity of the zinclsteel couple, and the coating ceases to be protective 
where flaws appear in the coating. Impervious coatings of tin for mild 
corrosive conditions can be formed on steel and copper by dipping in a 
molten bath of tin. 

Aluminum is the highest melting point metal (660°C) applied by hot 
dipping. Aluminized steel can be used at  temperatures up to 550°C without 
appreciable oxidation. This steel has very good resistance to gases and 
vapors containing small quantities of sulfur dioxide and hydrogen sulfide 
[41,42,43]. 

3.13.3 Sprayed Coatings 

Zinc, aluminum, nickel alloys, cobalt alloys and tungsten carbide are 
applied for sprayed coatings, which are slightly porous. Flame-sprayed 
zinc coatings are used for corrosion protection of steel and provide similar 
properties for galvanized coatings. 

Sprayed aluminum coatings used on steel for protection against atmo- 
spheric corrosion are preferred over zinc for use in areas with considerable 
contamination of the atmosphere by sulfur oxides [44]. Sprayed aluminum 
also is used for the protection of steel at elevated temperatures up to  550°C. 
For temperatures of 550-9OO0C, aluminum is converted to a high-melting 
point aluminum/iron compound by heating the coated equipment to 
800/9OO0C and maintaining it at that temperature for 15 minutes. For 
protection up to IOOO"C, a sprayed coating of nickel chromium and nickel 
and cobalt alloys is applied. Nickel or cobalt alloys containing small amounts 
of boron or silicon can be deposited with very simple equipment, requiring 
very little heating of the base metal. 

3.13.4 Diffusion Coatings 

The purpose of diffusion coatings is not to produce a coating of another 
metal on the substrate, but to change the composition of the surface layers 
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of the substrate by alloying with the diffusing metal chosen (zinc, aluminum, 
chromium and silicon). The surface properties after such treatment depend 
not only on the metal diffused, but also on the composition of the 
substrate. The diffusion coating causes very little change in the dimensions of 
the piece being treated, which is important for items machined to fine 
limits, such as nuts and bolts [45,46]. 

Zinc diffusion is used for protection against atmospheric corrosion. Alumi- 
num diffusion is used to improve the oxidation resistance of low-carbon 
steels. 

Chromium diffusion applied to a low-carbon steel produces a surface 
that has the characteristics of ferritic stainless steel, such as AIS1446 to a 
depth about 0.1 mm. When diffusion is applied to a highcarbon steel, a 
surface rich in chromium carbides is formed. This has a hardness greater 
than 1000 VHN, which provides good resistance to abrasion. 

Nickel alloys and stainless steels such as AIS1310 (25Cr/20Ni) diffusion 
treated with chromium enhance resistance to sulfur gases at high tempera- 
tures. The chromium-rich surface prevents the formation of nickel sulfide. 

The use of equipment close to the temperature at  which the material was 
diffusion treated will result in continuing diffusion of chromium, aluminum 
etc., into the substrate, thus depleting chromium with consequent loss in 
oxidation and corrosion resistance. For aluminum, this effect is noticeable 
above 700°C in steels, and above 900°C in nickel alloys. For chromium, the 
effect is pronounced above 850°C for steels and above 950°C for nickel alloys. 

Silicon used for diffusion treatment of carbon steels enhances corrosion 
resistance to sulfuric acid. Such a treatment has the surface durability of 
iron/silicon alloys without their marked brittleness. 

3.14  CARBON, GRAPHITE AND GLASS 

3.14.1 Carbon and Graphite 

Structural carbon shapes fabricated by heating coke with a mixture 
of tar and pitches are porous and are made impermeable by impregnation 
with a resin (usually a phenolic resin). Cashew nut shell liquid resin is used 
when resistance to alkalis and acids is required. 

Graphite is used widely in process plants for its high thermal conductivity 
(about six times that of stainless steel). Typical properties of impregnated 
carbon and graphite are given in Table 3.39. 

Impregnated carbon and graphite can be used up to 180°C, and porous 
graphite can be used up to  400°C in oxidizing environments and 3000'C in a 
reducing atmosphere. Carbon and graphite bricks and tiles are used for 
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Table 3.39. Properties of Carbon and Graphite 1471 
~ ~~ ~ ~~ 

Carbon Graphite 
~ ~ ~ 

Density (g/cm3) 1 8  1.8 
Tensile Strength (N/intn) 28 10 
Comprcswe Strength (N/mm2) 135 70  
Tensilc Modulus (kN/ inni f )  10 3 
Thernid Condwtivity (W/m "C) 4 70 
Linear Coefficient of Iixpansion ("c- 1) 3 x  106 4 x  106 

lining process vessels and are particularly suitable for applications involving 
severe thermal shock. 

Tube and shell heat exchangers, small distillation columns, reactors, 
valves, pumps and other items are available in impregnated graphite. 
Graphite can be joined only by cementing, which embrittles on aging. It 
is prone to mechanical damage, particularly when subjected to tensile 
stresses. 

3.14.2 Glass 

By virtue of its chemical and thermal resistances, borosilicate glass has 
superior resistance to thermal stresses and shocks, and is used in the 
manufacture of a variety of items for process plants. Examples are pipe up to 
60 cm in diameter and 300 cm long with wall thicknesses of 2-10 mm, pipe 
fittings, valves, distillation column sections, spherical and cylindrical vessels 
up 400-liter capacity, centrifugal pumps with capacities up to 20,000 
liters/hr, tubular heat exchangers with heat transfer areas up to 8 m2, 
maximum working pressure up to 275 kN/m*, and heat transfer coefficients 
of 270 kcal/hz/m"C [48,49]. 

Borosilicate glass has the following properties: 
density p = 2.7-31 kg/dm3 
heat capacity Cp = 0.1-0.3 kcal/kg"C 
melting point t, = 1000-1200"~ 
thermal conductivity A = 0.4-1.0 kcal/m% hr 
linear coefficient of expansion a! = 5 x 10-6 
tensile strength 500-900 kg/cm2 
compression strength 6,000-13,000 kg/cm2 
modulus of elongation E = 620,000 kg/cm2 
Poisson's ratio f i  = 0.27-0.29. 

Because borosilicate is a brittle material, its design stress is restricted to less 
than 7 N/mm*. Borosilicate glass is attacked by hydrofluoric acid even 
when a solution contains only a few parts per million of fluoride ions, and at 
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elevated temperatures by strong solutions of phosphoric acid (85% acid at 
100°C is the approximate limit). I t  is attacked also by strong bases such as 
sodium hydroxide and potassium hydroxide solutions, in which the effect 
is linear with time. As for all other materials, borosilicate represents 
almost the final resort in corrosion resistance. It has a very high degree of 
passivity to sensitive chemicals. 

3.15 CEMENTS, BRICKS AND TILES 

3.15.1 Cements 

Cements are used mainly for jointing brickworks, drainage gullies, pipes 
and storage tanks. Portland cement has very poor resistance to acids but good 
resistance to alkaline liquors. 

High-alumina cement is very quick setting, but its acid resistance is only 
slightly better than Portland cement, and it is rapidly attacked by alkalis. 
Super-sulfated cement is used for liquors high in sulfates. I t  is resistant to 
acidic conditions down to a pH of 3.5 and has alkali resistance similar to 
Portland cement [ 501. 

3.15.2 Bricks and Tiles 

Lining vessels and equipment using this type of construction consists of a 
membrane, acid-resistant bricks or tiles, and chemical-resistant mortar for 
joining the bricks (tiles) together. 

Membranes are applied directly to the metal or concrete surface to 
protect from corrosion by any liquor that penetrates the brick lining 
through pores and cracks. Membranes consist of sheet material bonded to 
the metal or concrete, eg., flexible PVC sheet, or it may be formed 
in situ (eg., polyester resin reinforced with glass fiber, or synthetic 
rubber sheet, lead, polyisobutylene, polyethylene and asphalt). 

Brick lining (40-65 mm thick) is used for reducing the temperature at the 
membrane. This protects the membrane from deteriorating with free 
access of the process liquors aiid prevents its erosion and other mechanical 
damage [51,52]. 

Red and blue acid-resistant bricks are resistant to all inorganic and organic 
chemicals, except for hydrofluoric acid and hot concentrated caustic 
alkalis. Acid-resistant fireclay bricks are used for conditions involving 
elevating temperatures and corrosive condensates. Highly vitrified materials 
such as chemical stoneware, porcelain and basalts are used for extremely 
severe duties or where contamination of the process liquors is undesirable. 
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Chemical-resistant cements are used for all acids up to temperatures of 
17OoC, but they are attacked rapidly by even dilute alkaline solutions. 

Sulfur mortars (mixture of sulfur and inert fillers with small amounts of 
organic plasticizers) are used for shrinkage mitigation and for eliminating 
thermal shocks for temperatures up to 80'C. These mortars have poor 
resistance to alkalis and nonpolar organic solvents. 

Phenolic mortars have excellent resistance to acids, particularly for 
dilute nitric acid (up to 50%) and sulfuric acid (60-90%) but can only 
tolerate very dilute alkaline solutions at low temperatures. 

Furnace mortars are used over a very wide range of conditions. They 
are resistant to nonoxidizing acids, alkalis, and solvents up to 190°C. 
Carbon fillers should be used for conditions involving strong alkalis and 
compounds containing fluorine. 

Maximum chemical resistance of polyester mortars is obtained from 
cements made from isophthalic or biphenol resins. The biphenolic resins 
are preferred for alkaline and hypochlorite solutions. 

Epoxy resin cements are specifically intended for resistance to caustic 
alkalis and organic solvents, but they also have fair acid resistance. They 
have excellent bond strength to other materials including ceramic and 
concrete. The corrosion resistances of the cements described above are given 
in Table 3.40. 

Bricks or tiles that line steel vessels have the tendency to crack when the 
vessel is heated because of the differences in the coefficients of thermal 
expansion between ceramic and steel. 

Table 3.40. Chemical Resistance of Bedding and Jointing Cements 

Animal 
and 

Dilute Concentrated Caustic Mineral Vegetable Oxidizing 
Acids Acids Alkalis Oils Oils Acids 

Rubber-Latex Ga Pb G FC P P 
Silicate VGd VG P G G VG 
Sulfur G G P G P G 
Phenolic VG VG P G G F 
Furane VG VG P G G P 
Polyester VG G VG VG VG VG 
EPOXY VG G VG VG VG F 

aC = good. 
bp = poor. 
CF = fair. 
dVG = very good. 
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3.16 PLASTIC AND THERMOPLASTIC MATERIALS 

Plastics are highly resistant to a variety of chemicals. They have a high 
strength per unit weight of material; therefore, they are of prime importance 
to the designer of chemical process equipment. Their versatility in properties 
has provided new and innovative designs of equipment. They are excellent 
substitutes for expensive nonferrous metals. 

Plastics are high-molecular-weight organic compounds of natural or mostly 
artificial origin. In fabrication, plastics are added with fillers, plasticizers, 
dyestuffs and other additives, which are necessary to lower the price of the 
material, and give it the desired properties of strength, elasticity, color, point 
of softening, thermal conductivity, etc. 

Plastics are subidivided into two types: thermoplastic and thermosetting. 
The thermoplastics can be softened by heat and hardened again by 
subsequent cooling. This process is reversible and can be repeated many 
times. By contrast, the thermosetting resins are first softened and melted 
and, at  subsequent heating to a definite temperature, they are irreversibly 
hardened, becoming insoluble [53]. 

Plastics are particularly resistant to inorganic chemicals but are often 
inferior to metals in resistance to organic chemicals. Table 3.41 gives general 
resistance properties and typical uses of thermoplastics. The strength charac- 
teristics obtained from short-time tests are not suitable for design purposes 
because all plastics gradually elongate or creep when subjected to sustained 
loads for long periods, even at ambient temperatures. 

The physical and mechanical properties of the principal thermoplastics of 
interest for process plant applications are listed in Table 3.42. Table 3.43 
gives typical hydrostatic design stresses for different types of thermoplastic 
pipe. Plastics widely employed in piping systems are described briefly 
below. 

3.16.1 Polyolefins 

Polyethylene and polypropylene are semitransparent plastics made by 
polymerization. They are produced from ethylene and propylene in a variety 
of grades. Their mechanical properties are determined mainly by density 
(degree of crystallinity) and molecular weight, characterized by the Melt 
Index (MI). 

The effect of these two parameters on mechanical and physical properties 
of polyethylene and polypropylene are shown in Tables 3.44 and 3.45. The 
copolymer grade is usually propylene with a little ethylene (5%), which 
considerably improves the impact strength while causing only a slight 
loss in stiffness. 
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Table 3.43. Hydrostatic Design Pressures for Thermoplastic 
Pipe for Temperatures up to 130°C [SS] 

Low-Density Polyethylene 
High-Density Polyethylene 
Polypropylene 

Homopolymer 
Copolymer 

High-Impact PVCb 

PVFb 

CPVCb 

A B S ~  

~ ~~~~ 

Minimum 

of Usagea 
Maximum Hydrostatic Design Pressures, Temperature 

N/mm2, for life of I O  years 

20°C 40°C 60°C 

2.7 1.7 
4.8 3.9 

6.9 4.1 2.2 
5.9 3.2 1.7 

13.8 6.9 
6.2 3.1 

11.0 5.5 
9.0 7.7 5.9 

80°C I00"C I2O"C "C 

-40 
-20 

1.2 1.0 -1 
0.7 -5 
3.5 1.1 -1 

-20 
1.6 -30 
4.8 3.4 2.4 

aTemperature below which the pipe is very brittle, 
bPVC = polyvinylchloride; ABS = acrylonitrile butadiene styrene; CPVC = chlorinated 

PVC; PVF = polyvinylfluoride. 

Table 3.44. Effect of Density on Poleythylene Polymers (551 
~~ 

Polyethylene Density, g/cm3 Polypropylene (0.90) 

0.92 0.93 0.94 0.95 0.96 Copolymer Homopolymer 
~ 

Crystallinity (%) 55 62 70 77 85 
Tensile Modulus, 

(N/mm2) 170 275 450 625 850 1300 1500 
ASTM Typea I 11 111 

-e- 
Melting Point ("C) 110 135 165 175 
Heat Distortion 

Temperature 
("0 40 50 60 70 85 100 105 

aD 1248: Polyethylene plastics molding and extrusion materials. 

Low-density polyethylene, a tough, relatively flexible material, is used at 
temperatures up to 50°C and does not become brittle until the temperature 
falls to 40°C.  

This material is resistant to most hot, highly oxidizing inorganic acids, 
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Table 3.45. Effects of Degree of  Crystallinity and Molecular Weight [ S S ]  

Increase in Density Basic Properties Unaffected 
(crystallinity) Decrease in Melt Index by Density and MI 

Increascs 
Elastic modulus 
Stress at yield 
Surface hardness 
Softening and 
melting temperature 
Impermeability to 
gases 

Toughness 
Liquid absorption 

Decreases 

Increases 
Resistance to environ- 
mental stress cracking 
Tensile strength 
Elongation at break position temperature 

Corrosion resistance, thermal 
properties, clectrical proper- 
ties, refractive index, decom- 

Decreases 
Temperature at which 
brittleness occurs 

alkalis and aqueous solutions of inorganic salts. Even though polyethylene is 
not actually dissolved by any organic substances at temperatures below 
5O"C, it is not a practical material for use in contact with many solvents 
(among them are chlorinated solvents and aromatics) because of its marked 
swelling. Although polar liquids such as alcohols, esters, amines and phenols 
are not solvents suitable for use with polyethylene and do  not cause 
swelling, they may cause environmental stress cracking. This occurs when 
polyethylene is stressed by either external loads or internal molding strains in 
contact with these solvents. 

High-density polyethylene ( p  s 0.94-0.96 g/cm3) has up to  five times 
the stiffness of low-density polyethylene at ambient temperatures and can 
be used at much higher temperatures. Its chemical resistance is similar to 
that of the low-density grades, but the resistance to swelling by solvents 
is higher. 

High-density polyethylene is very susceptible to environmental stress 
corrosion cracking, especially if used at the high end of the temperature 
range. 

The chemical resistance of polypropylene is similar to that of polyethylene. 
Its standard grade is suitable for use at  temperatures up to 90°C. All 
commercial grades of polypropylene contain an antioxidant, whose concen- 
tration in the polymer determines the maximum working temperature of 
equipment made from its high grades. The stiffness of polypropylene can be 
improved by incorporation of asbestos and glass fibers. Compared with 
polyethylenes, polypropylene has the great advantage of not being subject to 
environmental stress cracking. 

The copolymer is safer to use in most process plant equipment where 
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creep strength is low. However, for long life under pressure, particularly 
at the higher end of the temperature range, the homopolymer is preferred. 

3.1 6.2 Polyvinyl Chloride (PVC) 

PVC, the polymerization product of chlorine-substituted ethylene deriva- 
tives, is probably the most widely used plastic for process plant construction. 
It is available in four different types: rigid, high impact, high temperature and 
plasticized. 

3.16.3 Rigid PVC (VPVC) 

This is used most often in process plants. It is a tough, low-cost material 
with probably the widest range of chemical resistance of any of the low-cost 
plastics. On a volume basis, PVC is more favorable than polypropylene 
because the modulus of PVC is considerably higher than that of polypropy- 
lene, so it will form more rigid structures when used at the same thickness. 
On a weight basis it is not as favorable as PVC because it has a specific 
gravity of 1.4 compared with 0.92 for polypropylene. 

The maximum temperature at which PVC can be used unsupported is 
60°C. However, it can be used up to 100°C by external reinforcement with 
glass-reinforced polyester or epoxy resin. At low temperatures, rigid PVC 
becomes brittle and, in this case, a high-impact PVC should be used. 
Rigid PVC not suffering from environmental stress cracking is very 
resistant to most nonhighly oxidizing inorganic acids and alkalis. It is 
attacked by halogen gases, particularly when they are damp. PVC is much 
better than polyolefins for resistance to mineral oils, petrol and paraffin, but 
absorbs and is swollen by aromatic hydrocarbons, chlorinated solvents, esters 
and ketones. 

This plastic is used widely in extruded forms such as sheet, pipe and rod, 
and as injection moldings such as pipe fittings [SS-581. 

3.16.4 High-Impact PVC 

These compounds are particularly advantageous for equipment exposed t o  
low temperatures. This plastic containing chlorinated ethylene does not differ 
significantly in chemical resistance from rigid PVC, but does have a slightly 
lower creep strength. 

3.16.5 Chlorinated PVC (CPVC) 

This is used at temperatures up to 100°C and has similar chemical 
resistance impact. Presumably it will supersede normal PVC because of its 
superior tolerance to higher temperatures. 
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3.16.6 Plastic PVC 

Produced from PVC compounds containing plasticizers such as dioctyl 
phthalate, this is  a flexible sheeting suitable for lining tanks made from steel 
and concrete. The maximum temperature at which this lining can be used is 
60°C. 

Some solvents, including aromatic and chlorinated hydrocarbons, ketones 
and ethers, will soften the sheet by acting as additional plasticizers. 

3.16.7 Acrylonitrile-Butadiene-Styrene (ABS) 

ABS, a tough rigid plastic, is widely used as sheet, pipe and pipe fittings. 
ABS's chemical resistance is slightly inferior to rigid PVC. It has good impact 
and low-temperature properties similar to those of high-impact PVC, but has 
better resistance than rigid PVC to high temperatures (up to 80°C). 

3.16.8 Fluorinated Plastics 

Fluorinated polymers stand out sharply against other construction materials 
for their excellent corrosion resistance and high-temperature stability. In 
this respect they are not only superior to other plastics but also to platinum, 
gold, glass, enamel and special alloys. The fluorinated plastics used in 
process plants are polytetrafluorethylene (PTFE), fluorinated ethylene/ 
propylene (FEP), polytrifluoromonochlorethylene (PTFCE) and polyvinyl 
fluoride (PVF). They are much more expensive than other polymers and so 
are only economical in special situations [59]. 

In addition to excellent corrosion resistance at temperatures up to 250°C, 
PTFE has a very low coefficient of friction. Therefore, it is widely used for 
metal lining, self-lubricating bearings, seals, etc. PTFE has a very low 
mechanical strength and so should be loaded only lightly. Its creep 
strength can be increased by using fillers (glass and carbon fibers). PTFE 
can be used in contact with all chemicals except molten alkali metals, 
fluorine and chlorine trifluoride. Unlike PTFE, fluorinated ethylene propy- 
lene (FEP) can be extruded and injection molded. Therefore, FEP is 
available in a greater variety of forms than PTFE and can be used up to 
200°C. The PTFE and FEP coatings do not protect metal from corrosion as 
they are porous. 

PTFCE (or CTFC) can be applied as a porous-free coating where the 
highest corrosion resistance is required. 

3.16.9 Polyvinyl Fluoride (PVF) 

PVF is a rigid plastic with corrosion resistance over a much wider range of 
conditions (it can be used with most chlorinated solvents up to 100°C) and 
temperature (-40" to 150°C). 
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3.16.10 Acrylics 

Acrylics are used in applications in which transparency is necessary and 
breakage is likely to occur. It is tougher than glass and can be used in the 
temperature range from -40°C to t85"C. 

Acrylics are chemically resistant at room temperature to dilute acids, 
except hydrofluoric and hydrocyanic, all alkalis and mineral oils. They are 
attacked by chlorinated solvents, aromatic hydrocarbons, ketones, alcohols, 
ethers and esters [60]. 

3.16.1 1 Chlorinated Polyether 

Chlorinated polyether used in temperatures up to 120°C in forms of 
coatings, extruded pipe and sheet linings is an intermediate between the low- 
cost commodity polymers such as PVC and polyethylene, and fluorinated 
polymers [6 1 1. 

3.16.12 Nylon (Polyamide) 

Nylons, long-chain synthetic polymeric amides, are fabricated in many 
different types. The most commonly used forms are described in Table 3.46. 

High stiffness, fair resistance to corrosion and good frictional properties 
sometimes make nylons more attractive than metals. The stiffness of the 
polymer may be increased by glass filling. Nylons containing molybdenum 

Table 3.46. Properties of Different Nylons [62] 

Type Nylon 

Glass Filled 
66 66 8 610 1 1  

Density (g/cm3) 
Melting point ("C) 
Moisture Absorption (%) 
Equilibrium at 100% RH 
Elastic Modulus (N/mm2) 

Tensile Strength (N/mm2) 
Elongation at Break (%) 
Heat Distortion Temperature ("C) 
(204 psi ASTM D648) 

Dry 
Wet 

1.14 
260 

8 

3000 
1200 

85 
6 0  
75 

1.4 

5.5 

7500 
2500 

170 
3 

245 

1.13 
220 

11 

2750 
700 

80 
100 

IO 

1.09 
220 

3.5 

1750 
1100 

6 0  
100 
55 

1.04 
190 

1.5 

1250 
900 

6 0  
100 
50 
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disulfide or graphite can be used over the temperature range of -50" to 
t75"C. Nylons are resistant a t  room temperature to very dilute acids, alkalis 
up to 20% concentration, esters, alkyl halides, mercaptans, glycols, aldehydes 
(except formaldehyde), mineral oils and petroleum fuels. They are attacked 
by halogens and halogenated compounds, as well as phenols and chesols. 

3.1 6.1 3 Miscellaneous Engineering Plastics 

To  overcome the disadvantages of nylon as an engineering material-high 
water absorption and poor creep strength at  elevated temperatures-many 
newer polymers were developed. Table 3.47 lists polymers that are among the 
most commercially important: acetal, polycarbonate, polyphenylene oxide 
and polysulfone. 

3.16.14 Acetal Resin 

This has the same stiffness as dry nylon but absorbs less than one-fifth the 
amount of water and retains its strength and shape in humid conditions at 
considerably higher temperatures. Acetal has poor resistance to aqueous 
solutions of strong acids and should not be used at a pH below 3. The 
acetal's copolymers are satisfactory in most alkaline conditions. All grades 
have very good resistance to mineral oils and petrols and to most organic 
solvents including chlorinated compounds. 

Table 3.47. Properties of Different Engineering Plastics 

Polyphenylene Nylon 
Acetal Polycarbonate Oxide Polysulfone 66 

Tensile yield stress 

Elongation at fracture 

Elastic Modulus (dry) 

Heat Deflection 

(N/mm2) 70 60 60 70 70 

(%) 60 80 25 75 6 0  

(N/ m m 2, 2800 25 00 25 00 2500 3000 

Temperature ("C) 
at 1.8 N / m d  
(264 psi) 110 135 130 175 75 

Water Absorption, 24 hr 

Equilibrium Immersion 0.8 0.35 0.15 8 
UL Temperature Index 

("C) 80 115 105 140 65 

at 100% RH 0.22 0.15 0.07 0.22 1.5 
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3.16.15 Polycarbonate 

This has a very high resistance to impact damage, even at subzero 
temperatures. It has good creep strength in dry conditions up to 11 5°C but 
degrades by continuous exposures to water hotter than 65°C. It is resistant 
to aqueous solutions of acids, aliphatic hydrocarbons, paraffins, alcohols 
(except methanol), animal and vegetable fats and oils, but is attacked by 
alkalis, ammonia, aromatic and chlorinated hydrocarbons. 

3.16.16 Polyphenylene Oxide 

A stable material in humid conditions at temperatures up to lOS"C, 
polyphenylene oxide is resistant to most aqueous solutions of acids and 
alkalis but is attacked by many organic solvents, particularly by aromatics 
and chlorinated aliphatics. 

3.16 .I 7 Polysulfone 

Used a t  temperatures up to 140°C, polysulfone has good resistance to 
aqueous solutions of acids and alkalis; it is satisfactory with aliphatic 
solvents but is swollen by aromatics and stress cracked by several organic 
solvents, including acetone, ethyl acetate, trichlorethylene and carbon 
tetrachloride. 

3.1 7 THERMOSETTING PLASTICS 

The thermosetting plastics-phenolics, polyesters and epoxies-are used at 
higher temperatures (about 150°C) and pressures than thermoplastics. They 
are finding ever increasing applications for process plant equipment. 

Thermosetting resins are available as powders and liquids. The powders can 
be molded in a similar manner to thermoplastics and are used in process 
plants where large numbers of small items are required (for example, packing 
rings). 

Liquid resins are usually reinforced with fibers (glass, asbestos), because of 
their brittleness. They are almost always used for process plant construction. 
As liquid resins they can be catalyzed to cure at  room temperature and low 
pressures. Relatively cheap wooden molds are required to build quite large 
items such as tanks and ducting on a one-off basis. The principal materials in 
this group of plastics are described below. 
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3.17.1 Phenolic Resins 

Phenoplasts manufactured on the basis of thermoreactive phenolfornialde- 
hyde resin, harden on heating up to 120-170°C and then become insoluble. 
They are usually reinforced with asbestos fiber. 

The phenolic/asbestos laminates (used up to 2OO0C) have excellent resis- 
tance to most mineral and organic acids but are attacked by strong oxidizing 
agents such as nitric and concentrated sulfuric acids and strong alkalis such as 
sodium and potassium hydroxide. Tanks, scrubbers, columns, pumps, pipes, 
etc., are fabricated from phenolic/asbestos laminates. 

3.17.2 Polyester Resins 

Polyester resins, reinforced with glass fibers, are used widely in the 
construction of process equipment. Som: physical and mechanical properties 
are presented in Table 3.48. Table 3.49 lists various materials used as filler 
and the properties they impart to different plastics. 

There are four types of polyester resins available: orthophthaleic, iso- 
phthaleic, biphenol and chlorinated. The general purpose orthophthaleic res- 
ins do not have adequate resistance to corrosion for most process plant 
requirements. Isophthaleic resins can be used up to 60°C. They are corrosion 
resistant to most organic and mineral (up to 25%) acids, salts that are not 
strongly alkaline, aliphatic solvents and petroleum products, but not to 
aromatics, strongly oxidizing acids, hot distilled water and strong alkalis 
[63,64]. 

The biphenol polyesters, being considerably more expensive than isophtha- 
leics, have better chemical resistance to strong alkaline solutions and 
oxidizing solutions. For about the same price as the biphenols, the 

Table 3.48. Various Properties of Fiberglass Resins 

EPOXY / 
Filament 

Polyester/ Polyester/ Epoxy/ Wound 
Glass Woven Glass Woven Glass Glass 

Property Mat Cloth Cloth Roving 

Glass (%w/w) 25 60 60 70 
Specific Gravity 1.5 1.7 1.7 1.8 
Thermal Expansion, X "C 25 12 12 11 
Modulus of Elasticity (kN/rnm2) 7 15 18 2 0  
Flexural Strength (N/mm2) 125 345 415 70 
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Table 3.49. Various Filler Materials and 

Filler Chemical Heat Electrical Impact Tensile 
Material Resistance Resistance Insulation Strength Strength 

Alumina Powder 
Alumina Trihydrate X 
Asbestos X X X X 
Bronze 
Calcium Carbonate X 
Calcium Silicate X 
Carbon Black X 
Carbon Fiber 
Cellulose X X 
Alpha Cellulose X X 
Coal (powdered) X 
Cotton (chopped fibers) X X X 
Fibrous Glass X X X X X 
Graphite X X 
Jute X 
Kaolin X X 
Mica X X X 
Molybdenum Disulfide 
Nylon (chopped fibers) X X X X X 
Orion@ X X X X X 
Rayon X X X 
Silca, Amorphous X 
7'FE-FluotOcZbOn 
Talc X X X 
Wood Flour X X 

chlorinated resins are nonflammable. The addition of fire-retardant com- 
pounds-chlorine or bromine-can reduce the flammability of other poly- 
ester resins. 

3.17.3 Epoxy Resins 

The fully glass-reinforced epoxy laminates have much higher strength and 
corrosion resistance to solvents and alkalis than do polyester laminates, 
but are more expensive. They are used in the process industries for 
manufacturing piping to be used for very high working pressures by filament 
winding techniques with glass rovings. 

3.17.4 Furane Resins 

Furane resins are superior to polyesters and epoxies for resistance to 
ketones, chlorinated solvents and carbon disulfide. However, as they are 
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Their Property Contributions to Plastics 154 I 

Dimensional Electrical Thermal Moisture 
Stability Stiffness Hardness Conductivity Conductivity Resistance Handleability 
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X 

very brittle resins, they are difficult t o  make into self-supporting laminates, 
so often are used as an inner layer to glass-reinforced polyester laminates [65]. 

3.17.5 Rubber Linings 

Rubber, natural and synthetic, has been used extensively for many years in 
chemical process plants. Rubber is a product obtained by thermal processing 
(vulcanization) of a mixture of raw natural synthetic caoutchouc with sulfur. 

Soft rubber is obtained by adding 2-4% sulfur; by adding extra sulfur 
(25-40%), the rubber can be made into ebonite, which is a hard, brittle 
material, having a wider range of chemical resistance than soft rubber. Soft 
ordinary rubber is chemical and erosion resistant, but its thermal resistance is 
not high (about 80°C). 

Neoprene, which is basically polychloroprene, has better resistance to heat 
than does natural rubber (up to 105'C), and has better resistance to 
mineral and vegetable oils and fatty acids. It is attacked by aromatic and 
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lialogcnated hydrocarbons. Butyl rubber, basically polyisobutylene, is used as 
a heat-resistant, impermeable material. I t  is better than natural rubber when 
in contact with oxidizing acids, such as dilute solutions of nitric acid. It is 
attacked by free halogens, chlorinated and aromatic hydrocarbons and 
petroleum oils. 

Nitrile rubbers, copolymers of butadiene and acrylonitrile, are used for 
resistance to swelling by mineral oils and fuels enhanced by formulations with 
a high acrylonitrile/butadiene ratio. They have poor resilience and low- 
temperature properties. However, these rubbers should not be used with 
ketones, phenols or aromatic hydrocarbons [6669] .  

Hypalon, chlorosulfated polyethylene, is particularly noted for its resis- 
tance to strong oxidizing materials such as sodium hypochlorite, chromic and 
nitric acids. It has good resistance to mineral and vegetable oils but is not 
recommended for use with aromatic and chlorinated hydrocarbons. 

Fluorinated rubbers, copolymers of hexafluoropropylene and vinylidene- 
fluorides, have excellent resistance to oils, fuels and lubricants at  tempera- 
tures up to 200°C. They have better resistance to aliphatic, aromatic and 
chlorinated hydrocarbons and most mineral acids than other rubbers, but 
their high cost restricts their engineering applications. Cheremisinoff et  al. 
[54] provide extensive physical and mechanical properties data on engineer- 
ing plastics. A glossary of terms concerned with fabrication and properties of 
plastics is given in the last section of this chapter. 

3.18 ORGANIC COATINGS AND PAINTS 

Organic coatings are applied mainly to mild steel structures and equipment. 
They are also used on aluminum, zinc-sprayed and galvanized steel, but to a 
lesser extent. The applications for organic coatings can be divided into three 
areas: corrosion by atmospheric pollution, protection from splash by 
process liquors, and linings for immersion in process liquors [70-741. 

Application of protective paints consists of surface preparation of steel, 
priming coat and finishing coats. Wherever possible, steel should be blast- 
cleaned before painting. Primers thoroughly wet the metal to promote 
adhesion of finishing paints and carry inhibitive pigments. For example, red 
lead oxide will minimize the spread of rust on metal surfaces. The total 
thickness of fiiishing coats must be at  least 0.125 mm for adequate protec- 
tion and life. Four coats of paint usually are necessary to achieve this. 

Paints based on phenolic resins are oil modified to permit drying at  ambient 
temperatures. They are very suitable for most industrial atmospheres. Paints 
with a higher standard of chemical resistance are required for equipment that 
is splashed by corrosive process liquors. 
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Chlorinated rubber paints and vinyl paints have excellent resistance to 
high concentrations of acids and alkalis at temperatures up to 80°C. 
High-build chlorinated rubber paints, which give a thickness of 0.12 mm 
per coat are commonly used for process plant equipment. 

Epoxy resin paints, inferior to chlorinated rubber for resistance to strong 
acids, are excellent for dilute acids and strong alkalis. They produce a 
harder, more abrasion-resistant coating than does chlorinated rubber and 
are much better for resistance to fats, oils and many organic solvents. 
Table 3.50 gives data on the chemical resistance of epoxy resin coatings 
to different materials. 

Chemical-resistant finishing paints are frequently used under immersion 
conditions; however, they are not used in cases in which pinholes in the 
coating might lead to catastrophic corrosion of the underlying metal. 
Coatings for immersion require special equipment for application (ovens for 
high-temperature curing, tanks for dipping or special guns for spraying), but 
they provide the solution of complete elimination of porosity. 

Stoved phenolics have outstanding acid resistance (up to 200°C in dry 
conditions and up to 100°C in wet conditions), except to strong oxidizing 
acids. They are unsuitable for use with alkaline solutions above pH 10, wet 
chlorine or hypochlorite solutions. Phenolics/silicon formulations can be 
used for steam up to 180°C without a significant effect on heat transfer 
rates. 

Polyesterlglass-flake linings can be applied onsite because they cure at  
ambient temperature. Their corrosion resistance depends on the type of 
polyester resin used. 

PVC plastisol coatings are tough, with an abrasion resistance similar to 
rubber. They are resistant to acids and alkalis but usually are not suitable for 
solvents because of extraction of the plasticizers in the coating. 

Most plastics are now available as powders and can be applied as coatings 
by fluidized bed or spraying techniques. Nylon 11 and polyethylene have 
proved most useful for chemical plant applications. 

3.19 GLOSSARY OF FABRICATION AND PLASTICS TERMS 

A-stage 

Acid-acceptor 

Initial or early stage in the reaction of some 
thermosetting resins in which the material is still 
soluble in certain liquids and fusible; referred to 
as resol. 
Chemical that acts as a stabilizer by chemically 
combining with an acid that may be present 
initially in trace quantities in a plastic; also may 
be formed via decomposition of the resin. 
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Table 3.50. Chemical Resistance of Epoxy Resin Coatings [54] 

Temperature ("C) 
Concentration 

Material (%I 5 15 27 38 49 60 71 82 

Acetic Acid 

Acetone 

Alcohols (ethyl) 
Alum Sulfate 
Ammonium Chloride 
Ammonium Fluoride 
Aromatic Solvents 

Beer 
Black Liquor 
Boric Acid 
Calcium Chloride 
Carbon Tetrachloride 

Chromic Acid 
Citric Acid 
Cooking Oils 
Copper Salts 
Esters 

Esters (ethyl ether) 
Formaldehyde 
Ferric Chloride 
Ferrous Salts 
Gasoline 

Glycerin 
Hydrochloric Acid 
Hydrofluoric Acid 
Kerosene 
Lactic Acid 

Lead Acetate 
Manganese Salt 
Methyl Ethyl Ketone 
Mineral Spirits 
Naptha 

Nitric Acid 

Oxalic Acid 
Phosphoric Acid 

Potassiu ni 11 ydroxide 
Salt Brine 
Soaps 
Detergents 
Sodiurii Chroniate 

1 -5 
5-10 

10-50 
1-5 

10-20 
- e 

- 
- 

1-5 
1-50 

1-5 
1-5 

- 

- 

- 
1-5 
1-5 

1-10 
- 

1-5 
10-20 

Saturated 
20 

Ga 
F 
NR 
G 
F 

Xf 
X 
X 

G 
F 
NR 
G 
F 

X 
X 
X 

Fb 
P 
NR 
G 
F 

G 
X 
X 

F F  
P P  
NR NR 
F F  
P P  
G F  
x x  
x x  

x x x x x  
X X X X G  
x x x x x  
x x x x x  
X X X G G  
x x x x x  
X X C G G  
F F NR NR NR 
F F F G G  
x x x x x  
x x x x x  
x x x x x  
x x x x x  
x x x x x  
X X X X G  
x x x x x  
x x x x x  
x x x x x  
X X X G G  
G G G P P  
x x x x x  
X X X G G  

x x x x x  
x x x x x  
G G G F I :  
X X X X G  
x x x x x  
r: I: P P P 
P P P N U  N U  
G G G F F  
1: 1: P P N U  

x x x x x  
x x x x x  
x x x x x  
x x x x x  
x x x x x  

F 
N R ~  
NR 
F 
NR 

F 
X 
X 
X 
G 

X 
X 
G 
X 
G 

NR 
G 
X 
X 
X 
G 
X 
G 
X 
X 
X 
F 
NR 
X 
G 

X 
X 
NR 
G 
X 

P 
N R  
NR 
NR 

X 
X 
X 
X 
X 

F 
NR 
NR 
P 
NR 

P 
X 
X 
X 
G 

X 
X 
F 
G 
F 

NR 
G 
X 
X 
X 
G 
X 
G 
X 
X 
X 
F 
N U  
X 
F 

X 
X 
NR 
G 
X 

N R  
NR 
N R  
NU 

X 
X 
X 
X 
X 

PC 
NR 
NR 
P 
NR 

P 
X 
X 
X 
F 

X 
X 
F 
G 
F 

NR 
F 
G 
X 
X 
G 
X 
F 
X 
G 

X 
F 
NR 
G 
I: 

G 
G 
NR 
F 
X 
N R  
NU 
N U  
N R  

X 
G 
c 
G 
G 
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Table 3.50, continued 

Temperature ("C) 
Concentration 

Material (%I 5 15 27 38 49 60 71 8 2  

Sodium Dichromate 
Sodium Fluoride 
Sodium Hydroxide 

Sodium Hypochlorite 

Sodium Phosphate 
Sodium Sulfate 
Sodium Sulfite 
Sodium Thiosulfate 
Sulfite Liquor 

Sulfuric Acid 

Vegetable Oils 
Water (fresh) 
Water (distilled) 
White Liquor 

- 

1-10 
50 

3 

1-5 
10-20 
- 

- 

- 

G G G G G G  F I :  
x x x x x x  x x  
x x x x x x  X G  
X X X G G G  G F  
C G F P P NR N R N R  

x x x x x x  x x  
x x x x x x  x x  
x x x x x x  x x  
x x x x x x  x x  
x x x x x x  x x  
X X X G G I :  F P  
X X P P NR NR NR NR 
x x x x x x  x x  
x x x x x x  x x  
X X X X X G  G G  
X X X X X X  X G  

% = good. 
= fair. 
= poor. 

dNR = not recommended. 
e- = all conditions. 
fx = excellent. 

Acrylic plastics Group of plastics based on resins generated from 
the polymerization of acrylic monomers (e&, 
ethyl acrylate and methyl methacrylate). 

Adherend 

Adhesion 

A component or body held t o  another body by  
an adhesive. 

Condition in which two surfaces are bonded 
together b y  interfacial forces caused by valence 
forces or interlocking forces or both (see mechan- 
ical adhesion and specific adhesion). 

Adhesion, mechanical Bonding between two surfaces caused by inter- 
locking action of molecules. 

Adhesion, specific Adhesion b e t w e e n  surfaces whereby valence 
forces predominate that are similar t o  those 
promoting cohesion. 
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Adhesive Material that holds parts together by surface 
attachment. Examples include glue, mucilage, 
paste and cement. Various forms of adhesives 
include liquid or tape adhesives (physical type) 
and silicate or resin adhesives (chemical type). 

Adhesive, assembly Adhesive for bonding materials together, e.g., 
boat, airplane, furniture, elc.; term commonly 
used in wood chemistry to distinguish between 
‘joint glues’ and veneer glues. Term applied t o ,  
adhesives employed in fabricating finished goods, 
differs from adhesives used in fabricating sheet 
materials such as laminates or plywood. 

Aging 

Alkyd plastics 

Allyl plastics 

Amino plastics 

Anneal 

Assembly 

Assembly time 

B-stage 

The effect of exposure of plastics to the environ- 
ment for a length of time. The specific effect and 
degree depend on the moisture in, and tempera- 
ture and composition of, the environment, in 
addition to the length of exposure. 
Group of plastics composed of resins based on 
saturated polymeric esters whereby the recurring 
ester groups are an integral part of the primary 
polymer chain and the ester groups exist in 
cross-links that are present between chains. 
Group of plastics composed of resins formulated 
by addition polymerization of monomers con- 
taining allyl groups (e.g., diallyl phthalate). 
Group of plastics generated by the condensation 
of amines (eg., urea and melamine with alde- 
hydes). 
As applied to molded plastics, the process of 
heating material to a specified temperature and 
slowly cooling it to relieve stresses. 
The positioning or placing together in proper 
order layers of veneer or other materials, with 
adhesives, for purposes of pressing and bonding 
into a single sheet or unit. 
Refers to the elapsed time after an adhesive is 
applied until pressure effects curing. 
Intermediate-stage reaction step for various ther- 
mosetting resins. During this stage the material 
swells when in contact with certain liquids and 
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becomes soft when hear is applied. The material 
may not dissolve or fuse entirely. Resin in this 
stage is referred to as resitol. 

Opening froin an extrusion die used for excess 
material to overflow. 

Back-pressure-relief port 

Binder 

Blanket 

Blister 

Blocking 

Bloom 

Bolster 
Bond 

Bulk density 

Bulk factor 

Case harden 

Cast film 

Part of adhesive composition responsible for 
adhesive forces. 
Veneers laid up on a flat table. Complete assem- 
bly is positioned in a mold at one time; used 
primarily on curved surfaces to be molded by 
the flexible bag process. 
Elevation of the surface of a plastic caused by 
trapped air, moisture, solvent; can be caused by 
insufficient adhesive, inadequate curing time, 
excess temperature or pressure. 
Adhesion between layers of plastic sheets in 
contact; condition arises during storage or use 
when components are under pressure. 
Visible exudation or efflorescence on the surface 
of a plastic; caused by plasticizer, lubricant, etc. 
Spacer or filler material in a mold. 
The attachment at the interface or exposed 
surfaces between an adhesive and an adherend; to 
attach materials together with adhesives. 
Density of a molding material in loose form, 
such as granular, nodular, etc., with units in 
glcm’ or lb/ft3. 
Ratio of the volume of loose molding compound 
to the volume of the same amount in molded 
solid form; ratio of density of solid plastic 
component to apparent density of loose molding 
compound. 
Process of hardening the surface of a piece of 
steel to a relatively shallow depth. 
Film generated by depositing a layer of liquid 
plastic onto a surface and stabilizing by evapor- 
ating the solvent, by fusing after deposition or by 
cooling. Cast films are generated from solutions 
or dispersions. 
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Catalyst 

Cavity 

Cell 

Cellular plastic 

Cellular striation 
Cellulosic plastics 

Centrifugal casting 

Chalking 

Chase 

Chemically formed 
plastic 

Clamping plate 

Closed-cell foam 

Cohesion 

Cold flow 

Material used to activate resins to promote hard- 
ening. For polyesters, organic peroxides are used 
primarily. For epoxies, amines and anhydrides 
are used. 
Portion of a mold that forms the outer surface of 
the molded product. 
Single cavity caused by gaseous displacement in 
a plastic. 
A plastic that suffers a density decrease by the 
presence of numerous cells dispersed throughout 
the material. 
Layering of cells within a cellular plastic. 
Group of plastics composed of cellulose com- 
pounds, for example esters (e.g., cellulose acetate) 
and ethers (e.g., ethyl cellulose). 
Process in which tubular products are fabricated 
through the application of resin and glass strand 
reinforcement to the inside of a mold that is 
rotated and heated. The process polymerizes 
the resin system. 
Dry, chalk-like deposit on the surface of a 
plastic. 
Main portion of the mold containing the molding 
cavity, mold pins, guide pins, etc. 
Cellular plastic whereby the material’s structure is 
formed by gases generated from the chemical 
reaction between its constituents. 

Mold plate that matches the mold and is used to 
fasten the mold to the machine. 

Cellular plastic composed predominantly of non- 
interconnecting cells. 

Forces binding or holding a single material 
together . 
Creep: the dimensional change of a plastic under 
load with time followed by the instantaneous 
elastic or rapid deformation at room temperature; 
perma ne n t de forma tion caused by prolonged 
application of stress below the elastic limit. 
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Cold molding 

Cold pressing 

Cold slug 
Cold-slug well 

Condensation 

Consistency 

Contact molding 

Copolymer 

Core 

Core and separator 
Core pin 
Core-pin plate 
Crazing 

Creep 
Cross linking 

C-stage 

The fashioning of an  unheated mixture i n  a mold 
under pressure. The article is then heated to 
effect curing. 
Bonding process whereby an assembly is sub- 
jected to pressure without applying heat. 
Material to first enter an  injection mold 
Section provides opposite sprue opening of the 
injection mold, used for trapping cold slug. 
Chemical reaction whereby two or more mole- 
cules combine and separate out water or other 
substance. When polymers are formed, it is 
referred to as polycondensation. 
Resistance of a material to flow or to undergoing 
permanent deformation under applications of 
shearing stresses. 
Process whereby layers of resin-impregnated fab- 
rics are built up one layer at a time onto the 
mold surface, forming the product. Little or no 
pressure is required for laminate curing. 
Formed from two or more monomers (see poly- 
mer). 
Portion of the mold that forms the inner surfaces 
of the molded product. 
Center section of an extrusion die. 
Pin for molding a hole. 
Plate that holds core pins. 
Tiny cracks that develop on a laminate's surface. 
Caused by mechanical or thermal stresses. 
See cold flow. 
Generation of chemical linkages between long- 
chain molecules; can be compared to two straight 
chains joined together by links. The rigidity of 
the material increases with the number of links. 
The function of a monomer is to 'provide these 
links. 

Final reaction stage of various thermosetting 
resins. In this stage material is insoluble and 
infusible. Resin in fully cured thermosetting 
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Cull 

Cure 

C-veil 

Degradation 

Delamination 
Deterioration 

Diaphragm gate 

Die-adaptor 

Die block 

Die body 

Dilatant 

Dished 

Dispersant 

Dispersion 

Doping 

niolding is in this stage and is referred to as 
resite. 
Remaining material in the transfer vessel after 
the mold has been filled. 
Process in which the addition of heat, catalyst or 
both, with or without pressure, causes the physi- 
cal properties of the plastic to change through a 
chemical reaction. Reaction may be condensa- 
tion, polymerization or addition reactions. 
Thin, nonwoven fabric composed of randomly 
oriented and adhered glass fibers of a chemically 
resistant glass mixture. 
Deleterious change in a plastic’s chemical struc- 
ture. 
Separation of a laminate’s layers. 
Permanent adverse change in the physical pcop- 
erties of a plastic. 
Gate employed in molding tubular or annular 
products. 

Piece of an extrusion die that serves to hold die 
block. 
Part of extrusion die that holds the core and 
forming bushing. 
Part of an extrusion die used to separate and 
form material. 
Property of a fluid whose apparent viscosity 
increases with shear rate. 
Displays a symmetrical distortion of a flat or 
curved section; as viewed, it appears concave. 
In an organosol, the liquid constituent that 
displays solvating or peptizing action on the resin; 
subsequent action aids in dispersing and suspend- 
ing resin. 
Heterogeneous mixture in which finely divided 
material is distributed throughout the matrix of 
another material. Distribution of finely divided 
solids in a liquid or a solid (e.g., pigments, fillers). 
Coating a mandrel or mold with a material that 
prevents the finished product from sticking to it. 
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Dowel 

Draft 

Dry spot 

Durometer hardness 

Ejector pin 

Ejector-pin-retainer plate 
Elasticity 

Elastomer 

Epoxy plastics 

Ethylene plastics 

Evenomation 

Exo therm 

Expandable plastics 

Extender 

Extraction 

Pin that maintains alignment between the various 
sections of a mold. 

Angle of clearance between the molded article 
and mold, allowing removal from the mold. 

Incompleted area on laminated plastics; the re- 
gion in which the interlayer and glass are not 
bonded. 

A material's hardness as measured by the Shore 
Durometer. 

Pin or dowel used to eject molded articles from a 
mold. 

Receptacle into which ejector pins are assembled. 
Property of materials whereby they tend to retain 
or recover original shape and size after undergoing 
deformation. 
A material under ambient conditions which can 
be stretched and, on release or with applied 
stress, returns with force to its approximate 
original size and shape. 
Group of plastics composed of resins produced 
by reactions of epoxides or oxiranes with com- 
pounds such as amines, phenols, alcohols, car- 
boxylic acids, acid anhydrides and unsaturated 
compounds. 
Croup of plastics formed by polymerization of 
ethylene or by the copolymerization of ethylene 
with various unsaturated compounds. . 
Softening, discoloration, mottling, crazing, etc. 
Process of deterioration of a plastic's surface. 
Indicates that heat is given from a reaction 
between a catalyst and a resin. 
Plastics that can be transformed to cellular 
structures by chemical, thermal or mechanical 
means. 
A material which, when added to an adhesive, 
reduces the amount of primary binder necessary. 
Transfer of materials from plastics to liquids with 
which they are in contact. 
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Extrusion 

Filament winding 

Filler 

Fin 

Finishing 

Fisheye 

Flash 

Foamed plastic 
Force plate 

Furane plastics 

Fusion 

Fusion temperature 

Gel 

Process i n  which heated or unheated plastic 
compound is forced through an  orifice, forming a 
continuous article. 
Process in which continuous strands of roving or 
roving tape are wound, at a specified pitch and 
tension, onto the outside surface of a mandrel. 
Roving is saturated with liquid resin or is preim- 
pregnated with partially cured resin. Application 
of heat may be required to promote polymeriza- 
tion. 
Inert material that is added to a plastic to modify 
the finished product’s strength, permanence and 
various other properties; an extender. 
Portion of the ‘flash’ that adheres to the molded 
article. 
Removal of any defects from the surfaces of 
plastic products. 
A clump or globular mass that does not blend 
completely into the surrounding plastic. 
Excess material that builds up around the edges 
of a plastic article; usually trimmed off. 
Cellular structured plastic. 
A plate used for holding plugs in place in 
compression molding. 
Group of plastics composed of resins in which the 
furane ring is an integral portion of the polymer 
chain; made from polymerization or polyconden- 
sation of furfural, furfural alcohol and other 
compounds containing furane rings; also formed 
by reaction of furane compounds with an equal 
weight or less of other compounds. 
As applied to vinyl dispersions, the heating of a 
dispersion, forming a homogeneous mixture. 
Fluxing temperature; temperature a t  which fusion 
occurs in vinyl dispersions. 
State at which resin exists before becoming a 
hard solid. Resin material has the consistency of a 
gelatin in this state; initial jelly-like solid phase 
that develops during the formation of a resin 
from a liquid. 
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Gel coat 

Gel point 

Gelation 
Glass 

Glass transition 

Gum 

Halocarbon plastics 

Hardener 

Heat treat 

Hot soils 

Hydrocarbon plastics 

Inhibitor 

Isocyanate plastics 

Isotactic 

Specially formulated polyester resin that is p ig  
mented and contains fillers. Provides a smooth, 
pore-free surface for the plastic article. 
Stage at which liquid begins t o  show pseudo- 
clastic properties. 
Formation of a gel. 
Inorganic product of a fusion reaction. Material 
forms on cooling to a rigid state without under- 
going crystallization. Glass is typically hard and 
brittle and will fracture conchoidally. 
Transition region or state in which an amorphous 
polymer changed from (or to) a viscous or 
rubbery condition to (or from) a hard and rela- 
tively brittle one. Transition occurs over a narrow 
temperature region; similar to solidification of a 
glassy state. This transformation causes hardness, 
brittleness, thermal expansibility, specific heat 
and other properties to change dramatically. 
Class of co l lo ida l  substances prepared from 
plants. Composed of complex carbohydrates and 
organic acids that swell in water. Also, a number 
of natural resins are gums. 
Group of plastics composed of resins generated 
from the polymerization of monomers consisting 
of a carbon and a halogen or halogens. 
Compound or mixture that, when added to an 
adhesive, promotes curing. 
Refers to annealing, hardening, tempering of 
metals. 
Soils having a resistivity of less than 1,000 ohm- 
cm; generally very corrosive to base steel. 
Plastics composed of resins consisting of carbon 
and hydrogen only. 

Material that retards chemical reaction or curing. 

Group of plastics produced by the condensation 
of organic isocyanates with other plastics. Ex- 
amples are the urethane plastics. 

Type of polymeric molecular structure that con- 
tains sequences of regularly spaced asymetrical 
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Isotropic 

Laminate 

Laminated, cross 

Laminated, parallel 

Lignin plastics 

Line pipe 

Lyophilic 

Lyophobic 

Mechanical tubing 

Mechanically foamed 

Melamine plastics 

plastic 

aloms that are arranged in similar configuration 
in  the primary polymer chain. Materials having 
isotactic molecules are generally in a highly 
crystalline form. 
Refers to materials whose properties are the 
same in all directions. Examples are metals and 
glass mats. 
Article fabricated by bonding together several 
layers of material or materials. 
Laminate in which some of the layers of ma- 
terials are oriented at right angles to the remain- 
ing layers. Orientation may be based on grain 
or strength direction considerations. 
Laminate in which all layers of materials are 
oriented in parallel with respect to grain or 
strongest direction in tension. 
Group of plastics composed of resins formulated 
from the treatment of lignin with heat or by 
reaction with chemicals. 
Pipeline used for transportation of gas, oil or 
water; utility distribution pipeline system ranging 
in sizes '/a-42 in. 0.d. inclusive. Fabricated to 
American Petroleum Institute (API) and Ameri- 
can Water Works Association (AWWA) specifica- 
tions. 

Referring to vinyl dispersions, having affinity for 
the dispersing medium. 

Referring to vinyl dispersions, no affinity or 
attraction for dispersing medium. 

Welded or seamless tubing manufactured in a 
large range of sizes of vaned chemical composi- 
tions (sizes range '/16-IO 7 4  in. 0.d. inclusive for 
carbon and alloy material); usually not fabricated 
to meet any specification other than application 
requirements; fabricated to meet exact outside 
diameter and decimal wall thickness. 

Cellular plastic whose structure is fabricated by 
physically incorporated gases. 

Group of plastics whose resins are formed by the 
condensation of melamine and aldehydes. 
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Metastable 

Mold base 

Molding, bag 

Molding, blow 

Molding, compression 

Molding, contact 
pressure 

Molding, high pressure 

Molding, injection 

Molding, low pressure 
Molding, transfer 

Monomer 

Nonrigid plastic 

Unstable state 01 plastic as evidenced by changes 
in physical properties not caused by the sur- 
roundings. Example is the temporary flexible 
condition some plastics display after molding. 
Assembly o f  all parts making up an injection 
mold, excluding cavity, cores and pins. 
Process of molding or laminating in which fluid 
pressure is applied, usually by means of water, 
steam, air or vacuum, to a flexible film or bag 
that transmits the pressure to the material being 
molded. 
Method of forming plastic articles by inflating 
masses of plastic material with compressed gas. 
Process of shaping plastic articles by placing 
material in a confining mold cavity and applying 
pressure and usually heat. 
Method of molding or laminating whereby pres- 
sure used is slightly greater than is necessary to 
bind materials together during molding stage 
(pressures generally less than 10 psi). 

Molding or laminating with pressures in excess of 
200 psi. 
Process of making plastic articles from powdered 
or granular plastics by fusing the material in a 
chamber under pressure with heat and forcing 
part of the mass into a cooler cavity where it 
solidifies; used primarily on thermoplastics. 
Molding or laminating at pressures below 200 psi. 
Process of molding plastic articles from pow- 
dered, granular or preformed plastics by fusing 
the material in a chamber with heat and forcing 
the mass into a hot chamber for solidification. 
Used primarily on thermosetting plastics. 
Reactive material that is compatible with the 
basic resin. Tends to lower the viscosity of the 
resin. 
Plastic whose apparent modulus of elasticity is 
not greater than 10,000 psi at room temperature 
in accordance with the Standard Method of 
Test for Stiffness in Flexure of Plastics (ASTM 
Designation : D747). 
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Novolak 

Nylon plastics 

Organosol 

Phenolic plastics 

Piling pipe 

Plastic 

Plastic, semirigid 

Plastic welding 

Plas t ica te 

Plasticity 

Plasticize 

Phenolic-aldehydic resin that remains permanent- 
ly thermoplastic unless methylene groups are 
added. 
Group of plastics comprised of resins that are 
primarily long-chain synthetic polymeric amides. 
These have recurring amide groups as an integral 
part of the principal polymer chain. 
Suspension of finely divided resin in a volatile 
organic slurry. 
Group of plastics whose resins are derived from 
the condensation of phenols (e.g., phenol and 
cresol, with aldehydes). 
Round-welded or seamless pipe for use as founda- 
tion piles where pipe cylinder acts as a permanent 
loadcarrying member; usually filled with con- 
crete. Used below the ground in foundation work 
in the construction industry for piers, docks, 
highways, bridges and all types of buildings. 
Fabricated to ASTM piling specifications (ASTM 

According to ASTM, a material containing an 
organic substance of large molecular weight that 
i s  sold in its finished state and, at some stage, is 
manufactured into finished goods and can be 
shaped to flow. 

Plastic having apparent modulus of elasticity in 
the range of 10,000-100,000 psi at 23"C, as 
determined by the Standard Method of Test for 
Stiffness in Flexure Plastics (ASTM Designation: 
D747). 

Joining of finished plastic components by fusing 
materials either with or without the addition of 
plastic from another source. 

Softening by heating or kneading. 

Property of plastics that permits the material to 
undergo deformation permanently and contin- 
uously without rupture from a force that exceeds 
the yield value of the material. 

Softening by adding a plasticizer. 

A-252). 
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Plasticizer 

Plastisol 
Polyamide plastics 
Polyester plastics 

Polyethylene 

Polymer 

Polymerization 

Polypropylene 

Polystyrene 

Polyvinyl acetate 

Polyvinyl alcohol 

Polyvinyl chloride 

Polyvinyl chloride- 

Pot life 
acetate 

Preform 

Material added to a plastic to increase its work- 
ability and flexibility. Plasticizers tend to lower 
the melt viscosity, the glass transition tempera- 
ture and/or the elastic modulus. 
Suspension of finely divided resin in a plasticizer. 
See nylon plastics. 
Group of plastics composed of resins derived 
principally from polymeric esters that have re- 
curring polyester groups in the main polymer 
chain. These polyester groups are crosslinked 
by carbonlcarbon bonds. 
Plastic or regn made by the polymerization of 
ethylene as the sole monomer. 
Material produced by the reaction of relatively 
simple molecules with functional groups that 
allow their combination to proceed to high- 
molecular weight s under suitable conditions; 
formed by polymerization or polycondensation. 
Chemical reaction that takes place when a resin 
is activated. 
Plastic or resin derived from the polymerization 
of propylene as the principal monomer. 

Plastic derived from a resin produced by the 
polymerization of styrene. 
Resin derived from the polymerization of vinyl 
acetate. 
Polymer derived from the hydrolysis of polyvinyl 
esters. 
Resin derived from the polymerization of vinyl 
chloride. 
Copolymer of vinyl chloride and vinyl ace- 
tate. 
Time period beginning once the resin is catalyzed 
and terminating when material is no longer 
workable; working life. 
Coherent block of granular plastic molding com- 
pound or of fibrous mixture with or without 
resin. Prepared by sufficiently compressing mate- 
rial, forming a block that can be handled readily. 
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Prepolymer 

Pressure tubing 

Primer 

Promoted resin 
Reinforced plastic 

Resin 

Roller 

Roving 

Saran plastics 

Shelf life 

Silicone plastics 

Softening range 

An intermediate chemical structure between that 
of a monomer and the final resin. 
Tubing used to convey fluids at elevated tem- 
peratures and/or pressures. Suitable for head 
applications, it is fabricated to exact 0.d. and 
decimal wall thickness in sizes ranging from 
‘/2-6 in. 0.d. inclusive and to ASTM specifications. 
Coating that is applied to a surface before 
application of an adhesive, enamel, etc. The 
purpose is to improve bonding. 
Resin with an accelerator added but not catalyst. 
According to ASTM, those plastics having superi- 
or properties over those consisting of the base 
resin, due to the presence of high-strength fillers 
embedding in the composition. Reinforcing fillers 
are fibers, fabrics or mats made of fibers. 
Highly reactive material which, in its initial 
stages, has fluid-like flow properties. When activa- 
tion is initiated, material transforms into a solid 
state. 
A serrated piece of aluminum used to work a 
plastic laminate. Purpose of device is to compact 
a laminate and to break up large air pockets to 
permit release of entrapped air. 
Bundle of continuous, untwisted glass fibers. 
Glass fibers are wound onto a roll called a 
‘roving package.’ 

Group of plastics whose resins are derived from 
the polymerization of vinylidene chloride or 
the copolymerization of vinylidene chloride and 
other unsaturated compounds. 

Period of time over which a material will remain 
usable during storage under specified conditions 
such as temperature and humidity. 

Group of plastics whose resins consist of a 
main polymer chain with alternating silicone 
and oxygen atoms and with carbon-containing 
side groups. 

Temperature range in which a plastic transforms 
from a rigid solid to a soft state. 
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Solvation 

Standard pipe 

Stress-crack 

Structural pipe 

Process of  swelling of a resin or plastic. Can be 
caused by interaction between a resin and a 
solvcnt 01- plasticizer. 
Pipe used for low-pressure applications such as 
transporting a i r ,  steam, gas, water, oil, etc. 
Employed in machinery, buildings, sprinkler and 
irrigation systems, and water wells but not in 
utility distribution systems; can transport fluids 
at elevated temperatures and pressures not sub- 
jected to external heat applications. Fabricated 
in standard diameters and wall thicknesses to 
ASTM specifications, its diameters range from 
'/x to 42 in. 0.d. 
Internal or external defect in a plastic caused by 
tensile stresses below its short-time mechanical 
strength. 
Welded or seamless pipe used for structural or 
load-bearing applications in aboveground instal- 
lations. Fabricated in nominal wall thicknesses 
and sizes to ASTM specifications in round, 
square, rectangular and o t h e r  cross-sectional 
shapes. 
Rolled flanged sections, sections welded from 
plates and specialty sections with one or more 
dimensions of their cross section greater than 
3 in. They include beams, channels and tees, 
if depth dimensions exceed 3 in. 

Structural shapes 

Styrene plastics Group of plastics whose resins are derived from 
the polymerization of styrene or the copolymeri- 
zation of styrene with various unsaturated com- 
pounds. 
Plastics that are composed of a minimum of 
50% styrene plastic and the remainder rubber 
compounds. 

Styrene-rubber plastics 

Syneresis Contraction of a gel, observed by the separation 
of a liquid from the gel. 

Thermoelasticity 

Thermoforming 
Thermoplastic Reverse of thermoset. Materials that can be 

Rubber-like elasticity that a rigid plastic displays; 
caused by elevated temperatures. 
Forming or molding with heat. 

reprocessed by applying heat. 
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Thermoset 

Thixotropy 

Tracer yarn 

Urea plastics 

Urethane plastics 

Vacuum forming 

Vinyl acetate plastics 

Vinyl alcohol plastics 

Vinyl chloride plastics 

Vinyl plastics 

I'liosc plastics lhat trarden on application or lieat 
arid cannot be reliquefied, rcsin state bcing 
in l u  si ble . 
Describes those fluids whose apparent viscosity 
decreases with time to an  asyiiiptotic value 
under conditions of constant slicat ~ratc. Tliixo- 
tropic fluids undergo a decrease in apparent 
viscosity by applying a shearing force such as 
stirring. I f  shear is removed, the material's ap- 
parent viscosity will increase back to or near 
its initial value at  the onset of applying shear. 
Strand of glass fiber colored differently from the 
remainder of the roving package. It allows a 
means of determining whether equipment used 
to chop and spray glass fibers is functioning 
properly and provides a check on quality and 
thickness control. 
Group of plastics whose resins are derived from 
the condensation of urea and aldehydes. 
Group of plastics composed of resins derived 
from the condensation of organic isocyanates 
with compounds containing hydroxyl groups. 
Fabrication process in which plastic sheets are 
transformed to desired shapes by inducing flow; 
accomplished by reducing the air pressure on one 
side of the sheet. 
Group of plastics composed of resins derived 
from the polymerization of vinyl acetate with 
other saturated compounds. 
Group of plastics composed of resins derived 
from the hydrolysis of polyvinyl esters or copoly- 
mers of vinyl esters. 
Group of plastics whose resins are derived from 
the polymerization of vinyl chloride and other 
unsaturated compounds. 
Group of plastics composed of resins derived 
from vinyl monomers, excluding those that are 
covered by other classifications (i.e., acrylics 
and styrene plastics). Examples include PVC, 
polyvinyl acetate, polyvinyl butyral, and various 
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copolymers of vinyl monomers with unsaturated 
compounds. 

Group known as saran plastics. 

Exposure of a plastic t o  outdoor conditions. 
Also called yield stress; force necessary to  initiate 
flow in a plastic. 

Vinylidcnc plastics 

Weathering 
Yield value 

NOMENCLATURE 

Cp hcat capacity (kcaI/kg-OC) 
E modulus of elongation (kglcm?) 
G 
t m  melting temperature C C )  
V corrosion rate (mmlyr) 
X thermal conductivity (kcal/m-”C-hr) 
fi Poisson’s ratio 
p density (kg/dm3 or g/cm3) 

weight loss a t  uniform corrosion (kg/m2-hr) 
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APPENDIX A: 
GLOSSARY OF PLASTICS AND ENGINEERING TERMS 

A-stage: Initial or early stage in the reaction of some thermosetting 
resins, the material is still sohible in certain liquids and fusible; re- 
ferred to as resol. 

Acid acceptor: Chemical that acts as a stabilizer by chemically com- 
bining with an acid that may be present initially in trace quantities in 
a plastic; may also be formed via decomposition of the resin. 

Acrylic plastics: Group of plastics based on resins generated from the 
polymerization of acrylic monomers (e.g., ethyl acrylate and methyl 
methacrylate). 

Activation: Process of inducing radioactivity in a material by bomb- 
ardment with other types of radiation, such as neutrons. 

Adherend: A component or body held to another body by an adhesive. 

Adhesion: Condition in which two surfaces are bonded together by inter- 
facial forces caused by valence forces or interlocking forces or both. 
see also mechanical and specific Adhesion. 

Adhesion, mechanical: Bonding between two surfaces caused by inter- 
locking action of molecules. 

Adhesion, specific: Adhesion between surfaces whereby valence forces 
predominate that are similar to those promoting cohesion. 

145 
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Adhesive: Material that holds parts together by surface attachment. 
Examples include glue, mucilage, paste and cement. Various forms of 
adhesives include liquid or tape adhesives (physical type) and silicate 
or resin adhesives (chemical type). 

Adhesive, assembly: Adhesive for bonding materials togehter, e g ,  boat, 
airplane, furniture, etc; term commonly used in wood chemistry to 
distinguish between “joint glues” and veneer glues. Term applied to 
adhesives employed in fabricating finished goods and differs from 
adhesives used in fabricating sheet materials such as laminates or 
plywood. 

Aging: The effect of exposure of plastics to the environment for a length 
of time. The specific effect and degree depend on the moisture in, and 
temperature and composition of the environment, in addition to the 
length of exposure. 

Air vent: Small outlet for preventing gas entrapment. 

Alkyd plastics: Group of plastics composed of resins based on saturated 
polymeric esters whereby the recurring ester groups are an integral 
part of the primary polymer chain and the ester groups exist in cross- 
links that are present between chains. 

Allyl plastics: Group ofplastics composed of resins formulated by ad- 
dition polymerization of monomers containing allyl groups (e.g., 
diallyl phthalate). 

Amino plastics: Group of plastics generated by the condensation of 
amines (e.g. urea and melamine with aldehydes). 

Anneal: As applied to molded plastics, the process of heating material to 
a specified temperature and slowly cooling it to relieve stresses. 

Assembly: The positioning or placing together in proper order layers of 
veneer or other materials, with adhesives, for purposes of pressing and 
bonding into a single sheet or unit. 

Assembly time: Refers to the elapsed time after an adhesive is applied 
until applied pressure effects curing. 

Autoclave: A closed vessel or reactor for chemical reaction to take place 
under pressure. 

B-stage: Intermediate-stage reaction steps for various thermosetting 
resins. During this stage, the material swells when in contact with 
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certain liquids and becomes soft when heat is applied. The material 
may not dissolve or fuse entirely. Resin in this stage is referred to a 
resi tol. 

Back-pressure-relief port: Opening from an extrusion die used for excess 
material to overflow. 

Backing plate: Also called support plate, it serves to back up cavity 
blocks, guide pins, bushings, etc. 

Binder: 

Blanket: Veneers laid up on a flat table. Complete assembly is posi- 
tioned in a mold at one time; used primarily on curved surfaces to be 
molded by the flexible bag process. 

Blister: Elevation of the surface of a plastic caused by trapped air, 
moisture, solvent; can be caused by insufficient adhesive, inadequate 
curint time, or excess temperature or pressure. 

Blocking: Adhesion between layers of plastic sheets in contact; con- 
dition arises during storage or use when components are under 
pressure. 

Bloom: Visible exudation or efflorescence on the surface of a plastic; 
caused by plasticizer, lubricant, etc. 

Spacer or filler material in a mold. 

Part of adhesive composition responsible for adhesive forces. 

Bolster: 

Bond: The attachment at the interface or exposed surfaces between an 
adhesive and an adherend; to attain materials together with ad- 
hesives. 

Bulk density: Density of a molding material in loose form, such as 
granular, nodular, etc., with units g/cm3 or lb/fe. 

Bulk factor: Ratio of the volume of loose molding compound to the 
volume of the same amount in molded solid form; ratio of density of 
solid plastic component to apparent density of loose molding com- 
pound. 

Final reaction stage of various thermosetting resins. In this 
stage material is insoluble and infusible. Resin in fully cured thermo- 
setting molding is in this stage and is referred to as resite. 

Thin, nonwoven fabric composed of randomly oriented and 
adhered glass fibers of a chemically resistant glass mixture. 

C-stage: 

C-veil: 
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Case harden: Process of hardening the surface of a piece of steel to a 
telatively shallow depth. 

Cast film: Film generated by depositing a layer of liquid plastic onto 
surlace and stabilizing by evaporating the solvent, by fusing after 
deposition or by cooling. Cast films generated from solutions or 
dispersions. 

Material used to activate resins to promote hardening. For 
polyesters, organic peroxides are used primarily. For epoxies, amines 
and anhydrides are used. 

Cavity: Portion of a mold that forms the outer surface of the molded 
product . 

Cell: Single cavity caused by gaseous displacement in a plastic. 

Cellular striation: Layering of cells within a cellular plastic. 

Cellulosic plastics: Group of plastics composed of cellulose compounds: 
for example, esters (e.g., cellulose acetate) and ethers (e.g., ethyl cellu- 
lose). 

Centrifugal casting: Process in which tubular products are fabricated 
through the application of resin and glass strand reinforcement to 
the inside of a mold that is rotated and heated. The process polymer- 
izes the resin system. 

Catalyst: 

Chalking: Dry, chalklike deposit on the surface of a plastic. 

Chase: Main portion of the mold, containing the molding cavity, mold 
pins, guide pins, etc. 

Chemically foamed plastic: Cellular plastic whereby the materials’ struc- 
ture is formed by gases generated from the chemical reaction between 
its constituents. 

Clamping plate: Mold plate that matches the mold and is used to fasten 
the mold to the machine. 

Closed-cell foam: Cellular plastic that is composed predominantly of 
noninterconnecting cells. 

Cohesion: 

Cold flow: 

Forces binding or holding a single material together. 

Creep: the dimensional change of a plastic under load with 
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time followed by the instantaneous elastic or rapid deformation at 
room temperature; permanent deformation caused by prolonged 
application of stress below the elastic limit. 

Cold molding: The fashioning of an unheated mixture in a mold under 
pressure. The article is then heated to effect curing. 

Cold pressing: Bonding process whereby an assembly is subjected to 
pressure without applying heat. 

Cold slug: First material to enter an injection mold. 

Cold-slug well: Section provides opposite sprue opening of the injection 
mold, used for trapping cold slug. 

Condensation: Chemical reaction whereby two or more molecules com- 
bine and separate out water or other substance. When polymers are 
formed, it is referred to as polycondensation. 

Process whereby layers of resin-impregnated fabrics 
are built up one layer at a time onto the mold surface forming the 
product. Little or no pressure is required for laminate curing. 

Resistance of a material to flow or undergo permanent 
deformation under applications of shearing stresses. 

Contact molding: 

Consistency: 

Copolymer: 

Core: Portion of the mold that forms the inner surfaces of the molded 

Formed from two or more monomers. See also Polymer. 

product. 

Core and separator: Center section of an extrusion die. 

Core pin: Pin for molding a hole. 

Core-pin plate: Plate that holds core pins. 

Crazing: Tiny cracks that develop on a laminate’s surface. caused by 

Creep: See Cold flow. 

Cross-linking: 

mechanical or thermal stresses. 

Generation of chemical linkages between long-chain 
molecules; can be compared to two straight chains joined together by 
links. The rigidity of the material increases with the number of links. 
The function of a monomer is to provide these links. 
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Cull: Remaining material in the transfer vessel after the mold has been 

Cure: Process in which the addition of heat, catalyst or both, with or 
without pressure, causes the physical properties of the plastic to 
change through a chemical reaction. Reaction may be condensation, 
polymerization, or addition reactions. 

filled. 

Degradation: 

Delamination: Separation of a laminate’s layers. 

Deterioration: Permanent adverse change in the physical properties of a 
plastic. 

Diaphragm gate: Gate employed in molding tubular or annular pro- 
ducts. 

Die-adaptor: Piece of an extrusion die that serves to hold die block. 

Die body: Part of an extrusion die that holds the core and forming bush- 
ing. 

Dilatant: Property of a fluid whose apparent viscosity increases with in- 
creasing shear rate. 

Displays a symmetrical distortion of a flat or curved section; as 
viewed, it appears concave. 

Dispersant: In an organosol, the liquid constituent which displays 
solvating or peptizing action on the resin; subsequent action aids in 
dispersing and suspending resin. 

Deleterious change in a plastic’s chemical structure. 

Dished: 

Dispersion: Heterogeneous mixture in which finely divided material is 
distributed throughout the matrix of another material. Distribution of 
finely divided solids in a liquid or a solid (e.g., pigments, fillers). 

Doctor bar: Device for regulating the amount of material on the rollers 
of a spreader. 

Doping: Coating a mandrel or mold with a material that prevents the 
finished product from sticking to it. 

Dowel: Pin that maintains alignment between the various sections of a 
mold. 

Draft: Angle of clearance between the molded article and mold, allow- 
ing removal from the mold. 
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Dry spot: 
the interlayer and glass are not bonded. 

Durometer hardness: 
Durometer. 

lncompleted area on laminated plastics; the region in which 

A material’s hardness as measured by the Shore 

Ejector pin: 

Ejector-pin-retainer plate: 

Elasticity: 

Elastomer: 

Pin or dowel used to eject molded articles from a mold. 

Receptacle into which ejector pins are as- 
sembled. 

Property of materials whereby they tend to retain or recover 
original shape and size after undergoing deformation. 

A material under ambient conditions that can be stretched 
and, upon release of the applied stress, returns with force to its 
approximate original size and shape. 

Group of plastics composed of resins produced by re- 
actions of epoxides or oxiranes with compounds such as amines, 
phenols, alcohols, carboxylic acids, and anhydrides, and unsaturated 
compounds. 

Ethylene plastics: Group of plastics formed by polymerization of ethyl- 
ene or by the copolymerization of ethylene with various unsaturate 
compounds. 

Evenomation: Softening, discoloration, mottling, crazing, etc. Process of 
deterioration of a plastic’s surface. 

Exotherm: Indicates that heat is a given from a reaction between a 
catalyst and a resin. 

Expandable plstics: Plastics that can be transformed to cellular struc- 
tures by chemical, thermal, or mechanical means. 

Extender: A material which, when added to an adhesive, reduces the 
amount of primary binder necessary. 

Extraction: Transfer of materials from plastics to liquids with which 
they are in contact. 

Extrusion: Process in which heated or unheated plastic compound is 
forced through an orifice, forming a continuous article. 

Process in which continuous strands of roving or 
roving tape are wound, at a specified pitch and tension, onto the 
outside surface of a mandrel. Roving is saturated with liquid resin 

Epoxy plastics: 

Filament winding: 
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or is impregnated with partially cured resin. Application of heat 
may be required to promote polymerization. 

Filler: Inert material that is added to a plastic to modify the finished 
product’s strength, permanence and various other properties; an 
extender. 

Fin: Portion of the “flash” that adheres to the molded article. 

Finishing: Removal of any defects from the surfaces of plastic products. 

Fisheye: A clump or globular mass that does not blend completely into 

Flash: Excess material that builds up around the edges of a plastic 

Foamed plastic: Cellular structured plastic. 

Force plate: A plate used for holding plugs in place in compression 
molding. 

Furane plastics: Group of plastics composed of resins in which the 
furane ring is an integral portion of the polymer chain; made from 
polymerization or polycondensation of furfural, furfural alcohol, and 
other compounds containing furane rings; also formed by reation of 
furane compounds with an equal weight or less of other compounds. 

Fusion: As applied to vinyl dispersions, the heating of a dispersion, 
forming a homogenous mixtur. 

Fusion temperature: Fluxing temperature; temperature at which fusion 
occurs in vinyl dispersions. 

Gel: State at which resin exists before becoming a hard solid. Resin 
material has the consistency of a gelatin in this state; initial jellylike 
solid phase that develops during the formation of a resin from a 
liquid. 

Gel coat: Specially formulated polyester resin that is pigmented and 
contains fillers. Provides a smooth, pore-free surface for the plastic 
article. 

Stage at which liquid begins to show psuedoelastic properties. 

the surrounding plastic. 

article; usually trimmed off. 

Gel point: 

Gelation: Formation of a gel. 

Glass: Inorganic product of a fusion reaction. Material forms upon 
cooling to a rigid state without undergoing crystallization. Glass is 
typically hard and brittle and will fracture concoidally. 
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Glass transition: Transition region or state in which an amorphous 
polymer changed from (or to) a viscous or rubbery condition to 
(or from) a hard and relatively brittle one. Transition occurs over 
a narrow temperature region; similar to solidification of a liquid 
to a glassy state. This transformation causes hardness, brittleness, 
thermal expansibility, specific heat, and other properties to change 
dramatically. 

Gum: Class of colloidal substances prepared from plants. Composed 
of complex carbohydrates and organic acids that swell in water. A 
number of natural resins are gums. 

Group of plastics composed of resins generated 
from the polymerization of monomers consisting of a carbon and a 
halogen or halogens. 

Compound or mixture that, when added to an adhesive, 
promotes curing. 

Halocarbon plastics: 

Hardener: 

Heat treat: 

Hot soils: 

Refers to annealing, hardening, tempering of metals. 

Soils having a resistivity of less than lo00 S Z .  cm; generally 

Hydrocarbon plastics: Plastics composed of resins consisting of carbon 

Inhibitor: Material that retards chemical reaction or curing. 

very corrosive to base steel. 

and hydrogen only. 

Isocyanate plastics: Group of plastics produced by the condensation of 
organic isocyanates with other plastics. Examples are the urethane 
plastics. 

Isotactic: Type of polymeric molecular structure that contains 
sequences of regularly spaced asymmetric atoms that are arranged in 
similar configuration in the primary polymer chain. Materials having 
isotactic molecules are generally in a highly crystalline form. 

Isotropic: Refers to materials whose properties are the same in all 

Laminate: Article fabricated by bonding together several layers of 

Laminated, cross: Laminate in which some of the layers of materials are 
oriented at right angles to the remaining layers. Orientation may be 
based on grain or strength direction considerations. 

directions. Examples are metals and glass mats. 

material or materials. 
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Laminated, parallel: Laminate in which all layers of materials are 
oriented parallel with respect to grain or strongest direction in 
tension. 

Lignin plastics: Group of plastics composed of resins formulated from 
the treatment of lignin with heat or by reaction with chemicals. 

Line pipe: Pipeline used for transportation of gas, oil, or water; utility 
distribution pipeline system ranging in sizes from $4 to 42 in. OD 
inclusive. Fabricated to American Petroleum Institute (API) and 
American Water Works Association (AWWA) specifications. 

Lyophilic: Referring to vinyl dispersions, having affinity for the 
dispersing medium. 

Lyophobic: Referring to vinyl dispersions, no affinity or attraction for 
dispersing medium. 

Mechanical tubing: Welded or seamless tubing manufactured in large 
range of sizes of varied chemical composition (sizes range from 
3/16 to 10% in OD inclusive for carbon and alloy material); usually 
not fabricated to meet any specification other than application 
requirements; fabricated to meet exact outside diameter and decimal 
wall thickness. 

Mechanically foamed plastic: Cellular plastic whose structure is 
fabricated by physically incorporated gases. 

Melamine plastics: Group of plastics whose resins are formed by the 
condensation of melamine and aldehydes. 

Metastable: Unstable state of plastic as evidenced by changes in 
physical properties not caused by the surroundings. Example is the 
temporary flexible condition some plastics display after molding. 

Mold base: Assembly of all parts making up an injection mold, 
excluding cavity, cores, and pins. 

Molding, bag: Process of molding or laminating in which fluid pressure 
is applied, usually by means of water, steam, air, or vacuum, to a 
flexible film or bag that transmits the pressure to the material being 
molded. 

Molding, blow: Method of forming plastic articles by inflating masses 
of plastic material with compressed gas. 
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Molding, compression: Process of shaping plastic articles by placing 
material in a confining mold cavity and applying pressure and 
usually heat. 

Method of molding or laminating whereby 
pressure used is slightly greater than is necessary to bind materials 
together during molding stage (pressures generally less than 10 psi). 

Molding, high pressure: Molding or laminating with pressures in excess 
of 200 psi. 

Molding, injection: Process of making plastic articles from powdered or 
granular plastics by fusing the material in a chamber under pressure 
with heat and forcing part of the mass into a cooler cavity where it 
solidifies; used primarily on thermoplastics. 

Molding or laminating with pressures below 
200 psi. 

Process of molding plastic articles from powdered, 
granular, or preformed plastics by fusing the material in a chamber 
with heat and forcing the mass into a hot chamber for solidification. 
Used primarily on thermosetting plastics. 

Monomer: Reactive material that is compatible with the basic resin. 
Tends to lower the viscosity of the resin. 

Nonrigid plastic: Plastic whose apparent modulus of elasticity is not 
greater than 10,000 psi at room temperature in accordance with the 
Standard Method of Test for Stiffness in Flexure of Plastics 
(ASTM Designation: D747). 

Novolak: Phenolic-aldehydic resin that remains permanently thermo- 
plastic unless methylene groups are added. 

Molding, contact pressure: 

Molding, low pressure: 

Molding, transfer: 

Nylon plastics: Group of plastics comprised of resins that are primarily 
long-chain synthetic polymeric amides. These have recurring amide 
groups as an integral part of principal polymer chain. 

Suspension of finely divided resin in a volatile organic 

Group of plastics whose resins are derived from the 

Organosol: 

Phenolic plastics: 

slurry. 

condensation of phenols (e& phenol and cresol, with aldehydes). 
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Piling pipe: Round-welded or seamless pipe for use as foundation 
piles where pipe cylinder acts as a permanent load-carrying member; 
usually filled with concrete. Used below the ground in foundation 
work in the construction industry for piers, docks, highways, bridges, 
and all types of buildings. Fabricated to ASTME piling specifications 
(ASTM A252). 

Plastic: According to ASTM, a material containing an organic sub- 
stance of large molecular weight is sold in its finished state, and at 
some stage in its manufacture into finished goods, it can be shaped 
to flow. 

Plastic, semirigid: Plastic having apparent modulus of elasticity in the 
range 10,OOO to 100,000 psi at 23"C, as determined by the Standard 
Method of Test for Stiffness in Flexure Plastics (ASTM Designation: 
D747). 

Plastic welding: Joining of finished plastic components by fusing ma- 
terials either with or without the addition of plastic from another 
source. 

Plasticate: Softening by heating or kneading. 

Plasticity: Property of plastics that permits the material to undergo 
deformation permanently and continuously without rupture from a 
force that exceeds the yield value of the material. 

Plasticize: Softening by adding a plasticizer. 

Plasticizer: Material added to a plastic to increase its workability and 
flexibility. Plasticizers tend to lower the melt viscosity, the glass 
transition temperature, and/or the elastic modulus. 

Plastisol: Suspension of finely divided resin in a plasticizer. 

Polyamide plastics: See Nylon plastics. 

Polyester plastics: Group of plastics composed of resins derived prin- 
cipally from polymeric esters that have recurring polyester groups 
in the main polymer chain. These polyester groups are cross-linked 
by carbon-carbon bonds. 

Plastic or resin made by the polymerization of ethylene 
as the sole monomer. 

Polyethylene: 
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Polymer: Material produced by the reaction of relatively simple mol- 
ecules with functional groups that allow their combination to proceed 
to high molecular weights under suitable conditions; formed by 
polymerization or polycondensation. 

Polymerization: Chemical reaction that takes place when a resin is 
activated. 

Polypropylene: Plastic or resin derived from the polymerization of 

Polystyrene: Plastic derived from a resin produced by the polymer- 

Poly(viny1 acetate): Resin derived from the polymerization of vinyl 

Poly(viny1 alcohol): Polymer derived from the hydrolysis of polyvinyl 

Poly(viny1 chloride): Resin derived from the polymerization of vinyl 

Poly(viny1 chloride-acetate): Copolymer of vinyl chloride and vinyl 
acetate. 

Pot life: Time period beginning once the resin is catalyzed and term- 
inating when material is no longer workable; working life. 

Preform: Coherent block of granular plastic molding compound or 
of fibrous mixture with or without resin. Prepared by sufficiently 
compressing material, forming a block that can be handled readily. 

Prepolymer: An intermediate chemical structure between that of a mon- 
omer and the final resin. 

Pressure tubing: Tubing used to convey fluids at elevated temperatures 
and/or pressures. Suitable for head applications, it is fabricated to 
exact OD and decimal wall thickness in sizes ranging from 4/2 to 6 in. 
OD inclusive and to ASTM specifications. 

Primer: Coating that is applied to a surface before application of an 
adhesive, enameI, etc. The purpose is to improve bonding. 

Promoted resin: Resin with an accelerator added but not catalyst. 

propylene as the principal monomer. 

ization of styrene. 

acetate. 

esters. 

chloride. 
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Reinforced plastic: According to ASTM, those plastics having superior 
properties over those consisting of the base resin, due to the presence 
of high-strength fillers embedding in the composition. Reinforcing 
fillers are fibers, fabrics, or mats made of fibers. 

Resin: Highly reactive material which, in its initial stages, has fluidlike 
flow properties. When activation is initiated, material transforms into 
a solid state. 

Roller: A serrated piece of aluminum used to work a plastic laminate. 
Purpose of device is to compact a laminate and to break up large 
air pockets to permit release of entrapped air. 

Roving: Bundle of continuous, untwisted glass fibers. Glass fibers are 
wound onto a roll called a “roving package.” 

Saran plastics: Group of plastics whose resins are derived from the 
polymerization of vinylidene chloride or the copolymerization of 
vinylidene chloride and other unsaturated compounds. 

Period of time over which a material will remain usable 
during storage under specified conditions such as temperature and 
humidity. 

Silicone plastics: Group of plastics whose resins consist of a main 
polymer chain with alternating silicone and oxygen atoms and with 
carbon-containing side groups. 

Softening range: Temperature range in which a plastic transforms from 
a rigid solid to a soft state. 

Solvation: Process of swelling of a resin or plastic. Can be caused by 
interaction between a resin and a solvent or plasticizer. 

Pipe used for low-pressure applications such as trans- 
porting air, steam, gas, water, oil, etc. Employed in machinery, 
buildings, sprinkler and irrigation systems, and water wells but not 
in utility distribution systems; can transport fluids at elevated temp- 
eratures and pressures not subjected to external heat applications. 
Fabricated in standard diameters and wall thicknesses to ASTM 
specifications, its diameters range from 3% to 42 in. OD. 

Internal or external defect in a plastic caused by tensile 
stresses below its short-time mechanical strength. 

Shelf life: 

Standard pipe: 

Stress crack: 
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Structural pipe: Welded or seamless pipe used for structural or load- 
bearing applications in aboveground installations. Fabricated in 
nominal wall thicknesses and sizes to ASTM specifications in round, 
square, rectangular, and other cross-sectional shapes. 

Rolled flanged sections, sections welded from plates 
and specialty sections with one or more dimensions of their cross 
section greater than 3 in. They include beams, channels, and tees, 
if depth dimensions exceed 3 in. 

Styrene plastics: Group of plastics whose resins are derived from the 
polymerization of styrene or the copolymerization of styrene with 
various unsaturated compounds. 

Styrene-rubber plastics: Plastics that are composed of a minimum of 
50% styrene plastic and the remainder rubber compounds. 

Syneresis: Contraction of a gel, observed by the separation of a liquid 
from the gel. 

Thermoelasticity: Rubberlike elasticity that a rigid plastic displays; 
caused by elevated temperatures. 

Thermoforming: Forming or molding with heat. 

Thermoplastic: Reverse of thermoset. Materials that can be reprocessed 
by applying heat. 

Thermoset: Those plastics that harden upon application of heat and 
cannot be reliquefied, the resin state being infusible. 

Thixotropy: Describes those fluids whose apparent viscosity decreases 
with time to an assymptotic value under conditions of constant shear 
rate. Thixotropic fluids undergo a decrease in apparent viscosity by 
applying a shearing force such as stirring. If shear is removed, the 
material's apparent viscosity will increase back to or near its initial 
value at the onset of applying shear. 

Strand of glass fiber colored differently from the remainder 
of the roving package. It allows a means of determining whether 
equipment used to chop and spray glass fibers are functioning 
properly and provides a check on quality and thickness control. 

Urea plastics: Group of plastics whose resins are derived from the 
condensation of urea and aldehydes. 

Structural shapes: 

Tracer yam: 
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Urethane plastics: Group of plastics composed of resins derived from 
the condensation of organic isocyanates with compounds containing 
hydroxyl groups. 

Fabrication process in which plastic sheets are trans- 
formed to desired shapes by inducing flow; accomplished by re- 
ducing the air pressure on one side of the sheet. 

Vinyl acetate plastics: Group of plastics composed of resins derived 
from the polymerization of vinyl acetate with other saturated com- 
pounds. 

Vinyl alcohol plastics: Group of plastics composed of resins derived 
from the hydrolysis of polyvinyl esters or copolymers of vinyl 
esters. 

Vinyl chloride plastics: Group of plastics whose resins are derived from 
the polymerization of vinyl chloride and other unsaturated com- 
pounds. 

Vinyl plastics: Group of plastics composed of resins derived from vinyl 
monomers, excluding those that are covered by other classifications 
(i.e., acrylics and styrene plastics). Examples include PVC, poly(Viny1 
acetate), poly(viny1 butyral), and various copolymers of vinyl mon- 
omers with unsaturated compounds. 

Vacuum forming: 

Vinylidene plastics: Group known as saran plastics. 

Weathering: Exposure of a plastic to outdoor conditions. 

Yield value: Also called yield stress; force necessary to initiate flow in 
a plastic. 
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Table B.10 True Stress at Break of Selected Melt-Mixed Rubber-Plastic Blendsa 

Rubber Plastic True stress at break (MPa) 

IIR Polypropylene 26 
EPDM Polypropylene 26 
N R  Polypropylene 16 
NBR Polypropylene 23 
EPDM Polyethylene 27 
NBR Polyethylene 13 
NBR Poly(tetramethy1ene terephthalate) 27 
IIR Polystyrene 2.3 

BR Polystyrene 4.1 
IIR S A N  5.0 
NBR S A N  10.5 
IIR PMMA 3.6 

aThe compositions were 6040 and 5050 rubber-plastic weight ratio. The stress at the break is 
the product of the ultimate extension ratio. 

EPDM Polystyrene 3.7 

Table B.ll Properties of Various Types of Elastomer Compositions 

Partially Completely 
vulcanized vulcanized Ester-ether 

EPDMPoly- EPDMPoly- copolymer 
propylene propylene Neoprene thermoplastic 

blend" blendb vulcanizate elastome? 
~~ ~~ 

Shore A hardness 
Tensile strength (MPa) 
Ultimate elongation (%) 
Volume swell in ASTM 

No. 3 Oil (74 hr at 
100°C) (%) 

Compression set (method 
B: 22 hr at l00OC) (%) 

Use temperature ("C) 
Type of processing" 

77 80 80 92 

200 400 400 450 
Disintegrated 50 35 30 

6.6 9.7 9.7 25.5 

70 39 35 33 

100 125 110 125 
TP TP cv TP 

aTPR-1700 (Uniroyal). 
bSantoprene (Monsanto). 
'Hytrel (DuPont). 
dTP, thermoplastic; CV, conventional vulcanizate. 
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Table B17 Chemical and Oil Resistance of Silicone Rubber 

Percent volume change 

Fluorosilicone Silicone 
rubber rubber 

Chemical or medium (FVMQ) (VMQ) 

Acid (7 days, 24°C) 
10% Hydrochloric 
Hydrochloride 
10% Sulfuric 
10% Nitric 

10% Sodium hydroxide 
50% Sodium hydroxide 

Acetone 
Ethyl alcohol 
Xylene 
JP4 fuel 
Butyl acetate 

ASTM No. 3 (7 days, 149°C) 
Turbo oil 15 (Mil M7808) (1 day, 177°C) 
Dimethyl siloxane, 500 CS (14 days, 205°C) 

Alkali (7 days, 24°C) 

Solvent (24 hr, 24°C) 

Oils 

+ I  
+8  

Nil 
+1 

Nil 
+1 

+ 180 
+5 

+ 20 
+ 10 

Over 150 

+6 
+8 

Nil 

+2 
+ 15 
+S 
+8  

Nil 
+9 

+ 15 
+9 

Over 150 
Over 150 
Over 150 

+20 +50 
30 

Swells, 
deteriorates 
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