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PREFACE 

This book is intended for engineers involved in the design, construction, operation 
and maintenance of plant facilities. Its purpose is to assist these engineers in the 
selection of materials of construction suitable for piping and equipment. Reflecting 
the authors' eKpcricnce, t11e focus is on hydrocarbon and chemical process plants. 

Many engineers ~gard materials selection as an activity associated with the 
design and construction of new facilities, plant additions, or ~vamps. However, 
materials selection is also pan of a plant's routine maintenance activities. It is often 
the subject of discussion between opcrotions, planning and maintenance personneL 
Such discussions frequently illustrate that materials selected for short-tenn 
solutions di!fer from Utosc adopted for long-tenn solutions. In either case, the 
materials selected, along with Ute specified fabrication procedures, must satisfy 
regulatory ~quirements. Thus, the process of materials selection must 
accommodate variable materials selection criteria, including those of the governing 
engineering nud inspection codes. 

For simple jobs such as replacements in kind or for jobs with which the 
~ponsible engineer has prior <Kpericnce, materials selection is usually a straight­
forward task. I lowever, some jobs involve complex combinations of requirements. 
which may include: 

Oemonding mechanical requirements. 
• Special fabricat.ion ~irernents such as postweld heat treatment (P\VHT) . 
• A&&ressive con'Odents or crnck-inducing agents.' 

1C'.rxt·inducift& ~~Uti IR: corrodc:nts lhat cause a material to undergo suess corrosion 
aadcifta. Sud! I(COIS COUS< lillk ir any visibl< conosion. Rcrer 10 Chapter 3 ror I 

discussion or-cnck-inducina •e<nts-

iii 
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Upset conditions (i.e, non-slandard operating conditions). 
Limited capiml budgets. 
Tight schedules. 

Preface 

Since the lowest·cosi material may have to accommodate a variety of criteria, 
the process of materials selection can become a complicated task. The process 
described in this book provides a structured method for selecting materials. II is 
designed to accommodate variable selection criteria and complex situations. This 
process utilizes a materials selection template. The template, usually prepared by a 
plant or project process engineer, is ordinarily customized for the plant 

The template should: 

Be comprehensive enough to accommodate all of the processes and 
services to be analyzed. It should include all of the process chemistries. 
Contlin all necessary mechanical design information · such as design 
temperntures and pressures. In addition. any anticipated operating 
conditions that could affect mechanical design should be indicated. 
Examples include fatigue and thermal cycling. This information is used to 
prepare the piping line classes and equipment data sheets and to alen 
designers to special design conditions such as cyclic operation. 
Define the upset (non-standard) and trnnsient design conditions which the 
selected material of construction will be required to accommodate. 
Contain a "Notes" addendum that defines temperature, pressure and 
concentration threshold values. 11Jese are values above which the harmful 
effects of a process variable are considered. For example, a widely used 
threshold defrnition for "sour" water is a dissolved H,S concentration of at 
least 50 ppmw. 

Tite "Notes" addendum should also define any special requirements 
that would affect materials selection. Examples include using operating 
conditions rather than design conditions as the basis for materials selection, 
requirements for unusually high reliability or unusually long life, and 
product contamination concerns. 

Using data and infonnation from this book, as well as from process licensors, 
plant testing and the literature, the user must establish failure mechanism threshold 
values for the template. This information is used to evaluate the risks of early 
failure. 

The utility of a template is that it provides, on a simple compact form, the 
technical information needed for materials selection. The template also serves to 
document the basis for the selection of the material of construction. Tite 
necessary components of a materials selection template are discussed in detail in 
Chapter I. 

Obviously, some knowledge of corrosion, corrosion mitjgat.on measures, high­
temperature degradation processes ond metallurgy is needed to determine the 
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various kinds of information necessary to design and use a template. Otapters 2-4 
provide the reader with the necessary background knowledge. Chapter 5 then 
shows how to apply this knowledge to the task of designing a template and using it 
to select an appropriate material of construction. 

The book contains a Supplement to illustrate the use of templates and the 
materials selection procedure. The Supplement focuses on the logic of selecting 
materials, and on using the operating and design information provided by templates. 

The process of materials selection starts with the minimum design 
temperature. Appendix I shows recommended minimum design temperatures for 
the most common metallic materials of construction. These values have been taken 
from the most common domestic vessel and piping codes used in the hydrocarbon 
and chemical process industries. Using Appendix I, one can select a preliminary 
material of construction. The lowest-cost material suitable for the temperature 
should be chosen. In some cases, plant experience or process licensor recom· 
mendations indicate the need for an upgraded material. The preliminary material is 
then reviewed for risks of early failure due to thermal degradation or corrosion 
effects. This review uses threshold value information as the basis for considering 
materials degradation and possible materials upgrades. 

Chapters 2-4 provide threshold values for a variety of degradation phenomena. 
Chapter 5 provides guidelines on the use of testing to establish threshold values for 
new or modified processes. Appendices 2-1 I contain charts and nomographs that 
are useful in evaluating many common conosive or crack-inducing media. 

As the review progresses, changes in material may be indicated. If a material 
upgrade is required, the process of materials selection becomes iterative. Thus, the 
upgraded material is subjected to the review process again to ensure compliance 
with all template requirements. 

Once the material of construction has been specified for each stream and/or 
equipment item template, the selected materials are indicated on a simplified 
process Dow diagram, which is used to create a materials selection diagram (MSD). 
The MSD ties together the materials selection process and generates several 
benefits: 

Inconsistencies in materials selection are highlighted. For example, if the 
materials of construction for the inlet and outlet piping of a vessel are 
different from the materials selected for the vessel, the MSD shows that 
either a change in criteria has occurred or an error has been made. 
Locations requiring cathodic protection, injection points for water washing 
or chemical treatment, as well as corrosion monitoring and sampling points, 
are indicated. This identification helps document the design basis for the 
selection of materials of construction. 
Large pressure drops, such as can occur at control valves, indicate if flash 
spools or splash plates are needed. 
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Convenient specification breaks bcc:ome evident. (Specification breaks are 
locations where the materials of conslructi<lu change from ooe type 10 
anocher.) 
The possibility of damage 10 upstream piping and equipment bY cooosive 
revene Oows can be more easily identified. 
The po!Ciltial efTccu of conosioo products oo downst=m equipment and 
piping can be anticipa!ed. Examples include plugging and heal 113DSfer 
dcgnsdatioo. 

Refer 10 Examples 16-20 in the Supplement for an iUuslr.llioo of bow an MSD is 
generaltd and used. 

The book's focus is on c:ooveying practic:alknowledge n:g;uding trullerials and 
COITOSion engineering to Mlp the reader develop an Wldmlanding of coaosioo and 
other degnldation phenomena such as embriulcment The information presented 
will Mlp the reader to recognize the thtcshold conditions that increase risks of 
mlllerials degradation. In addition, testing procedures that can help assess 
degradation risks are discussed, as arc approprillle mitigation measw-es. This 
knowledge is essential for making 1Jood materials selection decisions. 

By using ternplotes and MSOs, materials selection can be ma<Je a relatively 
str.ligbtforward process. Although the process requires a broad knowledge of how 
materials behave, it should be part of the knowledge base of all engineers who have 
materials selection responsibilities in hydrocarbon and chemical plants. 

Without tho help oF the following people, writing this book would have been 
mueh more difficult. 

• Mrs. Gail Youngdnle, who patiently taught word processing and made 
many helpful suggestions on how to get things done. 

• Mr. Jerry Brywlt, who made the excellent line drawings. 
• Mr. Fred Bauder, who rnWllljled all of tho photographic worlc. 
• Mr. Bryan Dunn, who missed his calling a.s an editor. 
• Dr. Russell Kane, of CLI lntemlllional; Dr. Ed Bravenec of Anderson &. 

Associates; Dr. E. M. Moore and Mr. Mohammed Al.()mairy; and Mr. C. 
P. Dillon. These gentlemen provided many of the phoiOmicrograph.s. (AU 
illustrations are the worlc of the authors, unless otherwise a-edited.) · 

We acknowledge the patience and support of our wives, Judith Haoseo and 
Donna Puyear, as we prepared this book. We especially appreciate their help in 
reviewing tbe manuscript at several stages of preparation. 

A special acknowledgment is gjvco to Auor Daniel, Inc. This company 
encouraged one of us (DAH) and provided substantial support in the development 
of the manuscript 

David A. Hansen 
RJJberr B. Puyear 
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MATERIALS SELECTION 
TEMPLATE 

A. INTRODUCTION 

Many engineers regard materials selection as simply the selection of o material of 
construction. In reality, materiols selection is more complex than ~taL It includes 
specifications of: 

The proposed material of construction. This requires the selection of 
corrosion allowance and valve trim for metallic materials if the job involves 
piping. 

Special materials testing requirements such as testing for resistance to 
hydrogen induced cracking. 
Required fabrication procedures such as posnvcld heat treannent. 
Inspection procedures and acceptance criteria such as those for hardness 
control. 

Required corrosion control progrnms. Examples include chemical inhibitor 
programs, wash water injection, chemical cleaning, protection by paint 
Coaling. and cathodic protection. 

If one has some flexibility in specifying corrosion control measures, cost 
savings are usually possible via the selection of less costly m>terials. In addition, 
early consideration of tlte tradeoffs between materials selection and process 
changes may produce significont savings if a process revision allows substirution of 
a less expensive material of construction. For example, the operating temperorure 
can be increased above tlte dew point in a wet C02 system, thereby pcnnitling the 
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2 Chapter 1 

use of carbon steel instead of requiring a stainless steel. Also, early considerntion 
of chemical treatment rutdlor process alternatives may Jl<'nmit ~tc avoidance of 
fabrication requirements such as postwcld heat treatment. These fabrication 
requirements are usually not excessively expensive in a shop but may be very 
costly if they involve field applications. 

B. MATERIALS SELECTION CRITERIA 

1. Mandatory Requirements 

AIU10ugh there are exceptions, most localities have legal requirements that mandate 
compliance witlt national engineering codes suc-h as the ASME Boiler and Pressure 
v esse! Code ( 1 ). These codes address mechanical design and include requirements 
on fabrication procedures such as postweld heat treaunent. Such codes do not 
normally include guidelines on materials selection. However, they often contain 
advisory infonnation about various degradation mechanisms. Tn order to mi.nlmi1.e 
liability, most designer.; use ~tis information as if it were mandatory. For Ute same 
reason, nonmandatory recommended practices such as NACE MRO 175 [2) and 
APII'\Iblication No. 941 (3) are customarily used as mandatory documents. Thus, 
the user should become familiar with local mandatory and customary practices. 

Because of safety concerns and potential liabilities related to process 
guamntees such as yield, materials selection guides provided by process licensors 
are usually regarded as mandatory. Nonnally, the materials recommendations by 
process licensors are more conservative than those made in accordance with a 
template. Nevertheless, process licensor recommendations should be reviewed for 
compliance with design life and safety requirements. 

2. Design Conditions 

Should materials selection should be based on operating or design conditions? In 
fact, both approaches are valid if used properly. 

Materials Selection Based on Design Conditions 

This materials selection strategy is used when Ute materials of construction must be 
capable of operating at the design conditions. This strategy is often required if the 
technology is new and/or the user wants to ensure a greater margin of safety. In the 
event that the basis of materials selection has not been defined, it L' prudent to 
select materials on the basis of design conditions. It should be noted that Ute 
material of construction must always satisfy the mechanical requirements of the 
applicable engineering code for the design conditions. For the purposes of this 
book, materials seleclion will be based on design condilions. 

Materials Selection Template 3 

It is worthwhile to question Ute design conditions whenever they diflbr 
significantly from the opernting conditions. Such differences may be due to the 
design conditions representing unrealistic sustained operation or to a governing 
transient design condition.' However, sometimes the difference is due to design 
error. In such cases, correcting the error may result in cost savings or ~te 
avoidance of a poiential materials problem. 

Materials Selection Based on Operating Conditions 

11tis option is usually chosen for mature technologies having well-documented 
histories of successful applications. Mechanical design is based on the design 
conditions, while materials selection is usually based on the maximum sustained 
nonmal operating conditions. "Dte design conditions are taken to be the maximum 
sustained uonmal operating conditions plus a design margin (discussed below). 

The maximum sustained normal operating conditions should be deterrn ined 
by the most severe of the normal operoting conditions. This principle is 
particularly important for those processes in which the operating variables 
change from start-of-nm to end-of-run. In some cases, the maximum sustained 
operating condition may be displaced by a governing upset or transient · design 
condition, as discussed bdow. 

Two diftbrent categories of design conditions must be evaluated to ensure a 
satisfactory materials selection. 

Sustalned Conditions 

Ordinarily, materials of construction are required to withstand service under 
sustained design conditions without accumulating significant degradation. 
However, Utere are at least two exceptions to this policy. 

I. In high-temperature services, some materials of construction can become em­
brittled by sustained exposure to operating temperatures, for example, temper 
embrittlcment of some Cr-Mo low alloy steels. (Refer to Part I of Chapter 3 
for a discussion of embrittlemenl) However, in many cases, such embrinle­
ment is a risk only at lower tempennures, primarily during shutdowns. Gener­
ally, this type of embrittlement does not affect higb-temJl<'rature ductility. 

The risk of fracture at low temperatures is avoided by making sure 
tha~ during startup, the material is heated to a temperature above the 
embrittlement threshold before being pressurized. Thus, the material 
remains suitable· for sustained operation at design conditions. For example. 
temper cmbrittled 2Y.Cr- I Mo steel is regarded as ductile at temperattu·es of 
250°F and wanner. 

1'frnnsient conditions should be regarded as governing ifdley can cause signifi~nt damage to 
the proposed motcrinJ or constn1ction or if they c~'lusc: the conditions of mechanical design to 
ehanee. 
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Accordingly, pressure vessels made of this alloy are usually heated to 
2SO•F (J2o•q during startup before pressurizing. 

2. lo some low-pressure services where " leak-before-break" will occur, such 
as low-pressure piping, agreement to a plan of early replacement may 
permit using materials with less than normal design lives. 

Transient Conditions 

Transient conditions ate temporary depanures from nomtal sustained operating 
cooditions. Transient conditions include: 

Planned operating conditions such as startup and shutdown, and catalyst 
regeneration. 
Anticipated upset conditions such as loss offiow. 

In some cases, a tTansient condition such as carryover of a crack-inducing 
agent may cause significant damage to the proposed material of consmtction. In 
other cases, a transient condition may require a change in the design conditions. 
For example, if autorefrigeration effects are not pennittcd by the engiJ1eering code, 
tl1e miniJnum design temperanare must be changed accordingly. Trru1sient 
conditions such as nitrogen purging may be benign, that is, they may not damage 
the propose'd material of construction and would therefore not affect the conditions 
of mechanical design. 

Transient conditions should be regarded as governing if they can cause 
signifieani damage to tl1e proposed material of constn1ction or if they cause the 
conditions of mechanical design to change. 

A governing condition can affect the selection of a material of 
constTUction without affecting the conditions of mechanical design. For 
example, the maximum design stress and temperature will detem1ine the 
section thickness of a carbon steel process line containing dry H2S (if 
wet, H2S is a potential crack-inducing agent). However, even on a 
transient basis, liquid water in the presence of H2S can initiate sulfide 
stress corrosion cracki11g i11 carbon steel. This may require additional 
postweld heat treatment and/or a materials upgrade, but does not change 
the conditions of mechanical design. 
A governing condition can affect mechanical design without affecting the 
choice of the material of constTUction. For examp:c, carbon steel is 
conventionally used for steam piping for temperatures of 800°F (42S•C) 
and less. Howeve-r, the maxintum allowable stress for carbon steel changes 
for temperatures above 650°P (345°C). "Thus, for steam piping, maxiJnurn 
design temperatures up to and including sOO•f' (425°C) will detennine the 
section tll ickness, but will not anect the selection of the tnaterial of 
construction. 
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Significant transient conditions, dtat is, conditions that may be governing, 
should be discussed in the "Upset Conditions" section of the template. 

3. Design Temperatures 

Design temperatures are required for mechanical design. They can also affect 
materials selection. . 

The first consideration in materials selection is the minimum design 
temperature that must be used to select materials capable of resisting britlle fracn.re 
at tl1c minimum design temperature. TI1is is purely a mechanical design 
requirement. One of three different criteria may be used to establish the minin>Um 
design temperature: 

I. TI1e minimum design temperature may be established by the user, based on 
consideration of the lowest expected operatiJ1g temperature, the lowest 
ambient temperature or an operational upset such as autorefrigeration or 
Joule-Thomson cooling, or other source of low temperature. A rransient 
condition such as autorefrigeration may be governing. particularly if the 
restart procedure does not permit warmup before repressurizing. 

2. The minimum design temperature may be established as the minimum 
exemption temperature allowed by the applicable cngiucering code. For 
example, the ASME B31 .3 piping Code [4) permits most carbon steel 
piping with wall thicknesses of 0.5'' (12.7 mm) or less to be exempt from 
impact testing if used at temperatures no colder t11an - 2o•F (- 29•C). 

3. If the material of consm1ction is impact tested, the minimum desigJt 
temperature is usually taken to be U1e unpaet test temperature. 

Determining the maximum design temperature may involve concerns other 
than mechanical design requirements: 

For processes that are not corrosive or otherwise degrading, Ute maximum 
design temperature is usually detennined solely by mechanical design 
requirements. In such cases, the maximum design tempcrantre is often 
defined not by t11e process or ambient conditions, but by the highest 
temperarure pem1iHed by the code's maximum allowable stress. 

For cx:unple, for ASME Section VIII, Div. I [I ), 650°1' (345°C) is the 
maximum temperature listed for the maximum allowable stress of carbon and 
low-alloy steels. (Low-alloy steels contain less t11an 12 wt. percent alloying). 
AIU1ough tl1e maximwn process, upset and ambient temperatures may be 
much lower than 6SO•f (345"C), it is tl1e ambient temperature tl1at would 
probably be adopted as tl1e maximum design temperature for a benign process. 
For processes that are corrosive or otherwise degrading, the maximum 
design temperature should be detenni.ned by the corrosion/degradation 
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mechanism. I' or example, if the process involves higiHcmpcrature, high· 
pressure hydrogen, the maximum design temperature must be less than the 
tlueshold temperature at whidt hydrogen will auack the material of 
construction. 

Appendix I provides additional information on the recommended temperature 
ranges for various common materials of construction. The temperature nlnges for 
which the maximum allowable stresses are provided either for ASME Section Vlfl 
(I ) or ASME B31.3 (4) materials are indicated. In addition, ASThl specifications 
[5] are indicated for various product forms including bolting, plate, pipe, tubing, 
finings, forgings, bars and castings. 

4. Process Requirements 

11terc is no part of the materials selection process more important than properly 
defining tlte requirements for each piping run and equipment item. If these 
requirements are improperly defmed, selection of the material of construction will 
be based on incorrect or inadequate information. The importance of defining the 
operating environments and tlte range of temperatures, pressures and flow 
conditions cannot be overemphasized. Process requirements must be defined for 
abnonnal operations as well as nonnaJ operating conditions. 

Process Flow Diagrams 

A process description is the nonnal starting point for defining ll)aterials selection 
infomlation requiremenLS. This docwnent describes the composition of the process 
fluids entering and leaving each piece of equipment and the reactions occurring 
within the equipment. ·£11is infonnation may be in Lhe fom1 of a narrative 
description of the process or in the form of a process flow diagram. 111e latter is 
usually preferred, as it visually portr•ys tlte sequence of processes and includes lhe 
major equipment items, connectutg piping, valves, pumps, packaged equipment, 
etc. The description, in either fom1, should include a materials balance. 

·n.c infonnation contained in a process flow diagram should be regarded as 
only tlte initial information necessary. In order to develop all Ute information 
needed for materials selection, the process should be analyzed for relevant upset 
conditions and for amicipated variations in operations and process chemistries. 
1lte materials selection template provides an orderly and thorough means to define 
all tl1e information required. 

While it is necessary to describe tl1e chemical processes as completely as 
possible, lhis is frequently difficult to accomplish. In some cases, the variables 
important to the materials selection process are relatively unimportant to the 
engineers designing lhe process or the various equipmem units. For example, dew 
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point water formation in an overhead sysrem contnining a crack-inducing agent can 
be inuncdiollcly drum1ging to the m;atcrial or construction. In tltis situntion a temn 
approach to materials selection can be successful. 'llte person responsible for 
materials selection works with process and equipment designers to seek out and 
define process and operating variable.' that could affect materials selection. 
Consideration is given to possible process contaminants, carry-overs, mechanical 
problems, fonnation of dew point water, etc. Pertinent inforntation is then 
documented via the materials selection template. 

In olher cases, lhe process may be a prototype lhat cannot be completely 
defined wilhout some sort of pilot plant or in-plant testing. Remarkably short 
equipment life can result from basing materials selection on a materials balance 
containing several hundred parts per million of an "unknown" constituent. In such 
cases, it is often necessary to conduct corrosion tests in actual process fluid~ where 
these "unknown" constituents arc present so lhat lhcir effects can be evaluated. 
111e materials selection template may not be very useful until the effects of 
"unknown" constituents arc detennined. 

Changes in process Ouid compositions may occur because of changes in feed 
stocks. for U1ese situations, the person responsible for materials selection must 
work wilh process and equipment designers to anticipate a range of conditions 
witltin which lhe materials of construction must perform. Again, the required 
information is lhen requested via the materials selection template. 

Process Objectives 

If the process has any special objectives, lhcy must be described in the "Notes" 
section of the template addendum. One of the most common of lhe special 
objectives is avoiding product contamination. If product purity is a concern, 
such as in the production of fine chemicals, the limits of acceptability should be 
defmcd. A closely related objective is avoidance of contaminating downstream 
catalyst beds. 

In some cases, materials which may be suitable for mild to moderately 
corrosive services are unacceptnble because of the potential for downstream 
fouling or because of product purity concerns. Such considerations are particularly 
important in equipment having large surface areas, such as heat exchangers and 
packed beds. If such concerns will affect materials selections, they too should be 
included in the 11Notes" section of the template addendum. 

Equipment Concerns 

It is easy to overlook lhe fact Utat many equipment items have special materials 
requirements. Heat exchangers must be made of materials with high thermal 
conductivity to transfer heat. Reactors may require special surface treatments such 
as electropolishing; lhey may also incorporate requirements for internal agitators or 



8 Cltapter 1 

heat transfer surfaces. Pumps !hat bandle slurries have differem malerials of 
conslnlaion requiremenlS !han !hose handling clear liquids. The person making 
materials selection decisions must be familiar with !he function of lhe equipment 
and ils special requiremenlS. 

Integration of Ccrrosion Centro/ into Design 

Incorporation or control measures into process design often perrniiS the selection of 
lower cost materials of construction. Measures such as corrosion inhibitor or wash 
water injection are often used for this fl'lrpose. 

Anodic protection is used in a few specific applications such as witlt stainless 
steel acid coolers in sulfuric acid planlS. Cathodic protection is widely used to 
protect metallic structures C"Xposcd to a variety of environments, including internal 
and external exposure. If either cathodic or anodic protection is specified, their use 
must be inteQillted into tlte design of the equipment to be protected. Electrode (or 
sacrifJCilll .anode) placement is very important, as is designing to avoid shielding 
effec:IS. Also, electrical isolalion of the protected surfaces muSI be included in 
desigJ~S. Specific requiremenlS and techniques for anodic and cathodic prolection 
are outside !he seope of this book. 

5. Special Requirements 

The required design life will affect ma1erials selection and/or the determination of the 
recomrneildcd corrosion allowance for almost all jobs. Normally, the user or process 
licensor will defme design life requirements. (See Part 3 of Chapter 3 for a discussion 
of recommended design lives for various system componenlS.) It i.s helpful to define 
the design life rcquircmcnlS in tlle "Notes" section of the template addendum. 

Materials selection for some jobs or projects is affected by special or unusual 
job or project objectives such as minimal capital cost, minimal maintenance, short 
schedule, extended design life or the need to address the consequences of a l~ak or 
rupture. Occasionally, objectives may be in conflict. For example, minimal capital 
cost vs. short schedule. When !his occurs, compromises are made in order to meet 
the higher priority objective. Or an otherwise superior material might not be 
selected ifils delivery schedule would seriously delay stll1up. Such compromises­
should always be made wilh consideration to safety and environmental protectioo. 

6. Template Information 

A template should be designed to request only the information necessary for 
mechMical design and to ensure that the material selected will be cost effective and 
suitable for the full range of design and upset conditions. Table 1-1 shows an 
example of a material sele<:tion template. The following categories ofinfonnation 
should be considered when devclopin'?-a template. 
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Table 1-1 Materials Selection Template 

STREAM OR EQUIPMENT NUMBER: _________ _ 

Oe,;gn Tempe~atute (MiniJoom'Maxirr<l): ------- -

Ope<aling Tempe<ature (Mininun/MaxWnuln):: ______ _ 

Design Pressure (Minimum/Maximum):: _ _________ _ 

Operating Pressure (Minimum/Maximum):: _________ _ 

commodity': Phases: Liquid Water (YIN): __ _ 

Corrodents: ____ _ _ __________ _ 

Crock-Inducing Agents:: _____________ _ 

UpsetConditions: __________ -;------

Material of Construction: _ _ _ _ _ _ ______ _ 

f'WH1" (YIN):_ Valve r.wn>: __ Corrosion AJ(ma!Y;tj•: __ _ 
~csu : ______ _ _ _ _ _______ _ 

'COmmocllty 1\elps to define the composffion of the prooeu. This is usually done_ by 
ind.catitlg tile major constituent(s) of the process, for example. hycltocarbon. nch amine. 
hydrochloli<: acid, steam plus hydrocarbons. . 

'Applicable ooly for metallic matelials of consttudion. . 
'Genorol nolos indicate special requirements that may affect materials selectiOn. 

Example$ Include: , . d • 
• Selection based on maximum sustained operating condihons ratller than on es1gn 

conditions 
• Product purity or process foufing 
• Specbl design life requirements 
• Special reliability requirements 

'Thteshold noles define threshold valueS above wt1ich mat~rials selection may be 
c ........... ~w.• inckJde: 

affecled. ~·- •• .,.. . . · ten•'- stainless s•eels in • CNoride ~ corrosoon crac:10ng tn:¥f occur '" aus ·~ • 
ne<m1 so1ine seMc:es with temperatures exceeding I40"F (60'C). 
H~ture •1-ifdc corrosioo must be considered fer te~ratures above 

500'F (260'C). · e<l. 2 II 
Indicate amines as crock~nducing agents for al conoenu.tiooS exce 1119 v · 

=~rocesses such as wet hydrogen sulrlde are subject to tile requirements of 
wet oour senrice ff all of tile following apply: 
a The vapor contains r.quid water. 
b: H,S Is present at a vapor pressure of at lc~st 0.05 psla (0.34 kPa). 
c. The total system pressure is at least 65 ps1a (0.45 MPa). 
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Stream Number or Equipment Number 

This number identifies tl1e subject piping run or equipment on the process flow 
doagram and the materials selection diagram. 

Design Temperature. Minimum 

The minimum design temperatt1re is the lowest temperature at which the 
coo.'ponent can b~ expected to operate. Most engineering codes require that all 
anttC.Ipated operntmg temperatures, including dwse involving upset conditions, be 
consodered. For ferro~s matenals the minimum design temperature is used in 
dete.mJmong the necessoty for Charpy impact testing. Some users require that the 
mmunum des1gn temperature be colder than the lowest operating temper.uure 
"":'ally by a m_argin of J0-25°F (5-l4°C). This requirement mny generat~ 
unJUStified costs of ot ~andates unpact testing or forces an upgrade in materials. 

C~ently, there ts not much agreement among the common design standards 
and_ ~ngmeenng codes on h~w to establish minimum design temperatures. Jn 
add1toon, d1e codes doffer cons1derably in establishing toughness t~'ting exemptions 
and/or toughness. acceptance criteria. Consequently, the minimum design 
temperatures, te~tmg exemptions and/or toughness acceptance criteria may (and 
probably woll) doffer from piping, to ve:gsels, to tanks, to pumps, etc. Accordingly, 
the matenals of constructoon may be dtfferent for various components of a system 
due to the lack of agreement among the relevant codes. 

Refer to the following in establishing minimum design temperatures: 

Applicarion 

Vessels and heat 
exchangers 

Piping 

Pumps 

Tanks 

Standard 

ASME Section VII I, Division I, para. UG-20 [I ] 
ASME Section VIII, Division 2, para. AD-121.2 [1 ] 

ASME B31.3,para. 301.3. 1 [4) 

AP1610 "Centrifugal Pumps for General Refinery Service" 
para. 2.11.5 (6J 

API Standard 620 "Re-commended Rules for Design and . 
Construction of Large, Low Pressure Storage Tanks" para. 
2.2.1 [7] 

API Standard 650 "Welded Steel Tanks for Oil Storage" para. 
2.2.9 [8) 

. . The inhere~t toughness of metals and alloys is a function of section thickness. 
fhl~ relat1onsh1p has been incorporated into many of d1e common domestic 
engmecnng .:odes. Examples are ASME Section VJII (I] and ASME B31.3 [4). 
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Sometimes it is not obvious whether d1e material of choice, in the thickness 
necessary, can be qualified at the desired minimum design temperature. 
Occasionally a material is selected that cannot be qualified a, the desired minimum 
design temperature. Such occurrences result in significant extra costs and schedule 
delays. For guidance, start by reviewing ASTM A20, which contains a table that 
indicates the practical limits of impact test temperatures versus thickness for a 
variety of carbon and low-alloy steel plate materials. For more detailed guidance, 
consult mill technical staff or experienced fabricators. 

Design Temperature, Maximum 

Typically, the maximum design temperature is the maximum operating 
temperature plus a margin [usually 25-so•F {14-28°C)). The maximum design 
temperature is used to obtain the high-temperature allowable stress. In conjunction 
with the ma.,imum design pressure, the maximum code-allowable stress permitted 
by the maximum design temperature determines the section thickness. In high· 
temperature applications, the maximum design temperature may also be used by a 
designer for creep evaluations. 

The maximum design temperature is used to evaluate the risk of 
temperature-dependent failure mechanisms such as ox.idation, hydrogen attack, 
stress corrosion cracking, them1al embrinlement. spheroidization, etc. The 
maxin1um design temperature can also inOuence the choice between fine and 
coarse grain practice in carbon steels. 

Many equipment engineers want to designate the maximum design 
temperature as equal to the highest temperature permitted by the maximum code· 
allowable stress. However, for processes that are degrading or corrosive to the 
material of choice, using the highest temperature pennitted by the maximum 
code-allowable stress could dictate an unnecessary change in the material of 
construction. As an example, for ASME Section VIII, Div. I [1), 6so•f (345°C) 
is the maxin\Um temperature listed for the maximum allowable stresses of 
carbon and low-alloy steels. Assuming a high-pressure hydrogen service with a 
maximum operating temperature of only 300•F ( J 50.C), using 650•F (345°C) as 
the maximum design temperature will dictate an unnecessary, costly materials 
upgrade. 

Design Pressure, Minimum 

The minimum design pressure is usually the coincident pressure at the minimum 
design temperature. However, in some applications, the minimum design pressure 
is the lowest pressure expected in operation. For example, in equipment such as 
vessels that may be designed to operate under an internal vacuum. For such 
equipment, the minimum design pressure may detennine the section thickness and, 

--
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consequently, the engineering code requirements for postweld heat treatment and 
welding preheat. 

In conjunction with tho minimum design temperature, the minimum design 
pressure may influence the requirement for impact testing of ASME Section Vlll, 
Dtv. I [I) vessels. 

Design Pressure. Maximum 

The maximum design p~ure, in addition ro other loads and in conjunction witl1 
the maximum code-allowable stress, determines section tltickncss and, consequent· 
ly, the engineering code requirements for postweld heat treatment and welding 
preheat. It also influences choices among grades of carbon steel. 

In addition, analysis of maximum design pressure may: 

Dictate upgrading to Cr·Mo or stainless steels. For hydrogen or mixtures 
of H, and H,S, such analysi~ is done via panial pressure calculations. 
Pennit a reduction in corrosion allowance because, in low-pressure 
systems, component thickness may be established by the minimum 
standard available tltickness or by a thickness adequate for welding. In 
such cases, vinually all of the thickness is corrosion allowance. 
l'ermit elimination of process-required postweld heat treatment. As 
discussed later, low-pressure applications may have such low stresses that 
brittle crack propagation may not be possible in service . 
. Influence concerns, via partial pressure calculations, about wet acid gns 
corrosion and the various problems associated with wet sour service. 

The corrosion potential of a gaseous corrodcnt is often .indicated in tenns of 
its panial pressure. Two examples illustrate this: 

I. For hydrogen services, the hydrogen panial pressure will be required. This 
is calculated as fQilows, using the maximum anticipated hydrogen mole 
fraction: 

P(H,) • [mole fraction H,) x (Maximum Design Pressure, in psia (or MPa)) 

2. Similarly for acid gases, Ote panial pressure is usually required. For 
example, using hydrogen sulfide: 

P(H2S) = [mole fraction H2SJ x [Ma.ximum Design Pressure, in psia (or 
MPa)) 

Note that the mole frac tion required for panial pressure calculations is the 
mole fraction in the vapor phase. Often, the process now diagram lists the mole 
fraction in the total stream now, not the mole frdction in the vapor phase. 
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The maximum design pressure should be detennined witlt the same care used 
in establishing the maximum design temperature. If an unrealistically high 
maximum design pressure is specified, ULmecessary cost-; can emerge for two 
reasons: 

I. Excessive section thickness specifications. This generates cxo·a materials 
costs as well as the potential for exrra fabrication costs such as for exrra 
welding and postweld heat rrearrnent. 

2. Unnecessary material upgrades or mitigation measures such as posrweld 
heat treatment, especially if the process contains hydrogen gas, both 
hydrogen and H2S, organic sulfur compounds or wet acid gas. 

Operating Temperatures and Pressures 

ln the event that materials selection is based on operating conditions rather than 
design conditions, indicate the minimum and maximum operating temperatures and 
pressures. Of these, the maximum operating temperature usually detemtines Ute 
selection of materials. However, for low-temperature applications, the minimum 
design temperature is used for materials selection, since this is typically a 
requirement of the engineering codes. 

Operating pressures usually do not affect the selection of materials unless 
corrodents or crnck·inducing agents are involved. 

Commodity (Process Stream Constituents) 

This information helps to define the nature of the process. TI1e most frequcnlly 
used means is to list the majorconstituent(s) ofthe process stream such as H2S, rich 
amine, steam, hydrocarbons, or hydrocarbons plus steam. Such information helps 
to alen the user that an evaluation may be necessary for corrosion or other de· 
gradation problems. 

Phases 

List the phases present in the process stream. Include any significant solids such as 
catalyst or condensed salts. This infonnation will intlucncc the evaluation of 
process corrosivity and alen the user to the possibility of erosion or erosion 
corrosion. 

Liquid Water 

Specify "Yes" or ~>No" for normal service. This information is critical in 
detcnnining whether corrodcnts or crack-inducing agents will be electrolytically 
active. Jf some other electrol)1e such as an organic acid is present, indicate its 
presence with a suit3b1e note. 
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Corrodents 

Two cypes of corrodents arc of concern. 

I. High-temperature oxidation may occur in some processes. Both oxidants 
such as oxygen, sulfur and chlorine. and corrosive compounds such as H,S 
can COtTOde mecals and alloys at high temperatures in tbe absence of liquid 
elecu-ol)'les. List tbe corrodent and its (:()C1(:CIIIJ"ation. In cases where the 
corrodent is present as a vapor. its concentration may be represented by 
either its pa11ial pressure or its mole fractioo. 

2. In most cases the primary corrosion c:onttrn is electrochemical corrosion. 
Listing the eorrodents and their concentrations is nettSSal)' if an electrolyte 
is present during either nonnal or upset operating conditions. Note tba~ 
while water is the most eornmon electrOlyte, most organic acids and some 
organic chemicals such as phenol. can act as electrolytes. 

Crack-Inducing Agents 

Crack-inducing agents are ions or compounds that can cause variOIJS types of 
cracking in materials of eonsii"Uction and/or tlteir weldments. For example, one of 
the most common crack-inducing agents in the hydrocarbon industry is wet H2S, 
which can initiate several types of cracking in carbott steel and in carbon steel 
weldments. Crack-inducing agents are discussed extensively in Chapter 3. 

List the known crack-inducing agents and their concentrations only if an 
elcctrol)'le is present during either not·mal or upset operating conditions. Indicate 
the concentration for Cllth crack-inducing agent only if it exceeds the threshold 
concentration (otherwise, indicate "None" or "Trace''). "llte tbreshold concen­
trations of tl1e crack-inducing agents should be indicated in the "Notes" addendum 
of ~>e materials selection template. 

Upset Conditions 

Evaluate upset and anticipated transient conditions fuat could damage materials. 
Consider stanups, which could be a risk for embrittled materials. Shutdowns 
should also be considered, especially for the risk of dew point water formation. 
Other exrunples are steamoutS, bailouts, chemical cleaning, loss of Row, 
prcsulfiding and catalyst regeneration. An upset or transient condition that worsens 
any of the template variables may become a governing condition. It is helpful to 
usc me Notes section at the bonom of thetcrnplate to descnlle UpSets and transients 
that may be harmful. -

Material Considerations 
Corrtxkms: evaluation of Ute risk of damage due to an upset condition 
involving eorrodents is done as follows: 
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1. Detemtine if ~to upset condition will introduce or concentrate a 
CO!Todent or cause a res idem corrodentto become active as a result of: 
• Causing liquid water to be present, for example, formation of dew 

point water during a low-temperature excursion in a vapor system. 
• Crossing a t.crnperal~ concentration or partial pressure threshold. 
• Promoting coneemration effects at liquid-vapor interfaces and at 

~vices such as socket welds. 
2. Use the estimated duration of the upset to determine a prorated 

corrosion rate. The prorated rate is then used to evaluate whether 
there is a need for exlr.l corrosion allowance, an upgrade in materials 
seleetion or the specification of an additional mitigation measure such 
as a paint coating. Generally, the duration of an intermittent corrosion 
episode due to an upset is so sbon that it has essentially no effect on 
matcrials selection. 

Cr(JCk-inducitrg agents: prorating is not normally perrnined for crack­
inducing agents. The presence of even a transient active crack-inducing 
agCJll should be considered as a governing condition for the purpose of 
materials selection. The conventional response to a transient aetive crack­
inducing agent is a motcrials upgrade or the adoption of a preventive 
measure such as a paint coating. 
Higit-temperature excursions: evaluate the effects, if any, of high­
temperature transient conditions. If a high-temperature excursion will 
result in unacceptable corrosion, si&nificantly degrade the material of 
construction, or accelerate the activity of a crack-inducing agent, tbe upset 
condition should be regarded as governing. In such cases, the maximum 
dcsigJt temperature is dctcm1ined by the high-tempemture excursion. 

Mechanical Design 
Describe upset or transient conditions that may affect the design temperatures 
and/or pressures. If a transient condition will not damage the material of 
construction, it may not affect the design conditions. Tite decision whether to 
regard tlte upset condition as governing becomes a code question involving 
mechanical design. Th: design engineer is usually consulted on such 

questions. 

Some codes allow occasional temporary operating conditions outside the 
desi&n envelope. If it can be established that an otherwise beni&n upset 
condition is permitted, tbe condition should not be regarded as governing. 
There is often an =nomic benefit in such decisions. 
In some cases, the component may be exempc fi-om code requirements. for 
cxrunple, heat exch:~~~&cr tubes. In such cases, common sense may indic.11e 
that tbe upset condition is not governing. 
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Discussion 

In the early sta~~ of a major project, lhe process flow diagram and process 
equipment and ptpmg destgns arc changed often. Detailed materials selection at 
Chis stage is usually a waste of time, since such decisions have to be remade after 
the process design has been completed. However, some early materials selection 
work is often necessary for cost estimating, In addition, an early review of the 
proposed proc~es ~lay be beneficial. This review should investigate process 
changes and m1~gat10n measures such as chemical lrcatment that would reduce 
materials costs, ~1e risks of corrosion or oCher degradation problems. 
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I~JI 
BASIC MATERIALS 
ENGINEERING 

Corrosion is Che most common cause of fai lure in a plant Accordingly, 01e basic 
principles of the most common type of corrosion, electrolytic corrosion, will be 
discussed in detail in the fm;t part of this chapter. An understanding of these 
principles is necessary to choose effectively from the wide variety of mitigation 
measures available to control corrosion. Typical means of corrosion control such 
as barrier coatings, inhibitors, and cathodic protection are also discussed. 

A basic understanding of materials engineering is helpful in di!Terentiating 
among tl1e various a.lloys, non· metallic materials and composite materials available 
for use in modem plants. The second part of tl1is chapter begins with dcfming 
some of the terms commonly used in metallurgy and proceeds to discuss the 
various families of commonly used alloys. Such information proves to be useful in 
avoiding improper choices during Che process of selecting materiol upgrades. ll1e 
most commonly used non-metallic materials are also discussed. 

Coatings and lining.• are primarily used to provide protection from corrosion 
and/or erosion. .In most cases the driving force for their use is reduced cost. 
Improper usc of these materials can cause unexpected problems. Knowledge of the 
most common pitfalls is useful wben sorting through Che various available coating 
and lining alternatives. 
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PART 1: CORROSION 

A. INTRODUCTION 

Concerns about corrosion often dominate materials selection. Accordingly, 
understanding corrosion and the common strategies used to deal with it are central 
to Ute selection of appropriate materials. 

This section establishes a practical understanding of corrosion. In Chapter 3, 
"Failure Modes," the effects of various common corrodents aJid crack-inducing 
agentS are discussed. Typical corrosion control measures are also discussed. 

B. CORROSION BASICS 

11tere are three simultaneously necessary conditions for electrolytic corrosion to 
occur: 

I. An elec.tro1>1e must he present. Usually this is water containing dissolved 
sa liS. 

2. A corrosion cell must exist. The cell consists of an anode, the area being 
corroded (i.e., oxidized), and a cathode, the area where electrons enter the 
electrolyte. 

3. The anode and catltode must he connected by an electronically conductive 
path. 

If any of the above conditions is not satisfied, electrolytic corrosion cannot 
occur. 

Figure 2· 1 illustrates corrosion of iron exposed to wet C02 (carbonic acid). 
Electrons are given up by the iron at the anode and flow through the metal to the 
cathode. Simultaneously, hydrogen ions generated at the anode diffuse through the 
electrolyte to the cathode. At the cathode, the hydrogen ions combine with 
electrons arriving from the anode to generate hydrogen gas. 

Chemically, the relevant reactions are: 

Overall: Fe+ H2C03 -+ FeCO, + H2 
lonically: Fe +2H(+) +CO,(=)-+ Fe(++) + CO,(• ) + H1 
Anode reaction (oxidation): Fe-> Fe(++)+ 2e(-) 
Cathode reaction (reduction): 2H(+) + 2c(- )-+ H2 

Note that the anode is an electron donor while the catllode is an electron 
acceptor. 
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Figure 2-1 Illustrating the essential features of an electrolytic corrosion 
cell. 

In this example, both the anode and cathode are iron. However, the two sites 
mu<l differ in some important aspect. The differences can be transient, leading to 
situations in which the site changes back and forth from being an anode to being a 
cathode. Cyclic stresses can cause this type of behavior. 

TI>errnodynamically, an anode differs from a cathode by having a greater 
Gibbs free energy. Anything that will cause a site to have greater or increased 
Gibbs !Tee energy will tend to cause that site to he an anode. For examples, both 
cold work and residual tensile stresses increase the local Gibbs free energy in 
metals and alloys. In the case of two dissintilar metals, the different inherent 
corrosion resistance of the two metals translates into one having a greater Gibbs 
free energy than the other. 

llte difference in Gibbs free energy between the cathode and the anode results in 
the two sites having a difference in electrical potential. Thus, in accordance with 
Ohm's law,' corrosion rates become a function of current flow and electrical resis· 
tance. Later in this section (see Corrosion Control, p. 21), this feature of electrolytic 
corrosion will he used to explain some of the mitigalion measures used tO control 
corrosion. 

Some examples of cathodes and anodes follow. 

1 V • JR. \\1lcre Vis the elccuical pote01ia1 (in vohs), I is lhc (UJ'rent (in amperes) nnd R is tl1e 
cleclrical n:si.smnte (in ohms). 
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1. Cathodes 

In hoc-fonned carbon steel products, the eal!>ode is ""ry oRen the area still 
covered by mill scale (Fe,O,). while the anode sites are cracks in the mill 
scale. This is a ""ry common anode/cathode relationship in carbon steels. 
II is the nonnal situation in a fonn of CO,Icarbon ste.:l COI'ro$ion called 
"mesa• corrosion. Mill scale is conduct.ive and is slightly cathodic with 
respect to cleM carbon steel. NO(e d~at this is an example of n galvanic cell 
The cathode area is sometimes the non-cold-worl<ed areas in a component 
dtat has been partially cold worked, for example, the straight·run tubing in 
o U·bcnd heal exchanger bundle. 
In heat exchangers, pumps and vessels, the internals are oflcn made of 
more coiTOSion rcsistlll.t alloys than is the pressure retaining component. 
111Us, the internals are cathodjc with respect to lhe pressure retaining 
component. This situation shonld always be reviewed for confonnance 
with design life and safety requirtmcnts. 

2. Anod~s 

The anode area rnay be the metal under a deposit on an otherwise clean surface. A 
similar situation involves crevices such as socket welds, in which the meml in the 
crevice is anodic with respect to the adjacent outside metal. 

Crevice corrosion and under-deposit corrosion can be serious problems in 
oxide-stabili.ted materials such as aluminum and sminles.s steel. These materials 
depend on the fonnation and stability of a very th in oxide Ioyer that is inert, easily 
"healed" if damaged and tenacious. At sites where the oxide lnycr has been 
disrupted and has not healed, the material usually has very little corrosion 
resistance. Consequemly, these materials can simultaneously exist in both active 
and passive states, sometimes adjacent to each other. 11te potential difference 
~een die anodic active state.'~nd the cathodic passive state acu to g;olvonically 
drive the COITOStOn cell. In addtbon, the anode area in such cells is typically much 
smaller than the cadtode area. This difference acu to further eccelerate d~e 
corrosion rate. 

Crevices and deposits can accelerate corrosion in metals such as carbon 
steel, which does not exhibit b<xh active and passi"" states. However, the rate of 
corrosion is much slower in such materials because they lack the galvanic driving 
force of the active--passive metals. 

Anodes are occasionally associated with the residual stress fields of welds or 
with weld metal, weld fusion zones or heat affected zones. Figure 2-2 provides an 
example of this type of problem. It shows "knife-edge" auack in the weld of an 

Basic Materials Engineering 21 

Figure 2-2 Art eJCample of "knife-edge· attack in ERW (electric resistance 
welded) pipe. This locaftZed corrosion was shown to be caused by 
excessive sulfur concentrating in the fusion zone of the weld. 

ERW (electric resistance-welded) pipe. ·n ,is example illustrates the mpid rate of 
locali:Ged metal loss that can occur when the cathode, in this case the parent metal, 
has o much larger area than the anode, in this case the thin weld. 

Similarly, a welding·induced sensitized area in a stainless steel may be anodic 
with respcet to dte unaffected adjacent metal. Refer to J>art 2 of Chapter 3 for a 
discussion of sensitization. 

C. CORROSION CONTROL 

11te rate of CO<T0$100 at the anode is directly propor1ional tO the anode current 
density (expressed as amps per unit area). This bit of theory opens the way to 
understanding how tO prevent or control corrosion: usc methods that eliminate or 
reduce anode curn:nt density. What follows are some of the more common 
methods used to prevent or control electrolytic corrosion. 
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1. Barrier Coatings : Interrupt or Reduce the Flow of Current 

The primary functioo of a barrier coating is to prevent gross contact between the 
corrodent and the metal surface. This is usually done by a paint coating or a J.inin&. 
ln some applicatioas, a chemical inhibitor is used. 

Inhibitors 

Chemical treahnent by inhibitors is a frequently used corrosion control measure, 
particularly for piping systems. In essence, most inhibitors function by laying 
down a very thin (sometimes monomolecular) adsorbed layer that acts as a barrier 
coating. Film-forming arnines are a common example. lkcause such inhibitors 
can be easily disturbed and thereby lose their barrier function, inhibitors are usually 
continuously injected. In some applkations such as large-diameter pipelines, batch 
inhibition may be necessary. Inhibition is usually not permitted in processes 
intended to produce high-purity productS. 

Corrosion control by chemical inhibitors can be effective, particularly in dean 
~ems in which turbulent flow does not interf= with the adscrption of the 
inhibitor. Chemical inhibition is usually n01 an effective mitigation measure in 
components subject to twt>ulent flow (such as pumps and control valves). It is also 
usually ineffective in systems having deposits that prevent. the inhibitor from 
contacting the metal surface to be protected. In "diJ1y" systems, particularly in 
plants, chemical cleaning is sometimes a regularly scheduled measure. In most 
pipeline systems using inhibitors, regular cleaning by means of "pigging" is used. 
Pigging is done by using pipeline pressure to push n mechanical cleaning device 
tl1rough the pipeline. 

Coatings and Linings 

ln addition to acting as barrier coating$, most coatings and liitings are dielectric, 
that is, they act as electrical insulators. By providing electrical insulation on the 
cathode, the lOla) cathode current available to concentrate at the anodes is reduced. 
The theory here is based on the fact that the tocal cell currerll most balaoce to zero: 
the toea! anode current equals the total cathode current By reducing the total 
cathode current. the anode Clll'Tent densiry is reduced. 

In immersioo services, this tcdmique can still result in large anode eurreot 
densities if the coating has "holidays., • the name sometimes given to pinholes. 
Holidays act as very small anode W"eas. With thick linings, pinholing is not 
regarded as a problem. Such holidays are usually quickly plugged with corrosion 
products. The subsequent very slow corrosion rate is controlled by diffusion and 
polarization. However, thin film coatings, such as most paint coatings, do have a 
fairly high risk of either initial or age· induced holidays. Holidays in these coatings 
may be subject to su>1ained high rates of corrosion, since all of d\e current concen· 
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trates at the holidays. Even though the cathode current density may be low. the 
very large cathode/anode area ratio dominates the corrosion rate. Thin·film 
COatings can generate high anode curren1 densities in tanks and vessels and 
therefore should not be used without the backup of a cathodic protection system. 
Thick dielectric linings such as rubber viJ1ually eliminate cathode current Backup 
by cathodic protection is usually unnecessary. 

Thin-film coatings in immersion service should be used with caution in 
situations involving galvanic couples, unless the couple is cathodically protected. 
In such situations, c.oating the anode without also doing something to control the 
cathode can lead to very unfavorable anode/cathode area ratios. For example, 
coatu1g the carbon steel channeVchanncl cover in a seawater heat exchanger having 
a more noble aluminum bronze tubesheet. In such a case, any holiday in the anode 
coating could result in an enonnous anode current density. There are at least two 
proper mitigation responses for this example: 

Coot the tubesheet as well as the channeVchannel cover, perhaps with 
sacrificial anodes used to handle holiday problem$. 
Coat only the cathode, without requiring the use of supplemental cathodic 
protectioo. 

Galvanically noble metal coatings such as electroless nickel plating or 
chromium plating are sometimes recommended as barrier coats on anodic 
substrates such as carbon steel. Such recommendations should be regarded with 
great caution because these coatu1gs are electrically conductive, pennining 
UJU'e$tricted participation of the cathode in supplying current to available anodes. 
Also, the coatings tl1emselves are cathodic with ro:.1pcct to the substrate, making 
any pinhole an anode with a very large cathodc/ru10de area ratio. 1l1e cul'rent 
density at such anodes can be enormous. 

Such coatings, being galvanically noble, generate a significant electrical 
potential between the anode and the cathode. For high~nductivity fluids such as 
seawater, resistivity is small. Ohm's law indicates why such couples have 
increased current densities at the anode: / • YIR 

Note that such coatings are successfully used on substrates such as Slainless 
Steel, primarily for improving wear resistlnce. In such cases, the substrate is 
usually galvanically neutral with respect to the coating. 

The galvanic series in seawater is often used to judge the risk of galvanic 
corrosion in other media, for which the series may not be available. Refer to 
Appendix I 0 for an illustration of the galvanic series in seawater. The risk of 
galvanic corrosion depends as much on the corrosivity and conductivity of the 
medium as on the separation of the two metals in the galvanic series. In most 
cases, fresh waters have neither the corrosivity nor the conductivity to support 
galvrudc activity. Seawater often actively supports galvanic corrosion. 
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In rare cases, the relatively small heat affected zone area of a weld will be an 
anode to the relatively large ca~10dic surface area of ~te parent metal. In 
moderately corrosive media, ~te heat affected zone may corrode much faster than 
either the weld metal or the parent metal. In such cases, postweld heat treatment is 
usually helpful. In some instances, normalizing (or even solution annealing in the 
case of an austenitic stainless steel) the weldment is necessary, a measure tltat can 
cause significant distortion problems. In most cases, the weld metal, heat affected 
zone and parent metal do not have significant galvanic differences. 

2. Cathodic Protection: Make Everything into a Cathode 

Tit is can be done in eitheroftwo ways: 

I. The piece to be protected can be electronically and electrolytically 
connected to an inen material such as graphite or silicon iron. A power 
supply imposes a voltage tltat makes the inert material an electron donor, 
i.e., an anode. This is an impressed current cathodic protection system. 
Such systems are frequently used to protect buried pipelines and submerged 
structures, and in plants to provide external cathodic protection to tank 
bottoms, buried piping runs, etc. 

2. The piece to be protected can be electronically and electrolytically 
connected to a more reactive material. For example, iron can be protected 
by connecting it to zinc or aluminum. The less noble material (zinc or 
aluminum) is a sacrificial anode. Galvanized carbon steel is a cominon 
example of this application. 

Sacrificial anodes are usually used to provide cathodic protection to offshore 
structures and pipelines. Onshore, they are typically used for small applications 
and in situations in which impressed current systems are not cost effective. 
Onshore examples include short buried piping runs and intcmal cathodic protection 
for tanks and vessels. 

3. Anodic Protection: Make Everythi ng into an Anode 

Anodic protection uses an impressed CUlTent to protect alloys that can exist in both 
active and passive states. These materials are tYPically oxide-stabilized. Examples 
include stainless steels and titanium. 11te procedure uses a power supply, an inert 
impressed current electrode and a potentiostat to provide a potential that keeps the 
material in the passive state. The most common application is for stainless steel 
tanks in strong mineral acids and for coolers in sulfuric acid plants. Since severe 
corrosion rates can occur if potentials are not kept in the passive region, Lhe 
technique should not be used without expcl1 assistance. 
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A similar applica>ion, without an impressed current system, involves spreading 
the cathode current 0'1er a very large anode area, forcing the anode current density 
to be small. This also minimizes the cathode area and thus minimizes the total 
cathode current available for corrosion. An example is the repair of a carbon steel 
internal tank bottom in a location where painting is not practical. In such cases, it 
has been shown that turning the entire tank bottom into an anode, by abrasive 
blasting, slows down local pitting rates. 

4. Passivation • 

Carbon steel and stainless steels are among the common alloys that can be 
passivated. PtUSivaJion consists of exposing the clean metal surface to an 
oxidizing environment. 11te resulting passivated surf.1ce is much more corrosion 
resistant than it would be in an unpassivated state. Passivation is thought to be 
associated with the formation of an oxide fibu. In materials such as carbon steel, 
which form relatively weak oxides, passivation can be destroyed rather easily. In 
oxide-stabili7_ed alloys such as the stainless steels. passivation-induced corrosion 
resistance is not easily destroyed. especially in oxidizing envirorunents. 

Passivation is most often associated with chemical cleaning. The chemical 
cleaning process should include a "passivation" procedure as tl1e final step. A 
sodium nitrite solution is normally used to passivate carbon steel. (Chromates were 
widely used but are now considered to be too toxic.) Austenitic stainless steels are 
usually passivated in air after pickling and neutralization. Note that some 
authorities regard the principal benefit of passivation to be the removal, by 
chemical cleaning, of surface contaminants. 

Pickling is a chemical process often used to descale or clean new stainless steel 
materials, components or assemblies. (See ASTM A380 for recommended 
procedures.) For heavily oxidized materials, the pickling process should be of a 
dumtion long enough to remove the chromium-depleted surface beneath the layer 
of scale. 11te acid solutions used to pickle stainless steels usually contain sufficient 
nitric acid (a good oxidizer) that a subsequent passivation step is unnecessary. 

5. Polarization 

Polari...,tion occurs because of ion concentration buildup in the vicinity of the 
anode and/or cathode. Once the ion concentration reaches saturation, corrosion 
slows to a virtual stop. Polarization can occur when: 

Hydrogen ions concentrate at an active cat11ode i.n the absence of a cathodic 
depolarizer .. Dissolved oxygen is an example of a cathodic depolarizer. 
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Soluble Fe(++) saruratd the electrolyte around 311 anode in carbon steel, 
perhaps as the result of the precipitation of an insoluble iron salt which 
inhibits di!Nsion of Fe(++). 

The anode current density, which is directly proportionnl to the corrosion rotc, 
decreases because of polarization. The rate of cOtTosion becomes limited by 
di!Nsion, and in mMy cases, corrosion ceases, for all practical purposes. 

We see the effects of polarization in deaemted, but otherwise corrosive, 
water. Without dissolved oxygen, hydrogen polarization all but shuts down 
the corrosion mechMism. For example .. se3water deaerated to less than 
about 10 ppbw is non-corrosive to carbon steel. 
Many waters form insoluble dense scales on the corroded substrate. Titc 
result is polarization from tl1e presence of ion-saturJtcd water at the scale­
substrate interfloce. In addition, the dense scale acts as a barrier to dte 
diffusion of new corrodcnt and dissolved oxygen to the substrate surface. 
Refer to Appendix 9 for a discussion of the Rywnr ond Langelier indices, 
which are used to predict the corrosiviry and/or scaling tendencies ofwate:r. 

Polarization is encouraged by any phenomenon that promotes the buildup of 
lOll concentrations at anodes or cathodes. Convers<ly, polaril.ation is retarded by 
phenomena thai reduce such oon concentrations. 

Polari71'1tion 

Anodic 

Encouraged by Fonnation or dense, adherent 

Reduced by 

in!Oiublc :I:IJts 
Low·vclocily flow 
Apprc>p<i>le cathodic p<otection 

fomwion or soluble salts ill$IC:Od 
of scale 

Formarion or sot\ scale that is 
C:lSily rtrnovcd by high­
velocity llow 

Pru1ieulale erosion 
l ligh-velocity flow · 

Cathodic 

Low.,·clocity How 
Appropr~ute calhodK protection 

Prtsence of hydrogen SC:lvengm 
sucll as dissolved oxygen 

Ce1hodic poisons 
Hi&h-v<locil)l flow 

Ions such as sulfides and cyanides can act as "cathode poisons." Instead of the 
hydrogen ions recombining to fonn hydrogen gas, which in tum can act to polarize 
the cathode, they fonn nascent hydrogen atoms. The nascent hydrogen then 
diffuses into the substrate material. In ferritic steels, the result can be hydrogen 

• 
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embrittlement Md/or hydrogen stress cracking, and various forms of hydrogen­
induced cracking, including blistering. 

Electrolytic corrosion is the most common form of corrosion in chemical and 
hydrocarbon plants. The problem and the various countenneasures it requires will 
be referred to often in subsequent sections. 

In addition to electrolytic corrosion, the selection of materials must also take 
into account various oxidation/reduction processes that can occur in the absence of 
an aqueous electrolyte. Examples include various forms of suUldation, destructive 
oxidation of alloys in air or steam at high temperarures, cnrburization, nitriding. 
fuel ash corrosion and high-tcmperarure hydrogen nnook, all of which are discussed 
in Chapter 3, "Failure Modes." 

PART 2: MATERIALS 

A. METALLURGICAL DEFINITIONS 

Metallurgical descriptions usually contain jargon Md arcane words that baffie the 
uninitiated. Here we offer clear, useful explanatioll$ of some of the most frequent­
ly encountered tcnns. 

1. HeatTreatments 

Annealing 

For carbon and low alloy steels, full annealing requires heating the steel to a 
temperature in the range of 1350 to 1750•F (730 to 9ss•q. 16SO"F {900"C) 
±25°F {I4°C) is the typical target temperature for Mnealing. After holding this 
temperature for a period long enough to ensure through-thickness heating, the 
material is furnace cooled. This produces a "dead soft" carbon steel {Figure 2-3). 
This condition is often unacceptable, since carbon and low-alloy steels can be very 
brillle in the fully annealed condition. Such steels are usually subsequently 
normalized. Figure 2-4 shows the microstnocrural effects of normalizing. The 
beating portion of this heat treatment is sometimes referred to as "austenitizing." 

For austenitic stainless steels, annealing usually means heating to about 
2000°F {1095"C), followed by either a water quench or a rapid air cool. This 
procedure is more properly called a "solution anneal," since the objective is to 
redissol'"' any chromium carbides that may have formed during prior processing. 
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Figure 2-3 A typical microstructure in carbon steel that has been fumace 
annealed. (Courtesy of Dr. E. V. Bravenec, Anderson & Assoc.) 

Normalizing 

In tltis process, a carbon or low-alloy steel is heared to about 16so•F (9oo•q and is 
!hen air cooled. 1l1e process panially relieves stresses retained from prior 
processing and "refmes" !he material. The tet111 "refming" means !hat !he grai.n 
Sll.e 1s. reduced and the grain structure becomes more homogeneous, thereby 
produemg a tougher, more ductile product. Comparing Figure 2-4 to Figures 2-3 
and 4-12 illustrntes the microsrructurnl benefits ofnonnalizing. 

Preheating 

Many st,eels are susceptible to various forms of crncking during or after welding. 
llxamples include high-strength carbon steels and low-alloy Sleels such as tl1c air­
hardenable Cr-Mo steels. Preheating the base metal or substrate is beneficial in 
r~ucing !he risks of such cracking. The common engineering codes contain 
gUidance for preheat tcmpemtures and procedures. 
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Figure 2-4 A typical normalized ferrite-pearlite microstructure in carbon 
steel. (Courtesy of Dr. E. V. Bravenec. Anderson & Assoc.) 

Stress Relief!Postweld Heat Treatment 

Residual stresses can be introduced imo a metal by f.1brication processes such as 
forging or rolling, by uneven heating or cooling, or by welding. TI1e magnitude of 
such stresses is usually on the order of !he yield strength but may in some cases 
approach the tensile strength of the melllL 

In order to stress relieve or postweld heat treat carbon and low-alloy steels, it is 
necessary to heat them, typically to a temperature in the mnge of 1100 10 1350°F 
{595 to 730°C). llley arc ~len held at this tempcrnturc for some period of time, 
followed by air cooling. The minimum holding time is specified by the relevant 
engineering code. 1l1e holding temperature must be less than the lower 
trnnsfom1ation temperature of tltc steel. 11te lower transformation temperature is 
the lowest tempernture at which austenite stans to form. For example, 1333°F 
(7200C) is the lower transformation temperature for plain carbon steels. 
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Meuls and alloys weaken as !hey become hotter, lhnt is. their yield ~nglhs 
dccrcasc. Residual stresSeS in excess of lhe reduced yield suenglh are elimmated 
via plastic defonnation. Upon coolin&, dte max unum residual streSS possible is dte 
yield Slrellgth at lhe holding temperature. For eorbon steels, !his heat treatment 
process reduces residual stress by about two-thirds. When ~ne for the pu~ of 
removing residual stresses caused by cold worlc, 01c process IS tenned srress rehef 

When the liquid metal in a weld solidifies, it becomes a1 least part1~lly 
constrained by the surrounding metal. As dte weld metal cools to amb1ent 
tempemn>re, this restraint interferes with contraction. The resulting residual stress 
in the weld is approximately equal to Ute ambietlttempemture yield strengtlt ofdte 
parent metal. Stress relief beat treauncnt for welds is ~lied pos.rwe~d !real 
rreatment. An additional benefit of postweld beat treatment IS a reduction Ul weld 
metal and heat affected zone hardnOSSC$, which can be beneficial in reducing the 
risk of some fonns of stress corrosion cracking. 

Incidents of stress COCTOSion crncking in posrweld heat treated weldments 
indicate that posrweld heat treatments are sometimes ineffective in reducing 
residual suesses andlor hanlnesses associated wilh welds. Sometimes this result 
can be attributed to miaoalloying. The effects of microalloying on heat affected 
wne banlnesses is discussed in Section D (p. 39). In some eases. subsequent stress 
corrosion cracking can be traced to an improperly executed posrweld heat 
treatment, for example, where the posrweld heat treatment teinperature w~ too 
low. In oilier cases, it has been speculated that even Ute lowered level of restdual 
stress was sufficient for the initiation of stress corrosion cracking. ln such cases, n 
change in the process or the material of construction is indicated. 

Some design and construction codes allow low-temperature postweld ~eat 
treaunents if the weldment is held at dte lower temperature for an extended tmte. 
Such postweld heat treatments should not be pennitted if postweld heat tr"."tmcnt 
was specified in order to avoid or minim ill! lhe risk of stress corros1on cracking. 

Austenitic stainless steels are rM usually stress relieved or postweld heat 
treated. When they are subjected to such heat treatments. IIIey are held at a 
temperature of 1600 to 1650•f (870 to 900"C), followed by rapid cooling. The 
rapid cooling is neeessary to avoid sensitization. (See Part 2 of Chapter 3 ~or a 
discussion of sensitization.) Stress relief or posrweld heat treaunents oforduwy 
austenitic stainless steels at less th:m 1600"1' (870"C) can grossly seositi%1! lhc 
alloy. For this reason, local stress relief of unstabilized austenitic Slain less stee~ is 
usually impractical, since the "runou~· areas immediately adJacent to .the reg,on 
being heat treated will be grossly sensitized. An exception is stress rehef of low· 
carbon grades of thin·section products such as tubing. These can be s~e:'s rehevcd 
fast enough to avoid gross sensiti2ation. Stabilized grades of austenmc s111mless 
steels such as Type 32 1 SS are much less susceptible to sensitization if IIIey have 
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been Sl:lbilization annealed. Sl1lbili7.ed gr.Kles are usually selected if local stress 
relief or posrweld heat treatment is required. 

Quenching and Tempering 

This procedure is used to produce materials with improved strength and/or 
toughness. lt is restricted to alloys whose microstructures arc transfonned upon 
cooling. In this procedure, a fe rritic steel is first heated to a temperature of about 
t650°f (900°C} or higher, then quickly cooled in air, water, water spray, oil or salt 
bath. 11te cooling step is the "quench" part of the procedure. The required rate of 
cooling, and consequently Ute choice of quench ant, depends on alloy chemistry rutd 
section thickness. 

Normally, the objective of the procedure is to develop a very strong, tough 
material. The quenching part of the procedure produces a hard and strong- but 
brittl~ called martensite. Tempering is usually done at 1100 to 1300°F 
(S95 to 70SOC). The tempering procedure is very similar to that used for stress 
relief or postweld beat treatment Tempering is performed to promo<e some carbon 
diffusion from the martensite, !hereby peatly improving the ductility and 
toug)lness of the quenched steel. 

Thick sections of many ferritie steels cannot be cooled quickly enough in air to 
ob111in lhe desired nonnalizl!d microstructure. In such eases, quenching is often 
used to hasten the cooling rate. The objective is to produce the same sort of 
mierostruerure !hat would be obtained from nonnnli2ing a thinner section of the 
snme material. In thick sections of such materials, even quenching does not 
ordi.narily generate lhe cooling rates necessary, to develop martensite. Hence, 
tempering is primarily intended for stress relief mdter than for softening martensite. 
Mnny engineering codes such as Ute ASME Boiler and Pressure Vessel Code, 
Section Vlll [lJ and materials specificatio11s such as ASTM A516 permit such 
!hick sections, when properly quenched and tempered, to be equivalent to 
nonnalizl!d material 

Tempering is also sometimes done in conjunction with oilier heat treatments 
such as normalizing. The pu~ is usually to promote carbon diffusion, with lhe 
intention of softening and/or toughening the steel. In some cases, stress relief may 
be a secondary or even a primary objective. 

Fabricators will occasionally propose to usc multiple heat treatments or heat 
treatments having unusually long holding times or unusually high holding 
temperatures. The user should be wary of such proposals. Some multiple heat 
treatments will cause degradation of the common materials of construction. Loss 
of strength andlor loss of toughness may result. lfpermittcd,the fabricator should 
be required to demonstrate, by testing, Utat the proposed procedure will not result 
in material degradation. 
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Austenite is a high-temperature fo.m of carbon steel, hoving a ra-tcrtd cubic 
r)'stal stnJctun:. The lowest tempernture at which ordinary carbon steel can be 

~uiiY austenitic is 1333'F ('1200C). During normalizing heat treatments, the 
holding temperature and time is specified so that d>e alloy becomes fully austenitic. 
for the common carllon steels, the austenilizing ternperoture is typically speeilied 
s t650'1' (900'C). 

0 
Austenite has a much higher solubility for cm·bon Omn do the lower 

temperature fom1s of steel. Heating the steel to an austcnitizu>g temperature causes 
lillY cm·bides that may have formed (as n result of lower temperature 
(11lnsformations or materials processing) to dissolve. i\ lloys capable of fonning 
austenite at higl>temperahu'Cs, but that transfonn to other crystal structures at lower 
temperatures. are said to be hardenable by heat treatmenL Manensitic steels are an 
.,.ample. Most of the carbon and low-alloy steels are hlll'denable by heat trcatmeol 

Dy adding alloying elements such as nidc.el or manpnese 10 carbon Slee~ the 
austenitic microsuucture can be made to be stable at low temperntures. For example, 
most austenitic stainless stttJ and high-nidc.el alloys exllibit stable microstruellll'CS at 
temperatUres llj)piOildling absolute zero. These alloys have excellent low·tempernture 
(inC(UJ'C toughness and are inunune to hydrogen ernbrinlernent from causes other than 
cathOdic charging. Most austenitic alloys are not hardenoblc by heat treatmen~ the 
major exception being a few precipitation hardcnable types. 

psrrito 

ferrite is essentially pure iron at temperatures less thon approximately 1675'F 
(91S'C). It has a body·centered cubic crystal stntcture. Ferrite forms from 
austenite as the austenite cools from a normalizin& heottrennnent. Because ferrite 
dOCS nol contain enough carbon to pcnnit 1hc fonnalion of martensi1e, it is not 
hardcnable by heat treatment Accordingly, steels composed only of ferrite are not 
hiJ(Clenable by heat treatment. The most common example of a tnJiy ferritic steel is 
rype 405 SS, a ferritic Slllinless steel. 

Please note that the generic tcnn "femtic steel" is used to refer to carbon or 

10,...alloy steels that contain other phases on addotton to ferrite. Such steels are 
.suaiiY hardenable by heat treatment. 

1 
Ferritic steels become brinle at low remperntures. This phenomenon is 

reverstble, thot is. the steels regain their former toughness nncr being wnnned up. 
rerritic steels ore also susceptible to hydrogen embrittlcment. 

Martensite 

(>An~ensitc is fonned from high-tempernture austenite, in heot·treat11ble alloys, by 
coolinsthc austenite fast enough to prevent the formation of ferrite. For some 
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heal-treatable alloys, quenching in water or some other liquid such as oil or a 
molten salt iJ required to obtain the cooling rate necessary to produce manensite. 
Some steels have sufficient alloying additions that quenching is not necessary to 
produce mnttcnsite. Air cooling produces the mMeositie microstructure in Type 
410 SS and other martensitic stainless steels. Since martensite is usually a brittle 
material, it is nonnally subsequently tempered. The tempering temperature should 
be colder than the austenite transformation tempernnore. TI1e prUilary purpose of 
tempering is to permit some carbon to diffuse from the mnttensite. The subsequent 
tempered mattensite is significantly stronger and rouglter than the parent fcrritic 
alloy. Note that a tempered material should never be stress relieved or postweld 
heat treated at n temperature exceeding the final tempering ternpernnore. Such heat 
treatments con seriously degrade the mechanical properties ofOtc alloy. 

AIUtouglt properly heat-treated manensitic steels have superior fracture 
toughness, they do become brittle at low temperntures. Most mMensitic steels are 
very sensitive to hydrogen crnbritOcrnenL 

Manensitic alloys fmd widespread use in the hydrocarllon and chemical 
process industries. Examples include high-su-ength bolting such as ASTM A 193 
Type 87, high·SU'ength quenched and tempered plate such as ASTM AS43 and 
mMensitic stainless steels such as Type 410 SS. 

Psarlito 

MMt cnrbon and low-alloy steels contain enough earbon to be hnrdenable by heat 
treatment. However, c~rbon steels usually are not intended to be hardened by heat 
treatment. Instead, carbon steels are normally produced with a more ductile, lower 
strength microstructure which fomts during cooling from austenitic temperatures. 
This microstructure is composed of a mixture of ferrite nnd pear/ire. During 
cooling, ferrite starts to fomt from austenite. TI1e ferrite con13ins essentially no 
carbon. i\s Otc ferrite forms, it leaves behind an increasing concentration of carbon 
in the remaining austenite. The excess carbon is eventually ejected from austenite. 
Under nonnal cu'Cumstanccs, the excess carbon combines with 1ron to form iron 
carbide (Fe,C), called "cementite." If the austenite cools n:latively slowly, as in air 
eoolmg, pearlite forms. Pearlite consists of a btnary mixture of ferrite and 
cementite. The structure of pearlite is lamellar, consisting of very line, alternating 
toyers of ferrite ond cementite. Thus, the GfOSS nucrostructurc of nonnal carbon 
steels consists of a mixture of ferrite and pearlite. See figure 2-4 for the 
microstructure of a typical ferrite-pearlite carbon steel in the normalized conditioo. 

3. Motall urglcal Terms 

·ntc tenus defined in this section are frequently used in this book and in many 
purchasing specifications. Other, less frequently used terms are defined as 
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n=ary in the text. For a more complete diccionary of mecalhugicaltenns, see 
refere~Ce (2]. 

Base Metal 

Used interchangeably with the term pare111 metal, this tcmt refers to the material of 
Ute components in a weldmenl, to diiTerenriate such material from the weld metal 
and lite heat affected zone of lite base metal. 

Carbon Equivalent 

Calbun equivalence is used in evaluaring the weldnbility of a carbon steel. There 
nre mill1y different formulas used to calculate the carbon equivalent (CE) value, Ute 
most common being: 

CE= C+ Mn/6 +(Cr + Mo+ V)/5 + (Ni + Cu)IIS 

where the concentration of each element is expressed in wt. percent. 
The primary uses of CE values are for evaluating the risk of developing bard, 

heat aiTected zones and the suscqxibility of the weldmeot 10 delayed hydrogen 
cracking. Table 2-1 shows typical limits for carbon st~ls. 

When the maximum allowed CE value is exceeded, additional fabrication 
measures such as preheat, postweld heat treatment and/or inspection for the effects 
of delayed hydrogen cracking are usually necessary. 

Cold Working 

When a metal is stressed above its yield strength, plastic deformation occurs. Such 
defoomation raises the internal energy of the material. The mechanism of energy 
storage involves creation of distonion.< in the crystal structure of the material. In 
tenns of tltermodyaaJ.tlics, this is an increase in unit entropy. Cold working 
involves plastic deformation at relatively low tempemtures. (In reference to cold 
work, "!own refers 10 aJ.tlbient temperatures up to several hundred degrees for most 
of the common materials of construction.) The eiTeccs of deformation are 
irrevmiblc, unless the material is subsequently subjected 10 heat treatments such as 

Table 2-1 Typical carbon equivalent limits for carbon steels 

Vall Thickness 112" 5/8" 3/4" 7/8" 1.0'' 
12.7mm 15.9mm t9mm 22mm 25.4 mm 

tvtax. Cl> Value 0.40 0.39 0.37 0.35 0.34 
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nonoalizing or solution annealing. The tenn cold working has been given to this 
pheoomenon. Cold-wori<ed mattrinls have incre:ISCCI yield strengths and reduced 
ductilities; such materials :ue sometimes said to have been strain hardened. 

In some applications such as bolting that will not be exposed to crack-inducing 
agents, cold working is deliberately used to obtain increased yield strengths. 
However, cold worked areas are typical sites for the development of strJin ageing 
(see Pan I of Chapter 3 for a discussion of strain ageing, an embrittlement 
mechanism). In addition, cold worked areas can be susceptible to corrosion pitting, 
stress corrosion cracking, hydrogen embrittlement tllld oUter damaging phenomena. 
For applications in which excessive cold working may be harmful, it is nomtnl 
prdd.icc to stress relieve. materials that have rct1.:ivcd more than five percent 
permanent strain. 

Eloslic and Plastic Defonnation 

Pla>lic deformation is caused by a stresS that cxoeeds the yield strength of the 
maltrial. Defomtation at snsses less than the yield strength is called elastic d~ 
forr.t31ioo. Elastic defonnatioo is reversible, thai is, the deformation disappears with 
the removal of the stress. Plastic deformation (sometimes called permtmenl strain) is 
permanent, i.e, the deformation remains after removal of the stress thai caused it 

Galling 

Galling is related to adhesive wear. When two metals of similar chemistry and 
hardness :ue in moving contact and under pressure, in the absence of lubrication, 
surface asperities tend to momentarily weld togcOter. Continued movement ruptures 
tltcsc very local welds, resulting in metallic particles being torn from one or beth 
surfaces. The welding, generation of particle debris trapped betw~n the two surfaces 
and small cavities produced by tearing results in rapidly increasing friction. 

Austenitic stainless st~ls are the most common materials susceptible to 
galling. Examples include threaded filSieners (galling occurs in the threaded 
regioo) and valve closures. 

Hardenabl1ity 

Hardenobility is used to descn'be the ability of an alloy 10 be hardened and 
strengt!tened, usually by heat treatmellts such as quenching and tempering. The 
term is also used to descnbe alloY" that can be hardened and strengthened by cold 
working, for example, strain-hardened bolting. 

Heat Affected Zone 

A he:.t aiTccted zone (HAZ) is a volume of the parent metal in which the 
mechanical propenies and/or the microstructure hnve been changed by the heat of 
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Figure 2-5 Illustrating the typical features of a weld. 

welding. or !henna I euning. For most welds in carbon and low-alloy steels, the 
HAZ is a band, usually about J/8" (3 mm) wide, adjacent to the fusion line of the 
weld. In austenitic stainless steels, a narrow, secondary HAZ may be generated at 
some distance from the fusion line, as a result of welding-induced sensitization. 
Tit is effect is illustrated in Figure 2-5. 

Hot Working 

Hot working describes plastic defonnation occurring at a temperature hot enough 
to prevent the material from becoming strain hardened. Instead, it spontaneously 
"recovers" plastic defonnation. Hot-worked materials therefore do not have the 
stored energy characteristic of cold-worked materials. 

The academic definition of the temperature necessary to spontaneously 
recover plastic deformation is unusable. In tlte real world. hot-work temperatures 
are dictated by factors such as tool life. These temperatures range from as low as 
350'F (175'C) for aluminum alloys to as high as 2300'f (1 260'C) for steels and 
nickel alloys. Such temperatures exceed the academic defU1ition of the temperature 
needed to recover plastic defom>ation spontaneously. 

Product Form 

The common product forms are plate, strip, sheet. wire, pipe, tubing. bolting, bars, 
forgings, extrusions and castings. 

Toughness 

Toughness is the ability of a material to deform plastically and absorb energy 
before fracturing. It c;~u be thought of as the energy per unit area necessary 10 

create a fracture. Obviously, a material that requires a great deal of energy to 
crc.1tc fracture surfaces is very rcsisl~nL to fr~acturc. 

Basic Materials Engineering 37 

Toughness is usually measured by the energy absorbed during an unpact test. 
The most common example of such a test is the Charpy V-notch impact test (see 
ASTM A370). 

Weldment 

A weldmcnt is an assembly whose component parts arc joined together by welding. 

B. ALLOY DESIGNATIONS 

II is common practice to refer to alloys by a standardized numbering system, called 
the Unified Numooring System [3,4]. Tite UNS numbering system incorporates 
many earlier alloy identification systems which were developed for particular alloy 
families such '"' those for aluminum and copper alloys. Use of the UNS penn its 
one to discuss and/or recommend an alloy without becoming entangled with the 
rules and regulations that surround proprietary alloys. This system will be referred 
to extensively. However, in cases where tl1e ordinary alloy designation is 
nonproprietary and is in common use, such as the 300-series stain less steels, the 
ordinary alloy designation is used instead of the UNS number. 

Without referring to the specific UNS listing, one cannot easily determine the 
composition of an alloy simply from its UNS number. In order to assist the reader, 
the nominal composition of the alloy is listed the first time the alloy is mentioned in 
a chapter. All alloys referenced by UNS number are listed in Appendix I 2, which 
also lists tlte nominal composition of each alloy. 

C. MANUFACTURING EFFECTS 

Metals and alloys are available in two primary forms: wrought and cast. Products 
created by other metl10ds such as powder metallurgy are 110t common enough in 
chemical and hydrocarbon plants to warrant inclusion in this discussion. 

Wrought products are fonned from solid metal, usually while hot. Wrought 
processes generally employ compressive forces, which may be either continuous or 
cyclic, with or without dies. Examples of wrought processes include rolling, 
forging, extrusion and drawing. Product forms include plate, pipe, tubing. sheet, 
wire. forging, cxtnasions, and bars. 

Wrought products may or may not be hent treated as part of the manufacnJring 
process. Note that tenns such as "hot finished" or "hot rolled" are usually not 
regarded as substitutes for heat treatment. If the materials selection process 
indicates a heat treatment requirement, check the purchasing specilication to see if 
the product is supplied in the heaHrcated condition or if heat treanncnt mnst be 
indicated as a supplemental requi.reanent. 
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Crutings are products formed by solidification of a liquid i.n a mold. (Welds 
arc an unusual fonn of casting.) Vinually all wrought products bc-giol as castings, 
usually in the form of ingots. Castings dominate product lines such as pump cases, 
where geometry favors the simplicity of castings. 

Almost all castings are heat treated as part of the manufacturing process. 
Occasionally, a casting requires repair welding, as part of eitl1er a fabrication or 
maintenance procedure. Postweld heat treatment (or solution annealing in the case 
of austenitic stainless steels) may be indicated. However, sttch heat treatments can 
warp previously machined surfaces. Special welding procedures, hardness 
comrols~ shot peening, etc., may be used to avoid heat treatment. In some cases, 
heat rreannent cannot be avoided. To avoid or minimize warping, special 
fabrication measures such as use of strong-backs or bracing are employed. 

Most metals and alloys are available in either wrought or cast form. However, 
tl1e cast chemistry is often somewhat different. usually containing more silicon than 
the wrought form. Silicon improves dte "pourability" of the liquid alloy; there may 
be other minor differences between the two chemistries. Some alloys are available 
only in cast form, as they are too unstable or brittle to be formed by wrought 
methods. There are a few alloys that are provided only in wrought form. 
Typically, an alloy in cast form has a different name from its wrought counterpart, 
for example, Grade CF-8 is the cast version of Type 304 SS. 

Wrought produels are usually preferred to castings. The hot-forming procedures 
characteristic of wrought products tend to break up and weld shut defects in the ingot, 
while such defects remain present in castings. In addition, the plastic defonnation 
used to form wrought products, plus the reheating. involved in hot processing, tends to 
produce a uniform, fme, partially isotropic grain structure. However, wrought 
products are normally more expensive than their cast counterparts, rctlecting the 
fabricarioo costs of hot worl<ing, machining, welding, etc. 

Castings typically have lower strength, lower toughness, higher dcf(.-et con­
centrations and coarse anisotropic grain structures. Their advantages include 
relatively low cos~ ease of obtaining complex shapes and minimal machining. In 
some alloys, the silicon addition and/or cast grain structure pr~uces exceptional 
corrosion resistance.. For example, austenitic stainless steel castings are more 
resistant to chloride stress corrosion cracking than are tlteir wrought equivalents. 

Castings are often less weldable than dteir wrought equivalents, usually because 
·of their greater silicon and/or carbon coo tents. Thus, repairability may be an issue in 
materials selection for castings. In some cases, repairability may be enhanced by 
careful chemistry selection. A common example is the use of CA~M (12Cr-4Ni· 
Mo; UNS J91540) instead ofCA-15 (13Cr; UNS 191 150) for 12 Crcastings. 

Choosing between wrought and cast components is rarely an issue. When the 
issue does arise, the decision will usually favor either the greater safety or 
repairability of the wrought product or the lower cost or a unique property of the 
cast product. 
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D. METALS AND ALLOYS 

1. Cast Irons 
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Cast irons differ from cast carbon steels primarily in carbon content. Cast irons 
typically contain at least two wt. percent carlx>n, while the cast carbon steels 
commonly used for plant construction rarely contain more than 0.35 percent. The 
high carbon content of cast iron makes the material difficul~ at best, to weld. Two 
types of cast iron are commonly used: 

I. Gray cast iron such as ASTM A48 material is plain cast iron. These 
materials are composed of ferrite containing graphite stringers, with no 
intentional alloying additions. figure 2-6 shows the microstructure typical 
of gray cast iron. This material is brittle and is usually restricted to 
applications in which toughness is not a concern. Gray cast iron is rarely 
used in most plant processes. 

Figure 2-S A typical gray cast iron microstructure. (Courtesy of Dr. E. V. 
Bravenec, Anderson & Assoc.) 
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Figure 2-7 A typical ductile cast iron microstructure. (Courtesy of Dr. E. V. 
Bravonec, Anderson & Assoc.) 

2. D11ctile cast iron (also known as nodular or spheroidal iron) conlains a small 
magncsiusm addition, which greatly improves ductility and toughness. An 
example is ASTM A536. The magnesium addition is responsible for the 
nodularity of tlte graphite. Figure 2-7 sltows the microstructure typical of 
ductile cast iron. Nodular cast iron is occasionolly u.sed in valve bodies and ut 
pumps in various utility services, and in large reciprocating compressoo. 
Malloob/e cast iron such as ASTM A47 material is a related alloy. The 
graphite nodules are fonned as a result of heat treatment 

Mildly acidic water can graphitize bolh gray and ductile cast irons. Used in 
this context, graphitization is a COITOSion mechanism in which the iron is slowly 
leached from the casting, leaving behind a network of graphite (Figure 2-8). The 
graphitized casting loses almost all of its mechanical smngth and eventually leaks 
or ruptures. Many old underground cast iron water mains eventually require 
replacement because of graphiti2ation. 

Three specialty cast irons are occasionally employed. Corrosion- and erosion­
resislant silicon cast irons such as those of ASTM AS IS ftnd use in acid and 
abrnsive services. White cast irons such as those of ASTM AS32, conlaining up to 
25 percent chromium, are used in highly abrnsivc services such as pumping abras· 
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Figure 2-8 "Graphitization" of a gray cast iron pipe, caused by long-term 
service in slightly acidic water. 

ivc slurries. Nickel-rich cast irons, known as N1-Resi.st cast irons (such as those of 
ASTM A436), find use ut both low- and higiHemperoturc applications, services 
requiring resistance to wear and as seawater alloys. 

Cnsl iron is nonnally not pennittcd for pressure coruninrnent components in 
hycil'ocnrbon processing streams because of its brittleness, CSI>ecially in areas where 
it could be quenched during the course of lighting a fire. However, cast irons are 
routinely used in many services for internal components such as pump impellers. 

Most cast irons cannot be repaired by welding. Thus, repairability sometimes 
precludes tbe selection of cast irons as materials of consauction. 

2. Carbon Steels 

Carbon steel is. the most widely used mnterial of construction in most plants. 
Unalloyed carbon steels typically conmin nominal amounts of manganese, silicon, 
phosphorus and sulfur. They do n01 contain deliberate alloying additives such as 
nickel, chromium or molybdenum, or microalloying elements such as niobium, 
titanium or vanadium. These steels are nonnally supplied with a pearlitic-ferritic 
microsll'lleture (see Figure 2-4). This microstntcture is produced by air cooling a 
hot-fonned product (e.g., hot-rolled plate) or by a normalizing heat treatment. 

Carboo steel is commonly avail~ble in two fonns: killed carbon steel or plain 
cnrbon steel. 
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Killed Carbon Steel 

Raw liquid stc:cl is saturated with oxygen in the form of boch dis>olved gas and as 
iron oxides. The oxygen can combine with crubon, also dissolved in the liquid 
stce~ to form carbon monoxide. This reaction can cause violent boiling during tile 
pouring and solidification processes. By adding an oxygen scavenger such as 
silicoo to the liquid stc:cl before it is poured, the excess oxygen can be removed as 
slag. The resulting material does not boil during pouring and cooling, thereby 
producing a more homogeneous ''killed" steel. Such steels are clellller and conlllin 
fewer defects tl>llll "unkilled" or "wild" steels. ASTM AJ06 pipe, Al05 forgings 
and A516 plate are examples of killed carbon steel products. Cast carlloo steel 
products are also killed. even though typical ASTM specifications for castings do 
001 meotioo the requirement 

Killing with an oxygen scavenger sucb as silicon is tile primary method of 
deoxidation. A less common method is vacuum degassing, which is usually a 
secondary measure, employed whco very clean steels are required. Vacuum 
degllssiog not only assists in controlling oxidizing gases such as oxygen and c:arbon 
dioxide, but will help 10 limitllOIMlxidiziog gases such as nitrogen and hydrogen. 

Steels killed with silicon, such as ASTM A515 plate, tend to have a eoarse 
grain S1ructure. Such steels usually have silicon present in the range of0.15 to 0.30 
wt percent These steels characteristically have relatively high brittlo-ductilc 
transitioo temperatures. mnking them unsuitable for applications requiring low­
temperature toughness. However, the coane grained steels are more resistmtt 10 
a-eep, graphitization and some forms of corrosion, making them preferred for some 
applications. 

Steels killed wi~> a combination of silicon and aluminum or aluminum alone 
have a fmc austenitic grain size. They are preferred for applications requiring low 
temperature toughness; ASTM A516 (plate) is an example. Such steels are usually 
desoibed in ASTM specifications as being made to "fmc grain practice." 
Although ASTM specifications for steel products usually do not indicate a 
requirement for aluminum contcn~ steels killed with aluminum will have 
aluminum present in the range of0.02 to 0.05 wt percent. 

Plain Carbon Steel 

The terms semiki/letl, rimmed and copped are used to refer to steels that have been 
partially deoxidized or not deoxidized at all. Many product forms are available for 
such steels. Examples of specificotions include ASTM A53 and API SL (5] for 
pipe and ASTM A36. a Sll'llCtural stc:cl specification. 

Allbaugh plain carbon steels are often pennined in benign services such as 
cbemically treated utility water or air lines, killed carbon steel is generally used 
instead. There are at least three reasons for this preference: 
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1. There is virtually no cost differmc:e belween lbe kiUed c:arbon steels and 
plain carbon steels used in plant construction. Killed c:arbon steel is usually 
preferred because of its lower defect density and higher maximum code­
allowable stress at higher service temperatures. 

2. Commonly used purchasing specifications such as ASTM A53 for pipe 
pennit the substitution of killed for plain carbon steel Such substitution is 
becoming increasingly common. 

3. Many construction projects waotto avoid the unintentionol substitution at 
tile job site of unkillcd for killed steel. By stocking only killed steel at the 
job site, such unintentional substitutions are avoided. 

3. Microalloyed Steels 

MicroaiJoyed steels (sometimes called high-strootih, low-alloy steels, or HSLA 
steels) form a family that is intermediate between carbon steels and low·alloy steels 
(discussed in !be following section). These are killed steels that contain sm:lll 
1JD00D1S of elements such as vanadium. titanium and ni<lbium. The combined total of 
such additioos is usually about 0.1 wt pen:cot or less. These elements modify the 
microstructure and refine grain size, that is, they encourage tile formation of a 
relatively small and uniform grain size. The microalloying additions improve 
toughness and strength (typical specified minimum yield strengths are 60 ksi (410 
MPa), or bigller). These steels are usually used in applications where section 
tbiclmess or £105$ wcig)lt is a eonc:em, for example, in largc>diam=r, long pipelines 
where pipe tonnage is a major cost factor. Such steels are also sometimes selected for 
applications in which improved toughness is a requirement Most such applications 
are for plate steels used for improved piping and vesseliOughness. Microalloyed 
steels require some care in selecting weld joint geometries and welding procedures. 

Miaoalloyl:d steels have a tendency to produce excessively hard heat affected 
zones, inacasing their susceptibility to various fonns of hydrogen stress aacking. If 
the intended service does not involve the threat of hydrogen stress cmcking, hard heru 
affected zooes are usually not regarded as a conccm. The risk of producing a bard 
beat affected zone is determined to some extent by !be geometry of the weld joint 
DoubJe.sidlcd welds such as those preferred for vessels are much more likely 10 
produce hard Ileal affected zones than singlo>-sided welds such as those nonnally used 
in piping aod pipelines. In multiple-pass, single-side welds, the previously deposited 
bead weld is subsequently tempered by the foUowing bead(s). Thus, pipe welds are 
usually much less likely 10 relain hard heat affected zooes tban are vessel welds. 

The commoo carbon steels used in piping and vessel constructioo are 
permiued by ASTM specifications to contain unrcported levels of microalloying 
elements tba1 are capable of producing excessive beat affected 2.0ne bardnesses. 
Thus, it occasion:llly happens that a crubon steel weldmcnt of a conventional 
carbon steel will contain small regions in the heat affected 2.0nc having excessive 
bardDess. The pc=t state of the art in hardness testing is incopable of detecting 
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hard heat aiTocted zones in production welds. At prcsc:n~ there is no effedi11e 
means 10 addres1; this problem olher than 10 ltlqUire weld procedure testing on 
mllerials intended fer aclllal COOSinl<:lico. Evm this ltlqUimnent does oo1 IOially 
eliminale the problem anless all beats of stet! intended for welded cooslnldion are 
so tested. This measun: can be costly and can affect delivery schedules; it is 
therefore rarely uJed. Expea icoee suppotts accepting the present situation, since 
few incidents of hannful effects have been repofled. 

Some users either prohibit the purchase of deliberately mia"Oalloyed carbon 
steels or place limits on both the carbon equivalent and the microalloyiog content 
of such steels. The permitted microalloying limits Vlliy from user to user, but 
usually fall in the mnge of 0.03 to 0.10 for the sum of tlte concentrations of Ti, V 
BJtd Cb1 (each expressed in weight percent). Alternatively, as mentioned above, 
weld procedure qualiflCalioo tests eao be required to show that excessive weld 
hardness is not a problem. However, salisfactory results may require preheat 
and/or postweld heat treaOneoL Refer to NACE RP0472[6) fer a discussion of the 
effeetsofmicroalloyiogadditions and mitiption measures. ASTM A737 plate and 
ASTM A714 pipe (and API SL pipe, grades XS6 and h~) are examples of 
mi<:nlalloyed products. 

4. Low-Alloy Steels 

Low-alloy steels are defmed as iron-based alloys containing less th3n 12 percent 
intentional alloying elements. Note that all low-alloy steels are killed. Alloying is 
used to either enhance mechanical properties or improve corrosion resistance. 

Alloying for Improved Mechanical Properties 

Alloying can substantially improve mechanical properties such as strength, 
toughness and fatigue resil.tance. Such steels are nonnally heal treated to enhance 
~teir properties. Note !hat welding on these alloys can degrade their properties 
unless the weldment is properly beat treated. 

Low alloy Cr-Mo Sleels such as ICr-\Mfo and JY.c.--~Mo steels are often 
used instead of carbon Sleel for temperatUres above SOOOF (425-c). (Carbon Sleels 
beCQme susccpcible 10 creep 31 ternperarures above about 750"F (400"<:). In 
addition, carbon steels weaken by caroide spheroidization and/or graphitization if 
exposed to sustained temperatures exceeding about 850"F (455-c). Refer to Part 2 
of Chapter 3 for a discussion of these phenomena. 

The mcch3nical properties of several of the Cr-Mo low-alloy steels have been 
improved with dte addition of vanadium. Examples include vanadium-enhanced 

1Thc clcmem niobium is often c:aJJed columbium (Cb) in cngin.:t:rina npplloi\l.ions. 
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ICr-IMo for twbine rotors and vanadium-alhaneed ICr-~o bolts, widely used 
for tempcmures up to I I oo-F (595-c). 

Alloys such as AISI 4140 stet! (1Cr~.2Mo, with. Cllbon between 0.37 _and 
0.49; UNS G41400) are widely used as rotating equtpment shafts, bolts, high­
Siren&th forging$, ctc-

Ni-Mn (with either 3~ or 9 Ni) alloys are used for moderattly low temperature 
services, in the range of-50 10-32001' (-46to -195-c). They are commonly used 
in liquified petroleum gas (LPG) and liquified nntural gas (LNG) plants. (See 
ASTM A203, A333, A334, A350, A352 and A420 for various product forms of 
these materials.) . 

Note that 3V. Ni steel forgjngs have a reported history of welding problems m 
which the parent metal adjacent to the heat affected zone tends to develop crack­
like fissures after welding. The cause has not been detennined. Prudence suggests 
avoiding this material. Type 304L SS, while more costly as a material, may result 
in a lower fabricated cost by avoidance of welding problems. 

A variety of enhanced stren&th plate Sleels are used primarily in pressure 
vessels for higJ\-pressure applications in which the use of conventional carbon 
Sleels would require excessive wall thickness. Poslweld heal tn:atmcot is usually 
mandatoty for these materials. Sec ASTM A302, AS37, A542 and A543 for 
examples of plate materials of this class. 

Alloying for Improved Corrosion Resistance 

The most common family of corrosion-resistant low-alloy steels in use in chemical 
and hydrocarbon plants is based on chromium and molybdenum additions. The 
lowest of these alloys, ICr-v.Mo and I Y.Cr-V.Mo, are onen used instead of carbon 
steel for temperatures above soo•r (425°C). In addition, tlte low-alloy Cr-Mo 
steels (with Cr ~ percent) are useful for their resistance to high-temperarurc 
sulfidic cortosion. However, the Cr-Mo alloys find their most ctitical use in high­
temperature, high-pressure hydrogen service. The Cr nnd Mo additions stabilize 
the caroidcs a~inst attack by dissolved high-temperature hydrogen. The moSI 
commonly used of these alloys fer high-temperature, higJ\-pressure hydrogen 
service are the JV.c.--~o. 2\ICr-IMo and 3Cr-1Mo steels. Vanadium-alhaneed 
versions of the 2Y.c.--1Mo and 3Cr-1Mo aUoys have been developed for heavy­
wall vessels. The vanadium-enhanced alloys are futding incra.sing acceptance for 
severe services, since they can provide subSiantially reduced wall thicknesses. 

9Cr-l Mo is available as piping but is not commonly used in vessel 
construction. A vanadium-alhanced version has been developed for use in heavy­
wall vessels, primarily intended for usc in high-pressure. high-temperature 

hydrogen service. 

ASME 631.3 [7] provides maximum allowable stresses for 9Cr·l Mo 
tubing, piping, fittings, plates and castings. 
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ASME Section VJll, Dtv. I and Div. 2 II) does not provide maximum 
allowable Slre$$CS for 9Cr-1Mo plate material. Div. I does provide 
maximum allowable svcsscs for 9Cr-1Mo-V plate material, but it is rarely 
used for prcsswe vessels. 

All of lhe Cr-Mo alloys are air hatdenable; they usuaUy require 
postWeld heal treatment (Sec ASTM Al82, AI99, A217, A335, A336, 
A387, AS41 and A739 for various product forms oflhesc materials.) 
Anolhcr relatively common class of low-alloy steels employed for their 
corrosion rcsislaoce is "weathering" steels, mony of which are also 
classified as HSLA steels. These steels commonty have small chromium 
and copper additions thai help lhe steel to form a stable patina-type rust in 
mildly c:orrosive aonospbcrcs. These steels lind use primarily in snucrural 
applicatiom. Sec ASTM A242, A5SS and A6I S for v;u:ious product forms. 

5. High Alloys 

Stainless Steels 

Straight Chromium Stainles.J Sleets 
The cheapest alloys in this class are the 12 Cr stainless steels. Typical examples 
are Type 405 SS and Type 410 SS. They are used for dteir corrosion resistance, 
particularly in wet C~ and in hOI (>500•F (>260.C)) serviceS conlaining organic 
sulfur compounds or hydrogen sulfide. 

Types 405, 41 OS and 410 SS are the most commonly used grades of straight 
chromium stainless steels in the hydrocarbon and chemical process industries. 
Type 410 SS (a martensitic alloy) is used only when welding is not required. 
When welding is required, either Type 405 SS oriype 410$ SS is specified. 

All of the 400-series slainless >1eels arc subject to grain coarsening in weld 
heat-affected zones. Marttnsirie grndes, being air hardcnable, can also produce 
very briale heat-affected zones. C<>nsequently, uooe of lhe straight chromiwn 
stainless steels are usually recommended for primary pressure conlainmenl Their 
major use is in heat exchanger tubing, valve and pump internals, vessel internals 
and as clad or weld overlayed linings in presswe vessels and heat exchangers. 

All of the 400-series alloys are essentially immune to chloride stress corrosion 
cracking. Unfortunately, none of the straight chrontium Slain less steels are very 
resistant to chloride piuing. Ac:c:ordingly, these alloys arc rarely used in systems 
subject to chloride pitting. However, a series of "superferritic" staWess steels, 
c:onmining up to 29 percent chromium and 4 percent molybdenum, are now 
available. Some of lhesc alloys also conlain up to about 4 percent nickel without 
affecting their ferritic microslruc:ture. One example is 2SCr4Ni4Mo (UNS 
$44635). These alloys have satisfactory rcsislaoce to chloride pining and chloride 
stress eonosion cracking in aU but the most severe services. 
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Stabilized supcrferritic alloys, rcsislant to sensitization, are also available, for 
example, 26Cr-3Ni·3Mo, s.~bilized with ni~b;•·m :l!l•j tit:!l,:..Jn (l.INS <.;4660). 

The higher chromium grades such .s Type 430 SS :u sUStcpti, 1e 10 "sss•F 
(47SOC) embrittlemcnt" at temperatwes above about 7SO"F (400•C). Refer to Part 
I of Olaptcr 3 for a discussion of this fonn of cmbrittlement. 885•F (475.~) 
crnbrinlement is usually mild in the straight 12 Cr grades but can become severe m 
grades having a chromium content of IS percent or more. It has become industty 
practice to avoid lhe use of any of the straight chromium sminless steels for 
pressure conminment at temperatwes exceeding 6SO"F (345"C). The higher 
chromium ~should n01 be used for any purpose at temperatures above 6SO•F 
(34S"C) unless their subsequent embrittlement is of no concern. 

All of the ferritic and marttnsitic Slainless steels are susceptible to hydrogen 
stre<s cradcing phenomena such as sulfide stress corrosion cracking. In addition, 
lhesc steels an: susceptible to bolh hydrogen ernbrittlement and low·ternperature 
crnbrittlernenl If sensitized, these steels can also be susceptible to intergranular 
corrosion. For a discussion of this problem, refer to Part 2 of Chapter 3. 

A!Uienitic Stainless Steels 
The 200.series austenitic Cr·Mn·Ni stainless steels (exemplified by Types 20 I, 202 
and 216) arc generally as corrosion resistant and an: stronger than their bener· 
kno.vn 300.series Cr-Ni cousins. While these alloys may ftnd occasional use. 
usually as vessel internals, lhc 200-series alloys arc uncommon in chemical process 
or hydrocarbon plants, reportedly because of fabrication problems. In addition, 
they are not commonly available from alloy suppliers and have very limited 
ava.lability in product forms other than bar, plate and sheet. In addition, most 
fabricators have little or no experience wiU1 them. As a consequence of the Jack of 
use of the 200-series, ~1e tenn "austenitic stainless steel" has come to mean the 
300.series Cr-Ni alloys such as l)'pe 304 SS. Sometimes called the "18/Ss" 
(representing a nominal 18Cr-8Ni composition), the 300-series austenitic Slainless 
steels are lhe workhorses for corrosion resistance in indu.';try. Figure 2-9 shows a 
typical austenitic stainless steel microstructure. These alloys provide superior 
corrosion resiSiance and are capable of higher temperature service lhan are the 
straight chromiwn grndes. lbe 300-series fmd extensive use as internals, cladding 
and overlays in vessels exposed to corrosive services. They are also widely used in 
pumps, valves and piping. 

The austenitic Slainless steels do nOI air harden and thus do not require 
po<IWeld heat treaanent as a hardness control measure. They are sometimes stress 
relieved or postWeld heat treated to reduce residual stresses. thereby improving 
their rcsislanCC to SIJ'eSS corrosion cracking. In some cases, the austenitic Slainless 
steels are chosen in prefera1ee to the Cr·Mo low-alloy steels because postweld beat 
trealment ean be avoided. {NOie that dissimilar metal welds involving austenitic 
sminless steel may be air hardenable.) 
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Figure 2·9 A lypical solulion annealed auslenitic stainless steel micro­
structure. 

The low-carbon grades such as Type 304L nrc preferTed for welded 
COIUtruction. In addition, the low-carbon grades or the stabilized grades such as 
Types 321 SS 8Jld 347 SS are specified if sensitiwtion is expected to be a problem. 

Type 316 SS (its small molybdenum 3ddition differentiates it !Tom Type 304 
SS) is specified when increased resistance to chloride pitting or crevice corrosion is 
desired. Type 316 SS also has a higher maximum allowable suess than does Type 
304 SS. The high carbon H g.ades such as Type 30411 SS are specified for high 
temperaTUre use (> IOOO'F (>540"C)), since they have a maximum code-allowable 
Slress advantage over the cocwentional grades. The H grades should be used with 
caution in services subject to carburization. 

Higher chromium-nickel austenitic alloys arc used extensively in high· 
~emperature applications such as heaters, in both cast and wrought form. Examples 
tnelude Type 310 stainless steel (25Cr·20Ni), dte Alloy 800 series (20Cr·32N~ 
with Ti and AI; UNS N08800, N08810 and N08811), HK-40 (a casting, 25Cr· 
20Ni; UNS J94204) and many proprietary alloys such os dte "HP·Mod" materials. 
These alloys eon suffer a variety of problems such as weldment cracking, 
embrittlement, corburization, nitriding. oxidatjon nnd metal dusting. (These 
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phenomena arc discussed in CJapter 3, ~Failure Modes. '1 ~ir selection should 
be undertaken ooly if ooe is fumiliar widl in<11$y expel ience. 

Galling is sometimes a problem with aUSiellitic 5lllinless steels. Aside from the 
use of lubric:aniS and eoating;s (TFE is effective). the mOst common way to avoid 
thc problem is to require lhat the two mating swfaces have a hardness difference of at 
least SO BHN. In componcniS such as valve cloc;ures, lhe hardness differential is 
usually oblained by using a hard face weld overlay or electro less nickel plating on one 
of the two component$. In 1hreaded connectors, dte hardness differential is usually 
obtained from cold working one of the components. Sometimes the hardness 
differential is obtained by speeiJYing the two componcniS in different materials 
having appropriately different hardnesses. Galling may also be mitigated by 
specifying one component to be a free machining gn>de such as Type 303 SS. Note 
that NACE MROI7S (8] does 1101 allow free machining grades in wet soor service. 

The major diffJCUII)' with conventional austenitic stainless steels is that they 
are susceptible to chii>Ode stnss corrosion crncking. In many cases, the risk cf 
chloride SlresS corrosion cracking is too large to permit lhe use of an ordinary 
austenitic Sl:linless Sleel In such cases, the following specialty alloys are usually 
selected: 

Ferritic 5lllinless Slcels such as Type 430 SS; note that sucl1 materials are 
subject to chloride pitting. Accordingly, they arc selected only for services 
in which the risk of such pitting is low, for example, clean, flowing saline 
waters. Alternatively, superfcrritic g.ades may be selected. 
Ni..Cu alloys such as Alloy 400 (67Ni·30Cu; UNS N04400). 
"Supcraustcnitic" alloys; these are anstenitic alloys with high chromium 
and nickel, as well as 2-6 wt. percent molybdenum. Alloy AL·6XN (21Cr· 
2SNi·6.SMo-N; UNS N08367) is an example of a superaustenitic stainless 
steel. 
Nickel alloys such as Alloy 825 (22Cr-42Ni·3Mo, Ti stnbili:zed; UNS 
N0882S). 
Duplex austenitic·ferritic alloys such as Alloy 2205 (22Cr·SNi·3Mo-N; 
UNS 531803). 

Note that cast austenitic alloys ""' much less suseepcible to chloride = 
corrosion crncking than are their wrought equivalents. Accordingly, east austenitic 
5lllinless steel valve bodies and pump casings""' often useful in services in which 
higher alloys are necessary for the wrouglll eomponeniS (pipe, rubing, fining;s, 
plate, etc.). 

Unless heavily cold worked, the austenitic stainless steels are essentially 
immune to hydrogen stress cracking such as dmt caused by hydrogen sulfide. They 
are also relatively immune to hydrogen embrittlement caused by phenomena other 
than cathodic charging. If sensiti.red, austenitic stainless steels c.an also be 
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susceptible to intergranular corrosion. For a discussion of this problem, refer to 
Part 2 of Chapter 3. 

Duplex Stainless Steels 

TI1ese steels contain both ferrite and austenite in approximately equal amounts; 
Alloy 2205 is an example. Figure 2-10 illustrates the microstrucrure of a duplex 
stainless steel microstructure. Typically, such ste-els contain 17 percent or more 
chromiwn and less lhan 7 percent nickel. The more corrosion-resistant types 
contain a molybdenum addition of at least 2 percent. They are much stronger than 
the austenitic stainless steels, pennitting a thinner section thickness. Thus, while 
they may cost more per pound, they may cost less per piece. 

Wilh lhe desired microstructure, these alloys have great resistance to hydrogen 
stress cracking. They are much more resistant to chloride stress corrosion cracking 
than arc the conveotional austenitic stainless steels. (The threshold temperantre for 
chloride stress corrosion cracking of duplex alloys in neutml pH aqueous chlorides 
is on the order of 300°F (150°C).) Some data indicate that the chloride stress 
resistance of the duplex alloys is about the srune as that ofU1e superaustenitic alloys 

Figure 2-10 The microsltuclure of a typical duplex stainless steet. 
(Courtesy of Dr. E. V. Bravenec, Anderson & Assoc.) 
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such as Alloy AL-6XN. However, U1e threshold values for hydrogen stress 
cracking and ehloride stress corrosion cracking have not been defined as well for 
tho duplex alloys as they have for the austenitic stainless steels. Because they 
contain about SO percent ferrite, the duplex stainless steels are susceptible to 
hydrogen embtittlement. 

Experience has shown that special precautions must be taken when welding 
duplex stainless steels, as the welds can vary considerably from the desired 
microstrucntral balance. When they do vary, they can become susceptible to 
chloride stress corrosion cracking ancl!or to hydrogen stress cracking. Because of 
welding and adler manufacruring problems, duplex stainless steel construction is 
usually more costly than construction with conventional austenitic stainless steels. 

Precipitation-Hardening Stainless Steels 

The designations of these alloys end with the suffix "PH" (i.e., Precipitation 
Hardening), for example, 17-4 PH (17Cr-4Ni-4Cu; UNS Sl7400). These alloys 
are hardenablc by heat treatment and are relatively easy to fabricate. They are most 
often used for springs, valve stems, the ultemals of rotating equipment and adler 
applications where both high strength and superior corrosion resistruice are 
desirable. These alloys offer corrosion resistance superior to the 12Cr stainless 
steels but are somewhat inferior to Type 304 SS. The precipitation hardening 
alloys can be susceptible to both chloride stress corrosion cracking and hydrogen 
stress cracking. 

Nickel Alloys 

Nickel and nickel alloys are commonly used in a wide variety of services including 
acids. caustics. corrosive waters., numerous corrosive process applications and for 
low- and high-temperarure applications. Many of these alloys are available in 
mos~ if not all, product forms. Nickel alloys are frequently used for applications in 
which product contamination cannot be tolerated. 

Many nickel alloys have been developed for special applications: 

Commercially pure nickel (Alloy 200; UNS N02200) is resistrult to high­
purity hot caustic. The low-carbon version (Ni 20 I; UNS N0220 I) has a 
lower maximum code-allowable stress but is code-pennined at higher 
temperatures. 
Electroless nickel plating (often refe•Ted to as ENP) is sometimes used in 
process industries to avoid product contamination by substrate carbon steel. 
It is also used to prevent galling and to eohance tiglu sealing in valve 
closures. Refer to the section entitled "Thin Metallic Barrier Coatings" (p. 
103) for a discussion ofENP. 
Even a few percent nickel profoundly improves toughness. Examples: 
3~Ni, a low-alloy steel, is routinely used for service temperatures down to 
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-tso•F (-I oo•C); lhe 300-series stainless steels ( 18Cr-8Ni f.1m ily) are used 
for cryogenic applications, to tempcmM'CS approoching absolute zero. 
Alloys containing a minimum of about 45 percent nickel are regarded as 
being essentially immune to chloride stress corrosion cracking even under 
severe conditions. 
Alloy 400, a nickel alloy containin& about 30 percent copper and a small 
amount of iron, is a premium alloy for seawater, brine, alblis and reducing 
acid services. It is available in a precipitation·hardenable form (UNS 
NOSSOO), which is often used for high-strength applications such as pump 
shafts. Alloy 400 is commonly used in processes that include dilute, 
reducing hydrochloric acid, for example, lhe overhead syslem in 
atmospheric crude dislillation units. 
Ni·Resist is a family of aUSienitic cast irons containing 13-35 percent 
nicke~ usually with copper and/or dtromium addttions; see UNS F41000 
for an example. They are widely used for "ear resistance, corrosion 
resistance, and both low· and high·tempcrnture services. · 
Nickel-molybdenum alloys, such as Alloy 8·2 (Ni-28Mo; UNS NI0665), 
are resisrllllt to severe reducing acids such as concentrated hot hydrochloric 
acid. 
In combination with chromium and molybdenum additions, nickel alloys 
arc resistant to a wide variety of oxidizing acids. Alloy C-276 (15Cr·54Ni· 
16Mo; UNS N10276) is an example. Derivative alloys conlaining a 
tungsten addition are regarded as premium alloys for such applications. 
Alloy C-22 (22Cr-58Ni· l 3Mo-3W; UNS N06022) is an exnmple. 
S1abilized nickel alloys such as Alloy 625 (22Cr·58Ni·9Mo; UNS N06625) 
and Alloy 825 nrc useful in applications requiring resistance to both 
chloride stress corrosion crocking and polythionic acid attack. 
Uigh-tempcroturc wrought alloys such as Alloy 800 are used in applicn· 
tions such as fumacc tubing and crossover piping. Cast alloys such as the 
proprietary HP·modiiocd alloys (25Cr·35Ni, with niobium and often with 
otloer m icroalloying agents) ore nlso widely used in high·temperotu-e 
applications such as fumace tubes. The key advantages of these high· 
tempcn~tun: alloys arc their creep resi.\tance and relatively large high· 
temperature maximum code-allowable stresses. 

Nickel alloys arc subject to a variety of failure mechanisms, including 
suliodntion. high·tempcmture intmnetallic phase embrittlement. stress corrosion 
cracking and various forms of corrosion. Failure mechanisms and their 
COIT'CSponding threshold values tend to be alloy-specific. 

From this brief description, it can be seen that nickel alloys arc useful for a 
very wide variety of purposc;s. Some of their uses are indicated in subsequent 
SCCI1011S on hogh-tempcmture eiTeas and corrosion. However, a complete 
description of the available alloys is well beyond the scope of thi.\ bonk. The user 
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is advised to contact an alloy speciali.\t or the Nickel Development Institute for 
further infonnation regarding specific applications. 

Nickel Development lrutitute 
214 King Street West, Suite 510 
Toronto, Canada MSH 356 
Tel.(416) 591·7999 

Copper Alloys 

Brasses and bronzes lind extensive use in heat transfer systems exposed to 
conosive watm (primarily brackish or saline waters). Naval brasses such as 
UNS C46400. usually as a cladding on carbon steel, are used for tubesheets and 
plate componeniS. Inhibited admiralty alloys such as UNS C44300 and the 
70130 (UNS C71 500) and 90/10 (UNS C70600) Cu/Ni alloys are often used for 
piping aod heat exchanger tubes. The Cu/Ni alloys are usually preferred, as they 
have better impingement resistance and can tolerate higher velocities. 
Aluminum bronzes such as UNS C60800 are relatively high·strenglh alloys, 
finding usc as pump and valve components. These alloys are available in mos~ 
if not all, product foo ms. 

Most copper alloys are unsuitable for processes that contain ammonia, 
sometimes in even tmce amounts. Copper alloys arc not suilable for wet sour 
services because of their Jack of corrosion resistance and susceptibility. 

Note tl1at many of the brass alloys contain zinc in excess of 15 percent Unless 
properly "inJoibited" by arsenic, antimony or phosphorus, such alloys can 
"dezincify" in brackish or saline waters. Some users avoid inhibited alloys; 
instead, they lint it zinc content to less thou 15 percent. 

For assistance in evnluoting copper alloys, contact nn alloy specialist or the 
Copper Development Association for f\ortloer infonnnoion. 

Copper Development Association 
260 Madison Ave.; 16th Floor 
New York, NY 10016 
Tel. (212) 25 1·7200 

Cobalt Alloys 

The primary use of cobalt alloys is in hnrd fllCe applications, in which they are 
regarded as premium materials; Stellite 61 (60Co-29Cr-SW; UNS R30006) is an 
example. The usu.•l jlW']lOSC of hardfxing is ro improve resislance to abmsion, 
friction, galling ruodlor impact. The most common uses of lhese alloys are in closure 
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applications sucl1 as valve sealS, where bOOJ galling resislance and leak-tighmess are 
required Md in abrasive servi<:es such as mixers and nozzles. Grinding. requiring 
wear resiSWlCC, is also a common usc. Cobalt hard face alloys .are !ypically about as 
corrosion resistant as lhe 300-series stainless steels. 

Cobalt hard face alloys usually contain 30 to 60 percent cobalt, !ypically with 
additions of crubon, niclccl, chromium, tungsten, and/or molybdenum. They are 
applied, usually in one or two byers. by welding or thennal spray processes. The 
harder, more weor·resistant alloys are difficult to apply without tbeir developing 
cracks (called "mzing" or "check" cracks). Applied hardnesses are !ypically in 
the range 20 to SO HRC. Some or tl1e alloys can be lill1ber hardened by cold work 
Hard face alloys can be applied to almoot any metallic substrate. Typical finished 
thicknesses range from l/16"to 1/4" (1 .5 to 6.4 mm). 

Selection or hard face alloys is best done by consulting with lfehnical 
representatives of the manufactW'<I"S of these products. Their recommendations are 
usually based on experience and are tailored for specific applications. 

Cobalt-base alloys, in both wrought and cast fonns, have also beeo developed 
for various high-temperature applications such as gas turbine components and for 
parts in high-temperature furnaces and kilns. Alloy 25 (55Co-20Cr-10Ni-15W; 
UNS R30605) is nn example. 

Reactive and Refractory Metals 

These metals and their derivative alloys are e>xide stabilized. All of the oxide­
stabilized rnelals are reactive, tJult is, they become susceptible to oxidatjon or 
corrosion if the oxide layer is disrupted. B<:eausc of this behavior, these metals and 
their alloys can display both active and passive behavior. Similarly, they are all 
subject to catastrophic oxidation wtder extreme conditions. 

The defmition of a rciTactory metal is somewhat arbitrary. For the purposes of 
tl1is book, refractory metals are defmed as metals with melting points greater than 
that of iron (2795°F ( I 53S0C)). 

The most common reactive, non·rcfracle>ry metal is aluminum. Reactive, 
refractory metals such as zirconium and tantalum are less commonly used, but they 
do fmd applications in severe services such as hot concentrated inorganic acid 
processes. Most of these metals are relatively immune to corrosion attack in 
oxidizing environments. However, each of these materials is subject .0 attack by 
specific corrodents and/or crack-inducing agents. Accordingly, materials selection 
should be done on tl1e basis of successful prior experience or as justified by a 
testing program. 

Aluminum (mtlting pomt: 1221•F (66(JOC)) 

Aluminum is a re.1Ctive (but 1101 a refrnctory) metal. AlumiJlum alle>ys arc available 
in a large number of variations, emphasizing properties sueh as Sll'ellgth, fatigue 
resistance, toughness and enhMced corrosion resistance. Some aluminum aUoys 
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are ha.rdenable (i.e., su-engtl1ened) by heat treatment Aluminum and moot of its 
alloys have excellent low-temperature toughness, permitting its use in cryogenic 
appllc:alions such as liquified natural gas (LNG) and liquitied air. Aluminum and 
iiS alloys arc available in most, if 1101 all, produc:t fonns. 

Many aluminum alloys have useful corrosion resistance to clean seawater and, 
in mildly CO<TOSive atmospheres. in applications such as cable trays and as fms on 
air cookr tubes. They.,.. compatible with a wide range of a<ganic chemicals such 
as aceti<: acid. Aluminum alloys are also used for the storage and transportation of 
many refmed chemicals. However. care should be taken in organic applications, 
since scme compounds can vigorously attack some of the aluminum alloys. 

There are many applications ill which aluminum and its alloys are no1 '>l!itable 
materials of COI1Sil\ICtion. 

Because it forms an amphottrie hydroxide, aluminum and aluminum alloys 
sllould not be exposed to alkalies. (Amphoteric hydroxides ar< wluble in 
alkaline solutions.) 
Aluminum is usually susceptible to aggressive corrosion by acids at a pH of 
4.5 or It&. A major exception is aerated acetic acid, for which aluminum 
tankage is used for concentrations up to about 99 percenL 
Many aluminum alloys arc susceptible to severe liquid me1al embrittlement 
by mercury, which can be a significant risk in some LNG operations. 
Liquid metal embriulement causes crackiJlg very similar to that generated 
by stress corrosion cracking. Refer to the section entitled "Stress Corrosion 
Cracking" (p. 177) in Pan 3 of Chapter 3 for a discussion of liquid metal 
cmbriu lcment 
High-strength aluminum alloys are rarely used in plant operalions because 
of thei.r susceptibihly 10 environmental cracking. 
In common with many oxide stabilized materials such as conventional 
stainless steels, alumiJlum and its alloys are susceptible to chloride pitting. 
Similarly, aluminum and its alloys arc also susceptible to concentration cell 
problems such as crevice corrosion and under-deposit corrosion. 

Due to its galvanic activity (aluminum is anodic to most e>tber common metals), 
alwninum is often used as the sacrificial anode in distributed anode cathodic 
protec:tion systems. However, for the same reason, care must be taken when usiJlg 
aluminum or its alloys in combination with other metals and/or alloys in corrosive 
environments. Alwninum components will corrode preferentially 10 protect less 
active components such as crubon steels. For example, aluminum fms will corrode to 
proteCt steel air cooler tubes if c:xposcd 10 a wet corrosive environment 

Chromium (melting point: 3375"F (1857"C)) 

Ou-omium is reprded as a refnldory metal. Neither chromium metal nor 
chromium-based alloys fll'ld much use in the hydrocarbon or chemical piocess 
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induslries. Chromiwn plating is useful for aeslhetic purposes and fonds some use in 
hard face applications. Chromium is extensively used as an alloy addition to low­
alloy steels (usually for the purpose of stabilizing carbides), in cast irons (to 
produce wear-resistant products) and in nickel alloys (for increased corrosion 
resistance). Chromium is tl1e main alloying addition in the 400-series stainless 
steels and is used extensively as a primary alloying addition in the 200- and 300· 
series stainless steels. 

Titanium (melting poilll: 3034°F (1668°C)) 

Titanium is a reactive, refractory metal. The most common use of titanium and its 
alloys in the hydrocarbon and chemical process industries is in heat transfer 
applicalions. It is resjstant to a wide range of both organic and inorganic 
corrodents. It finds relatively widespread acceptance as heat exchanger tubing for 
corrosive processes on one side and corrosive cooling water such as seawater on 
the other side. Titanium is also commonly used for wet chlorine and for 
concentrated hot caustic solutions. Titanium usage is becoming more common as 
it be-eomes more cost competitive with conventional corrosion resistant alloys such 
as the 300-series stainless steels. 

Titanium can be useful in mildly reducing applications such as wet alkaline 
sour overhead condensing systems, if they are properly designed and fabricated. 
However, titanium (and the other reactive and refractory metals) can be unstable in 
strongly reducing environments. Selection should be based on experience or 
should be justified by a testing program. 

Titanium can become unstable in the presence of powerful oxidizers. 
Examples include dry chlorine, red fuming nitric acid and liquid oxygen·. ln 
addition, titanium can be embrittled by the formation of hydrides (see Part I of 
Chapter 3 for a discussion of titanium hydriding). 

Zirconium (melting point: 3365•F (1852'C)) 

Zirconium is a reactive. refractory rneral. Zirconium and its alloys can be relatively 
difficult to work, are sensitive to relatively minor welding problems and are 
expensive. Nevertheless, they can be useful in severe applications. 111eir most 
common use is ln the chemical process industries, where they are valued for their 
resistance to hot concentrated alkalies and inorganic acids and in processes in 
which contamination carmot be tolerated. Zirconium is not suitable for 
hydrofluoric acid, even in dilute applications. 

Zirconium is one of Otc better metals for handling reducing mineral acids, such 
as hydrochloric acid and sulfuric acid, where it is resistant up to 70 percent at the 
boiling point and up to 75 percent at 265°F (130'C). Note, however, that U1is metal 
is susceptible to stress corrosion crocking in 64 to 69 percent sulfuric acid at 
elevated temperatures. Zirconium also resists attack by organic acids such as 
tbmtic and acetic acids. An advantage of zirconium over nickel alloys is that it can 
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handle lhese acids when oxyge-n or other oxidants are present Corrosion of 
zirconium, when it does occur, may produce compounds that are pyrophoric. This 
can be an ignition source when equipmem is taken out of service. 

ZiJconiwn is resistant to oxidizing acids such as nitric acid. Its corrosion rate 
is less than 5 mpy1 (0.1 mmlyr) in 0 to 70 percent acid at temperatures up to 500'F 
(260•q. However, it is susceptible to stress corrosion crocking in concentrations 
exceeding 70 percent 

Zirconium rtnds its largest usc in processes that involve severe formic, acetic, 
sulfuric, nitric, hydrochloric and phosphoric acid applications. One such 
application uses 5 percent sulfuric acid at420°F (215°C} in a process d1at converts 
wood chips to ethanol. Another application involves a slurry of aluminum chloride 
in 36 percent hydrochloric acid at 590'F (310'C). For best corrosion resistance, 
welded construction should be heat treated at 1425'F (775°C} and cooled rapidly. 

Zirconium has greater resistance to caustics tl1an does tantalum . It can be used 
in batch processes that range from acidic to alkaline over tl1c course of the batch. 

Because of i~ expense, solid metal zirconium construction is used only if no 
other suitable mett\ls or alloys are suitable. Utilization of zirconiwn and its aUoys is 
generally confined to clad plate and to thin-wall applications such as heat exchanger 
tubing or sheet used for "slrip lining" or "wall papering." Refet to tl1e section entitled 
"l11ick Metallic Barrier Coatings." (p. I 00) for a discussion of these techniques. 

Tantalum (melting point: 5425"F (2996"C)) 
Tantalwn is the most expensive refractory metal widely used for corrosion resistance. 
It is used primarily in chemical process induslries. The corrosion resistance of 
tantalwn is often compared to glass, except d1at it can tolernte higher tempernrures. 
Although it is attacked by hydrofluoric acid and caustics as well as by oletun, sulfur 
trioxide and chlorosulfonic acid, it is resistant to most other cJ.1emicals. 

Tantalum is even more expensive than zitconium. Accordingly, its use is mainly 
in thin-section applications such as bayonet heaters, heating coils, plate heaters or 
sheet used for slrip lining or wall papering. Typical applications include heaters and 
condensers for org:mic acid recovery, anunonium chloride concentrators, hydro. 
chloric acid absorbers, brornu1c condensers and ferric chloride heaters. 

E. NON-METALLIC MATERIALS 

1. Plastics 

Introduction 

While metals and alloys remain the primary materials used for construction of 
chemical and hydrocarbon plants, plastics are used in a number of applications. 

1mpy: mils 1>er ) 'Car, wl•cre., mil i~ 0.00 1". 
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Use of reinforced thennoset plastic (RTP) for vessels is an example. Acceplallce of 
~lese malcrials, also known as fiber-reinforced pltlStic (FRP), was hindered for o 
long time by lock of an indu;try Slandard for the desigll and fabrication of 
cquipmenL This led to a number of vessel failures, which gave lhe material a 
reputalioo for unreliability. In recent years this problem has largely been overcome 
by the adoplion of ASME RTP-1, "Reinforced Thermoset Plastic Corrosioo 
Resiswu &luipmcnt" [9) for almOSpheric pressure equipment and Class II desigll 
rules in Seetioo X oflhe ASME Boiler and Pressure Vessel Code [I). 

Plaslic pipe. including thermoplastic, reinforced thermoset plastic and plastic 
lined stee~ has a number of advantlges over melal pipe. Very good oorrosion 
resistlnce can be achieved if lhe proper plastic is selected. lnslallation may be less 
expensive than for ordinary steel conslruction. Where double contlinmcnt is 
required for cnvironmcntol reasons, plastic pipe is almost always the choice. 

Plastics Used in the Chemical and Hydroe<~rbon Industries 

PI3Siics used in the indusuies of interest may be classified as lhermoplastics or 
thennoseu. Thcnnoploslics solidify by cooling and moy be remelled repealedly. 
In conlnlS~ U1cnnoseu solidify by cross-linking between reactive groups on 
adjacent polymer choins, !hereby fonning a ~lrcc·dimensional network. Once 
solidified, lhcy cannot be r•-siOred to their liquid form. Typical thermoplastics 
include polyethylene, polyvinyl chloride and polypropylene. Typical thennoseu 
include epoxy, phenolic and vinyl ester. 

'Inc primary reosons for using ploslics are I heir good chemical resiStlncc, light 
weigh! and low cost compared wilh high-perfonnonce alloy allematives. Their 
llammabilily is one factor ~lUI limits U1eir use. In addition, d1ey are relalively 
fmgile compared 10 metals and they have relatively low strength, especially al 
elevated ternpernrures. Some plastics are susceptible to damage by the ultraviolet 
light componenl of sunlight. TI1ei.r rclalively low thermal conductivity is an 
advantage in some applications, bul is a dislinct disadvantage for heal exchanger 
applications. 

Examples of plaslics applica1ions are given in Table 2-2. This compilation is 
neither an exhaustive lisl of the plastics available nor of !heir applications. 
However, it docs illustr.lle ~latthese matcriMs 3J'C widely used. A summary of the 
oorrosion resistance of these plastics is given in Table 2·3, and lhe maximum 
operating ternpernlure for many of lhese plastics is given in Table 2-4. A word of 
caution is in order. The oonosion resistlnce indicated in Table 2-3 may not 
contSpOnd with the maximum opera1ing temperature, which is based oo 
mechanical propenies. Before selec1ing a plastic for a specific application, lhc 
behavior of the matenals being consldercd should be evaluated for operating 
conditions. 
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Table 2-2 Examples of plastics applications 

Souree: Excerpted by special permission from Chemical Engineering, October, 1994. C> 
Copyrlghl1994, by McGraw Holl, New Yorl<. 

Thermoplastics 

Polyolefins 
Polyolefuu are arnoos ~1e most economical and widely used thennoplastics. This 
group includes malerials such as polyelhyleoe (PE) and polypropylene (PP). As a 
group, lhese materials have exccUent chemical resisbnoe. However, unless 
accommodated by design, polyolefms oscd above groond can be susceptible 10 
lhennal expansion problems. 

Polytthylene (PE). The largest group of polyolefuu is linear polyethylene. 
This group includes ultrnlow density (ULDPE). linear low density (LLDPE), low 
density (LOPE). high density (HOP£), high molecular weight, high density 
(HMW-IiDP£) and ultrohigh molecular weigh! (UHMWPE). 



Table 2-3 Corrosion resistance of common plastics 
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TRERMOSIITS 
Epoxy 2 2 I I I 2 
Polyester (lsopdl>li<) 3 2 3 I 3 2 
Polyester (Chlorendic) l l 3 l 2 I 
Pol~er (Bisphenol A 2 l I I 3 2 

Fumar:uc) 
'<inyl Ester 2 I 2 I 3 I 
Vmyl Ester (High Temp.) l l 2 I 2 I 
Fwan 2 l I I l I 

TifEI\MOPLASTICS 

LOPE 3 I I 2 3 I 
HDP£ 3 I I 2 3 I 
UHMWP£ 2 l I 2 3 I 
pp 3 I I 2 3 l 
PVC 2 I I 2 3 1 
CPVC 2 I I 2 3 I 
PVDC 2 I I 2 3 2 
PVDF I I 2 I I l 
PTFE I I I I I I 
F£P I I I I I I 
PFA I ' I I I I I 
ECTFE 2 I I 2 3 3 
ADS 3 3 3 3 3 3 
Polyamide 3 3 2 I I l 
PEEK 2 2 2 I 3 • 

1 = Resistant. 2 = Marginal; 3 = Not resistan~ • = No data 
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Table 2-4 Maximum operating temperatures·~ of common plastics, 
coatings and elastomers 

MAXIMUM 
OPERATING 

61 

TEMPERATURE, 
MATERIAL ., (• C) 

THERMOPLASTICS 

Polyolefins 

Polyethylene (PE) !80(80) 

High-Density PE (HOPE) 194 (90) 

Uhrohigh-Moleculat·Wcight PE (UHMWPE) 200 (93) 

Polypropylene (1'1') 250 (120) 

Cbloropolymers 

Polyvinyl Chloride (PVC) 150 (66) 

Chlorinated PVC (CPVC) 212 (100) 

Polyvinylidcne Chloride (PVDC) 250(120) 

Fluoropolymers 

Polyvinyl Fluoride (PVF) 230(110) 

. Polyvinylidene Fluoride (PVOF) 300 (ISO) 

Elhylene ChlorotriOuorethylene (ECTF!i) 330 (165) 

Polytetrafluoretbylene (Pll'E) 525 (275) 

Fluori.nnted Ethylene Fluoride (FEP) 400(205) 

Pertluomlkoxy (PFA) 500 (260) 

PolyehlortriJiuoro<hylene (PCfFE) 380 (190) 

Engineered Polym<rs 

Polyamide (Nylon) 250 (120) 

Polyaryl Eth~r Ether Ketone (PEEK) 450 (250) 

• 
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Table 24 (Continued) 

MATERIAL 

TII ERMOS£1' flNG PLASTICS 

Epoxies 

Polyesttrs 

lsopilialic 

Chlo=dic 

Bispl>eool A Fumar.ne 

Vinyl £sters 

Common (B>sphcnol A) 

High Temperature (Epoxy Novalae) 

REINFORCED TliERMOSETTING RESIN 
CONSTRUCTION 

Vinyl Ester 

Polyester 

Epoxy 

COATINGS AND LININGS 

Vmyl Ester 

Epoxy 

£LASTO~I£RS 

P<rlluoroelasWcner (FFKM') 

Silicone (VMQ') 

l'luoroclastomcr (I'PM1) 

Ethylene Propylene (EPM', EI'DM1
) 

Polyacrylate (ACM', ANM') 
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MAXIMUM 
OPERATING 

TEMPERATURE, 
•rc·q 

400 (250) 

180 (82) 

350(17S) 

250(120) 

250(120) 

350 (175) 

450(230) 

350(175) 

300 (150) 

355 (180) 

250(120) 

500(260) 

450 (230) 

400 (205) 

400(205) 

350 ( 175) 

8:J$1c Materials Engineering 63 

Tablo 24 (Continued) 

li1AXIMUM 
OPERATING 

• TEMPERATURE, 
MATERIAL •r(•C) 

ELASTOMERS (ron t.) 

Fluorosilicone (FVM0 1
) J50 (175) 

Neoprene (CR') 300 ( 150) 

Epichlorohydrin (CO'. EC01
} 275 ( 135) 

Nitrile Rubber (NBR') (high-te!l)pcraturetype} 250(120) 

Ollorosulfooated Polydhylenc (CM1
) 250 (120) 

Polysulfide (PTR') 225 (105) 

Nitrile Rubber (NBR') (low-t<mpera!Ufe type) 225 (lOS) 

Bul}'l Rubber (BR') 225 ( 105) 

11lu;:se tcmpc:ratun:s are typical of the ma.~imwn opcr.ujn& ltmpernturcs for these materi3ls in 
non-corrosh·c erwironments. The matimum temperature ror spcc1fic applications depends on 
!.he: alVirunment and may be much lower lllan indicated in Ole cnblc. 

2Sec n:fc:n:noe [14(. 0 Copylight AST'M. RepriJUod wiiJl penui~ion. 
1Swndanl designation per ASTM ()1418. 

1lte primary limitation of polyeO>ylcnc is its relatively low maximum 
allowablcte:mperarure. For example, while PEcan handle most chemicals at room 
temperature, its upper temperature limit is about 180"F (SO•C). HOPE may be 
alt!cked by aromatic, alipha~ic and chlorinated hydrocarbons. Stress corrosion 
aacking of HDPE may occw- in some detergents and cxganic solvents. 

UHMWPE bas a polymer chain 10 to 20 times longer than HDPE. The 
incr=sed chain length improves toughness, abrasion resistance and resistance to 
sb'eSS cracking. It has excellent chem ieal ~sistance as well with an upper 
temperntu"' limit of200•f (93°C). his used for chemical ~sistant geaiS and pump 
impellers. 

Cross-linked polyethylene can be produced by exposure of ordinary 
polyethylene to radiation. Cross-linking causes networks to fonn between the 
polymer chains, making a stronger, more impervious material. This greatly 
increases its resistance to hydrocatbons. It has excellent resistance to most 
chemicals at room temperature. Cross-linking is also used 10 produce heat 
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shrinkable material for appl~ons such as protecting cable c:onncctions and the 
&izth welds in piping or pipelines. 

Polypropylene (PP). In many ways PP is similar to PE, but it has greater 
rigidity nnd he31 ~istance. It has enhanced ~istancc to environmental sttess 
c:ratking. Nevtflheless, it has been reported to cn.ck in 93 patent sulfuric acid at 
room temperature. It has good resismnce to caustics, solvenu, acids and organic 
chemicals. It is not resismnt to oxidizing acids. delergents or chlorinated organic 
compounds. As with other thermoplastics, it can be blended with fillers, 
reinforcements and elastomers to enhance toughness and flexibil ity. 

Chloropolymors 

111e chloropolymcrs 1nost frequently used in ~1e hydrocoJ'bon and chemical process 
industries include polyvinyl chloride (PVC), chlorinated polyvinyl chloride 
(CI'VC) and polyvinylidenc chloride (PVDC). 

Polyvinyl Chloride (PVC). PVC is popul(lt in the fom1 of plostic pipe 
because of its easy-worting propenies. The material may be joined by either 
solvent bonding or hot-air welding. Because of it$ rebtively poor solvent 
resistance and thermal stability, its service is usually resoicted to handling water 
solutions, inorganic chemicals and specific organic compounds such as alcohols 
and straight-chain hydrocarbons. PVC has excellent resistance to inorganic acids 
and alkalis, and is one of the most resistant plastics for strong inorganic oxidizing 
agents such as chlorine water and dilute nitric acid. Its upper temperature limit is 
about I SO"F (66°C), 

PVC sheet is available for use in linings and solid fabrications. PVC-lined 
pipe is widespread, aiU1ough it is. unsuitable ns n stand-alone motcrial for m:.ny 
oU1er applications because of its relatively low strength, 

Chlorinated Polyvinyl Chloride (Crvq. CPVC's chemical resistance is 
similar to, but usually better than, ~1at of PVC. Its primary odvnntage over PVC is 
a higher use temperature, nearly 212°F (100°C). Its primary use is for bot w•ter 
piping and for inorganic aqueous solutions. Because of it$ high cJtlorine content, it 
has considerable n(ltOe resistance. 

Polyvinylidcne Chloride (PVDC). PVDC is commonly known as Saran.' 
Its most impormnt property is resistance to permeation by both gases and liquids. 
Its chemical resist1lnce is similar to that of PVC. A special fonnulation, having 
enhanced chemical resist1lnce, is used io lined pipe. 

Fluoropolymers 

As a sroup, these polyme<s have high chemical resistMce at relatively high 
tcmpernrures. Their prim(ltf drawback is cost, except where they replace more 

Rcgistcrtd lrndcmark of Atochem Inc. 

Basic Materials !Engineering 65 

costly melllls. One way to decrease overall cost is to use the fluoropolymers as 
linings in reinforced thennoset plastic equipment. This will be discussed in greater 
detail later in this section. 

Polyvinylidene Fluoride (PVDF). Common trade names for PVOF include 
Kynnr

1 
and Sygef.' Its working propenies, appearance and mechMical propenies 

m similar to those of PVC. However, it has superior heat stability (300°F 
(I S0°C)) and chemical resislrulce. While it has good chemical resistance, it can be 
attacked by organic acids, =ines, aromatic compounds, aldehydes, ketones and 
esters at elevated temperatures. Jt resists oxidizing agent$ well, including the 
halogens, and is used extensively in chlorine service. PVOF is used in lined pipe 
and valves, as tower packing and a number of other applications in the chemical 
pro<:ess and hydrocarbon industries. 

Polytttranuorcthyleoe (PTFE). P'TFE, also referred to os TFE, is best 
known by the trade name Teflon.' (Teflon is a family of fluoropolymers, one of 
which is P11'E.) It hilS almost universal chemical resistance. Only fluorine, a few 
exotic chlorinated solvents and molten alkali attack it. even at elevated 
temperatures. The continuous temperature limit is about S2S•F (27SOC), although 
cold flow can occur at lower temperatures. P11'E has good impact Strength and a 
low coeff.:ient of friction. However, its tensile strength, wear and abrasion 
resistance, and resistance to ereep and permeation arc not as good as that of some 
other thcnnoplastics. 

PTFE has a very high melt viscosity that prolubits conva1tional processing. 
Components are manufactured by compression 011d isostatic molding, ram and pas1e 
extrusion and dispersion coating techniques that include n suuering heat treatment at 
about 68(}-71S"F (360-380"C) to fuse U1c components Into an integral whole. 

PTFE is widely used in the chemical process and hydrocarbon industries in 
npplicntions such as envelope gaskets, hose, lined pipe nnd valves, and non­
lubricated valve seats. 

Fluorinated tlthylene Propylene (FEP). I'EP, also sold under the trade 
name of Teflon, has substantially the same chemical resistance as PTFE, but U1e 
mliJCimum temperature limit is lower, 400•F (2os•q. The prim(ltf advantage of 
FEP over P11'E is that it is melt processible. This permit$ the molding of complex 
geometries not easily obtained with PTf'E. Common applications include liners for 
valves, lined pipe and liners for process equipment 

Pcrfluoralkoxy (PFA). PFA, also sold under the trade n.'UI\c of Teflon, is 
very similar to FEP except that it has a higher continuous service temperature, 
SOOOF (2600C). It 1s melt processible. with essentially the same universal chemical 
resistance as P'TFE. 

1Rcgi"tercd Trndcmark of Atochem Inc. 
1Rcgi.~te:rtd lrn.dcmark of George fischer Signet. Jnc. 
JRcsi.sle:rtd T•·udcmark ofl!. t du l,om de Nemours & Comrnny. 
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Polye:blortriOuorelhylene (PCTFE). PCTFE has less chemical resislnncc 
1han PTFE, FEP and PFA. It is subject 10 swelling in some chlorinated solvents at 
elevated temperatUre and is ana<ked by lhe same cbernicals that a113ck PTFE. 
PCTFE has bener mechanical propenies lhan PTFE, and it has the lowest water 
Cransmission rate of aD the thermoplastics. Its continuous service temperature limit 
is about 380•F (190"C). 

Ethylene Chlortrlfluorethylene (ECTFE). ECTFE, also known as Halar.' is 
essemialty a co-polymer of ethylene and chlonrifluorethylene. It has a useful 
temperature range from cryogenic to about 330°F (I65°C). lts strength and wear 
resistance are substllntially better than that of PTFE, FEP and PFA. At ambient 
temperatures the material may be attacked by aromatics, chlorinated solvents, 
esters, ketones, aldehydes and amines. 

Engineered Polymers 

These Polymers ftnd limited use in the industries of interesL 
Aerylonitrile-Butadieo..Sty,.oe (ABS). ASS plastic has good resistance to 

paraffinic hydrocJrlxJns, is easily joined by tllnadin& or solvent bonding and is a 
cost-effective material for transfer lines. It is used in plumbing applications and in 
compressed air and instrumrnt air piping systems. It has limited cbemical 
resistance and is attacked by acids, alkalis and many of the common aromatic and 
aliphatic solvents. 

Polyamide (Nylon}. Polyamides have good dimensional stability and are used 
as gears in washing machines, sewing machines and other home appliances. Their 
toughness encourages their use in mechanical applications such as lubricatlon 
reservoirs and chemical-resistant fan blades and housings. Good heat stability is 
observed up to about 250°F (120°C). Nylon is resistAnt to most organic solvents and 
alkalis at runbient temperature. It has poor rc$i$1ance tO ncids Bnd oxidizing agents. 

Polyaryl Ether Et~er Ketone (PEEK). PEEK retains its high-temperature 
strenglh for extended times and has a maximum allowable working temperature of 
4SOOF (25o•q. PEEK is used in machine components in chemical applications 
such as compressor valves, safety valve sealS, oxyaen sensors, pump sleeves, filters 
and gaskets. It has exoeUem chemical resistance in a wide range of organic and 
inorganic compounds. However. it is auacked by strong oxidizing agents. It 
undc:rgoes surface crazing when stress<d and exposed to shon-dlain organic 
solvents such as acetone, ethyl acetate and chloroform. 

Thermosets 

Thennoset plastics are used as impregnrutts in graphite equipment and in reinforced 
lllminate and compositeconsrruction. '!bey are also used in some paint and coating 

RegiStem.l Tl"iUkmruic. of AusUnollt. 
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products. In section entitled "Laminate and Contpsite Strucrures" (p. 68), 
thermoset plastics are discussed 

Epoxies 
Glass fiber-i'tinfonced epoxy laminates are one of lhe most attractive plastics for 
use in lhe industries of interest. Sections of plastic are laminated with glass clolh or 
roving to produce articles with attractive mechanical properties. While. this 
construction is not inexpensive compared witlt steel, it feat\Jres relauvely easy 
joining and has a broad range of chemical resistance. 

Standard epoxy resins are tlte reaction product of bisphenol A and 
epichlorohydrin. They have good resistance to alkalis, hot and cold mineral acids 
(except nitric acid) to about 20 percent concentrntion and most organic solvents. 
Epoxy pipe can be joined by a number of melhods including bell and spigot joints 
wilh epoxy resin in the joint, resin-sarurated glass cloth-wrapped joints and use of 
proprietary fittin~ No matter what design is used, close attention to joint details is 
required for a reliable assembly. 

The upper chemical limit for standard epoxies is about 4000F (2040C). They 
have poor resislnncc to strong oxidizing agents, amine compounds and some 
chlorinated solvents. 

Epoxy Novolacs 
Epoxy novalacs are fonned by the reaction of a nova lac resin such as o-phenol, or 
o-phenol plus formaldehyde, with epichlorohydrin. The nova lacs have better heat 
and chemical resistance th"-'1 the standard epoxies when cured with appropriate 
hardeners. 

Polyester 
More storage tanks and duct work have been constructed from fiberglass­
reinforced polyester resio laminates than from any olhcr plastic material. This is 
lhc result of lhe favorable costlstn:nglh ratio and the generally good chemical 
resistance of these resins. 

Three types of polyester are commonly used in the hydrocarbon and cbem ical 
proc:ess indusoies: isoptbalic, chlorendic and bisphenol A fumarate grades. . 

Isopthalic. These resins have good tensile and Oexural strength but only faiT 
chemical resis=cc to acids and caustics up to l80°F (82"C). They are widely used 
for applications such as the external casings, fan plenums and inlet louvers in 
cooling towers. 

Chlorendic. This resin has low elongntion and is inlterently brittle, but it has 
good elevated temperature resistance to 350°F (175°C). It can be used in 
aggressive oxidizing environments to contain concentrated acids such as chromic 
acid (30 percent to 140°F (60°C}) and nitric acid (20 percent to 140•F (60°C)} and 
some solvents such as naphtha. It has poor resistru1ce to caustic. 
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Disphcnol A Fumar·ate. Bisphenol A fumarate resins have belter resistance 
tO acids than tlte isopthalic polyesters and better resistance to alkalis dtan vinyl 
esters. Temperature resistance is acceptable to 250•F (120°C). Typical 
applications include glas.• fiber- reinforced tanks and pipe. 

Vinyl Esrers 

The vinyl esters encompass a wide range of chemical compounds. The common 
vinyl esters are based on bisphenol A epoxy and have an upper temperature limit of 
about 250°F (120°C). The high-temperature resins, which have superior chemical 
resistance and an upper operating temperature of about 350°F (175°C}, are based 
on epoxy novalaes. These resins have excellent resistance to most acids but poor 
resistance to strong alkalis. They are resistant at ambient temperatures to all but a 
few aggressive solvents and oxidizers. 

Fur an 

Furan resins are formed by the partial condensation of furfural alcohol. One of the 
reaction produc·ts is water, which can have a negative effect on tlte final product 
unless special procedures are followed to remove the water. Examples are heat 
curing or a post-cure heat treatment carefully controlled to avoid formation of 
steam that could cause the product to disintegrate. 

Furan rutd phenolic resins are used to impregnate graphite to make it 
impervious. Since the furan resins are brittle and continue to grow more so with 
time, d>cy should always be reinforced with glass or other suitable material. They 
are widely used in fiberglass-reinforced plastic equipment. They have broad 
chemical resistance. Limitations include poor resistance to oxidizing chemicals 
such as chromic and nitric acids, perox.ides and hypochlorites. 

Laminate and Composite Structures 

With tbe exception of such speeiali:zed applications as impregnants for graphite 
equipment and coatings, thermoset plastics are almost always made into laminates 
or composites. The addition of reinforcing fibers, most often made of glass, adds 
strength and rigidity and permits dte fabrication of equipment of considerable 
utility in the industries of interest.· For cylindrical equipment such as vessels, tanks, 
columns and scrubbers, there are two basic fabrication methods: hand lay-up and 
fi lament winding. l'ipe can be fabricated by either of these methods as well as by 
centrifugal casting. Plastics can also be made into useful shapes by injection 
molding, extrusion, pultntsion, compression molding and machining shapes fi'om 
stock material. 

Hand lay-up is generally used where maximum corrosion resistance is 
required. In most cac;es, a resin·rich "corrosion barrier" is created on the inner 
surf.1ce while the stntctural wall is created from layers of resin-impregnated glass 
mat and woven roving. A variation is to apply layers of chopped glass fibers and 
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resin. Filament winding is used when the greatest strength for a given wall 
thickness is required. 

ASME standard ASME RTP-1 , "Reinforced Thennoset Plastic Corrosion 
Resistant Equipmen~' [9], describes in considerable detail the materials to be used 
for corrosion resistant equipment, design methods, fabrication procedures, 
inspection requirements and tests and shop qualification. This provided a much­
needed industry standard for Atmospheric pressure equipment. About the same 
time, ASME revised Section X (entitled "Fiber-Reinforced Plastic Pressure 
Vessels") of the Boiler rutd Pressure Vessel Code [1], to provide design and 
construction rules f<fr plastic pressure vessels. 1lte combined use of these two 
standards provides a sound basis for design and fabrication of reinforced them10set 
plastic equipment. 

Plastic Pipe 

Plastic pipe is not as rigid as metal pipe and a properly designed support system is 
required for reliable service. Failure to properly support plastic pipe has been a 
major cause of problems in plastic piping systems. l.n addition, plastic pipe has 
greater thermal expansion than does metal pipe. Failure to take tl>ese two factors 
into consideration during design has resulted in almost immediate failures. S\1ch 
results have given plastic pipe an undeserved reputation for unreliability in some 
plants. 

Plastic pipe is tL'iually easy to join. Joining is frequently done wilh solvent 
welding. However, case of fabrication has sometimes resulted in too little attention 
being given to joint quality. Since the finished joints are difficult to inspect, care 
must be taken to ensure that the joints are properly made. Personnel installing 
plastic pipe should be tl>oroughly trained in prope.r joining techniques and the 
consequences of poor workmanship. All too often, the installation crews are 
inexperienced and must undergo "learning curve'' training before they can perfonn 
effectively. This, too, has contributed to some wtdeserved criticism of plastic 
piping. 

Reinforced thermoset plastic (RTP) pipe can be built to withstand high 
pressures. For example, one pipeline has been used to transport crude oil at 2,500 
psig (17,240 Mpa) for more d>an a decade. A major advantage of tltis application 
is that the material needs no external corrosion protection. 

Plastic-lined steel pipe offers the advantages of high mechanical strength from 
the steel pressure retaining component and optimal corrosion resistance for tlte 
application fi'om dte thermoplastic liner. Titus, relatively soil liners such as 
polypropylene and PTFE can be selected for their chemical resistance. This 
penn its designing a system that can withstand most chemical processes as long as 
the line~s temperature limits are not exceeded. A limitation to the use of lined steel 
pipe has been d>e need for frequent flanges, which are potential points for leaks. 
Recent developments include a process for fabricating complex customized piping 
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systern.s as n single unit. Such pipe St'ctions may contain several elbows and 
strnight runs between nnngts 

Dual Lt1minatc Construe/ion 
Dual laminate construction is a wluable system for chemical-resistant equipment 
This construction consists of a thermopl351ic lining in a fiber-reinforced thmnosct 
structuml body. II is used for pipe, tanks, ducts. reactors, scrubbers and the like. 
The thennoplasuc material can be selected for its chemical resistance while the 
tbennosd resin can be selected for its mechanical properties. 

Almost any thennopi3Siic can be used for lining. The materials most 
commonly used an: PVC, CPVC, PP, PVOF and FEP. The seleclcd material 
should have good resistance to chemical anack, including dissolution and 
solvation. It should also resist penneation. Penneation can result in disbanding 
between the thennoplastic and the fiber-reinforced thennoset body if there are air 
bubbles at the interface. The penneating molecule can condense at these bubbles 
nnd gcncr•te high pressures if the unit is heated. The penn eating species may also 
degrade tlte thennosct resin or the bond between the resin and the reinforcing 
fibers. The fact that the penneating species usually can continue on tluough the 
thennosc:t resin without serious dumnge is a major advantage of dual laminate 
construction over plastic-liJ•ed steel constmction. In the latter case, the penneating 
speck'S is blocked at the steel plllStic interf.-.ce and creates disbanding. 

llte bond strength between a thcnnoplastic lining and Ute structural body must 
be strong enough to maintain structural integrity during temperature cycles and 
mechanical abuse. 11H:rmoplnstic.'i have higher coefficients of tl1ennal expansion 
Umn fiber-reinforced thcnnosets. If there is thennal cycling, this mismatch can 
produce failure of the bond at the interface between the U1ennoplastic and the 
tltennosct. It also produces a tensile stress in the themtoplllStic during cooling. 
Such strc'!;Ses can result in lining f.1ilure, especially if the thennoplastic is sensitive 
to environmental srress crocking in the process fluid. If the thermoplastic liner 
material is bonded to the thennoset resin by the use of solvents or a special bonding 
resin, no intennediatc backing is needed. PVC and CPVC fall into this category. If 
the liner is of the polyolefin or fluorocarbon f.1milies, an intennediate backing is 
needed to provide a bond. This backing is usually a double knit or non-woven 
fabric that pennits fonning the lining into the desired shape. lhe backil1g should 
be tn:ated to provide good wetability by the thennoset resin to minimil£ air 
bubbles at the interface. 

The dual laminate is constructed by first fabricating the thennaplastic lining by 
thmnofonning and welding. It is common prnctice to apply a conductive strip of 
carbon-filled resin behind the thmnopl3Stic welds to penn it spark testing for weld 
integrity. Weldin& can be ac:cornplished either by using a hot air gun and 6Utt rod 
or by butt weldtng. 
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The fnbricnted lining becomes the fonn for the fiber reinforced thennoset 
body. nu: Iauer is then fobricau .. -d in much the s.1.rne manner as with nn unlined 
unit except there is no need for the resin-rich "corrosion barrier." 

2. Elas tomers 

Elastomers arc defined as any pOlymeric material which at room temperarure can 
be stre!Ched to at least twice its original length and upon release of the suess will 
immediately I'CIUitl tO approximately its original length. Thus, elastomers include 
rubber as well as many synthetic palymers which have been developed for special 
properties. Also of interest. although not an elastomer as desaibed above, is "bard 
rubbet," « eboo.ite. 

Elastomers an: used primarily in three applications in hydrocarbon and 
chemical process plants: 

Hoses 
Seals, including 0-rings and gaskets 
Linings for vessels, tanks, pands, bins, etc. 

This discussion focuses on the propenies of elastomers and on their 
application as linings. 

Elastomer Chemistry 

Most clru.1omcrs are "compounded" to achieve specific properties. The most 
impar1unt additive is sulfur, which promotes vulcani>.ation (i.e., cross-linking) of 
the lbtear polymeric chains. Peroxides alone, or mixed with suifur, are used as 
vulcanizing agents for some elastomers. Vulcaniwtion increases hardness, 
decrellScs elongation and usually increases corrosion resistance. 

Naturdltubbercan be vulcanized to thn:e t.vels: 

1. "Soil" rubber, which has O.S to 4.0 wt percent sulfur and achieves a 
hardness of 30 to 70 Shore ()urometer A. (The various hardness scales for 
elastomers are discussed in the next section.) 

2. "Semi-hard" rubber, which has 5 to 25 WI. percent sulfur and reaches a 
hardness level of 50 to 90 Shore Durometer A. 

3. "Uard" rubber, ofien known as ebonite, which contain 25 to 45 percent 
sulfur and has hardnesses exceeding 90 Shore Durometer A. 

Additives are incorporated for a number of purposes. 

Corbon blat:k is added to rubbers to increase saength; however, elongation 
is reduced by this addition. Carbon blacl< is the most common 
strengthening additive, although fmely divided silica, china clay, or 
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titanium dioxide are also used Normal amounts of carbon blad< are in the 
range of 20 to 40 percent by weight 
Mineral od is added to decrease viscosity and make fonning and shaping 
easier before vulcanization. 
AcceluoJon may be added to promote wlcani23tion. Retuders may be 
added to retard the onset of wlcani23tion until the rubber is formed or 
shaped. Rel<lr<!en may be necessary if warm forming is used. 
Oxygen, especially ozone, promotes progressive vulcanization, resulting in 

: a loss of resiliency. 
• Anti-oxidants such as nmines are often used to resist aging and weathering. 
• Wax is added to some formulations. 11te wax migrates to the surface 

and fonns a thin coating Utat ctl"cctively prevents oxygen from 
degrading Ute rubber. Of course, if Ute mbbcr is to be repaired, patched 
or lapped in the process of making a lining, the wax must fU"SI be 
completely removed from t11e area where bonding is to be accomplished. 

Elastomer Hardness 

Hardness indicates tbe degree of vulcanizarion or cure. There are many 
applications which require a specifiC hardness level such as gaskets or ().rings, 
wh<n sealability depends, in part. on elastomer hardness. 

Hardness is measured according to ASTM 02240, "Test Method for 
Ourometer Hardness," and ASTM 01415, "'fest Method for International 
llardness." The Ouromcter instrument measures the indcntntion depth when the 
instrument is pressed onto a flat surface of dte elastomer. One instrument is used 
for sol\ materials (Sbore Durometer A scale) and anoUter for harder materials 
(Shore Durometer D scale). Figure 2- 11 shows the relationship between the 
Durometer scales and the Rockwell R scale used for plastic materials. 

Elastomer Properties 

Table 2-5 shows some of the propenies of a few of the more commonly used 
elasromcrs. 

Natlll"t11 Rubber {NR) 

These materials (iriChxling their synthetic "isoprene" equivale31ts) are Slill the mast 
common elastomers in gcoernl ~- They are the ftrSt choice for abrasioo-resis:ant 
linin~ and for hoses for acid service. Soft narurnl rubber linin are used in 
hydrochloric acid service. Semi-bard rubbets are suitnble for water services in which 
metll ion contlmination is import...,~ Naturnl nobbers are not affected by alkalies and 
non-oxidizing acids; however, U1ey can be very vulncrnblc to many organic solv•nts. 
Oxidizing environments such as nitric acid, concentmted sulfuric acid, pennanga­
natcs, and evCfl nemted solutions over ex1ended periods cnuse embriulernent. 
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Figure 2-11 Approximate comparison of hardness scales for elastomers and 
plaslics. 

Very hard rubber (called ebonite) is considerably more corrosion resistant to 
organi<: solvents as weU as to oxidizing environments. Ebonitc will swell and crack 
when in contact with the more effective rubber solvents such as benzene, 
chlorobenw>e and C3lbon disulfide. Also, ebonite is much less resilient and is 
subject to mechanical damage froin impacts, dents in metal backing, etc., which 
can occur during shipping and handling. Because of its brialeness, ebonite should 
not be used in applications involving dtermal cycling and/or d1ennal stresses. 

Nitrile Rubber (NBR) 
Nitrile rubber, also known as Buna N, is a copolymer of butadiene and 
acrylonitrile. Nonnal levels of acrylonitrile are 20 to 40 percent. As the 
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Table 2-Sa Medlanical properties of commonly used elaslomefs 

tbrdnes.s Temp. 
Ouromdtr Abrasioa R.ooge • Oxidatioa 

Cb.u Code' A Rtsi.JUnce • p Resisttntt 

Natural NR 
Rubl>cr 

Soli 3G-SO E -22 1o212 p 

Sc:m1·ha.rd SG-90 0 40 IO ISO 0 

lllltd >90 p so 10 160 0 

BunnN NllR 4()-95 G -410 221 0 

Chloropotne CR 4G-95 G -4 to 158 0 

Chlorobutyl SG-60 E -60 lo260 G 

llypalon1 CSM 45- 95 " 14 10 230 £ 

Fluoroelltbon FPM •IG-75 p 1410 230 E 

Kalrcz 80-90 r -2210212 E 

Silicone VMQ )()-90 p -1781o 450 E 
or 

SIL 

Edlylenc EDJ>M JG-90 G -401o312 E 
Propylene 

···-"ilhASl"l-1 01.11. 
'Rq;soacd Trodcm>rt of E. I du 1'onl de Nemours & Coolpany. 
VP • Vesy Poor. P • Poor. 0 • Good: F • f..u:cllmt. 

• 
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Table 2-Sb Chemical reSIStance of commonly used elastomers 

Aliphtti< Aromatic: 

Clus Adds Alita lis Solvents Soh•tats 

Notunl 
Rubber 

Soft G G p p 

SemHwd 0 G G p 

Hlltd G G G p 

8W13N 0 G F p 

ChiO<Oprtne P. E G p 

Chlorobutyl 0 0 p p 

~lypalon1 E E r p 

Fluoroelltbon E 0 E E 

Kalrn Jl E E E 

Silicone 0 0 p p 

Ethylene- 0 0 VP p 

Propylene 

1Rqi<tcmt Tnodc:mlllt of E. I. duPont de""'""""' & Company. 
VP • Yay Poor. P • Poor: 0 Good; E Exoellc:m 

Cb10rin3led 
Solvents 

p 

p 

p 

p 

p 

p 

p 

E 

E 

p 

VP 
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wylonilri~ content incrtaSCS, the resistance to pe1roleum produru and fuels 
incteascs, but low-temperatttte flexibility decreases. 

Nitrile rubber is signifiCalltly better than natural rubber for use wilb fuels and 
oils. It is at1lld<ed by Slrong oxidizing agenJs and by ketones, ethm and esters. It 
is used in linings, hoses, diapluagms and seals, especially those for lubricating oils. 

Chloroprene Rubber (CR) 

Chloroprene rubber, also known as Neoprene, is often used instead of Buna N, 
since it is stronger (3 to 4 ksi (20 to 27 MPa) for CR versus 0.5 to 0.9 ksi (3.4 to 6 
MPa) for DuM N.) It is more resilient and resists heat, oxidation and ozone bener 
thnn Dunn N. It is four to ten times as impenneablc to gases as namrnl ntbber. It is 
not compatible with Strong oxidizing agents such as nitric acid peroxides and 
potassium dichromate. ' 

Chloroprenc rubber is used extensively for linings, hoses and seals in oil 
serv•= It has become the standard elastomer for h)draulic services because of its 
durabilil)'. · 

Butyl (TIR) Rubbu 

BUI)'I rubbers are noted for their extremely low penneability to pses such as 
oxygen and nitrogen. They fmd use in acid, alkali and animal and vegetable oil 
services, but should not be used with lliOSI solvents. Both butyl and chlorobutyl 
rubbers tend to soften at temperatures above J40"F (60"C), w!tile natural rubbers 
tend to harden. This characteristic makes butyl and chlorobul)'l rubbers much 
better for abrasive services at high temperatures. 

Chlorobutyl Rubber 

Chlorobutyl rubber is cltlorinated butyl rubber, which is n copolymer of isoprene 
(synthetic "natural" rubber) and isobutylene. This rubber is essentially impervious 
to gases. 

Chlorobutyl rubber has found service as a container material for very strOng 
hydrofluoric ocid and superphospboric acid. It is better than natural soft rubber for 
containing hydrochloric acid at temperatures up to 2000F (93"C). which is above 
the 1700F (77"C) maximum use temperature of natural rubber in Ibis service. 

A limitation to the use of butyl and chlorobui)'J rubber rubbers is lbeir very 
poor_ adhesion_ to steel In many cases, using chlorobul)'l wilb a natural rubber 
backmg ply IS an acceptable approach to adhering these materials to steel 
I ~owever, Ibis combination has caused fililures. In one case, a chlorobutyl liner 
dtsbonded from a filter foed tank, without any visible damage to the liner. The 
nMu'?l rubber ply used f~r adhering the chlorobutyl lining to the steel showed 
swelling nod lack ofadhestou. Apparently, an organic constituent diffused through 
the chlorobul)'l liner to tlte natural rubber bonding lnycr, where it eventually 
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anacked and disbonded this layer. Subsequent laboratory testing confumed that 
natural rubber was 1101 resislant to the contents of lbe tank. 

Cltlorosulfolloted Polyer/ryttnl! (CSM) 

ChlonmJifonated polyethylene, also known as llypalon,' can be compounded and 
vulcanized. The properties can be slightly varied by the degree of chlorination, 
which is nonnally in the range of 25 to 30 percent chlorine. Hypalon ftnds use in 
acids and alkalis. It is useful in oxidizing environments, both for chemicals such as 
concentrated sulfuric acid as well as oxygen or ownc atmospheres. It is also used 
with concentrated hydrochloric acid. 

Signifocnlll advantages are its excellent resistance to ultraviolet r•diation and 
aunospheric oxidation. Since it is also highly resistant to prolonged immersion in 
water, h serves well in outdoor applications where weathering resistance is 
necessary. 

Hypalon has poor resistlmce to organic solvents and should not be used where 
there is a possibility that organic materials may contaminate the system. 

Fluorocorbon Rub~r (FPM) 
Fluorocaroon rubbers wm: lint introduced in lbe mid 1950s. Vitoo A 1 is typical of 
this class of elastomeJS. It is a copolymer of vinylidene fluoride and hexaOuoro-
propylene. . 

These fluorocarbon elastomers bave superb resiSIMce to aliphatic hydro­
carbons, fuels and oils and to dilute acids and alkalis. They have poor resistance to 
alcohols. aldehydes, ketones, esters, ethers, oxygenated solvents, acrylonitrile and 
freons. Titey have low penneability to air and extremely low water absorption. 
Abrasion resistance is poor and applications involving abrading solids should be 
avoided. HiglHemperature resistance is excellent. 

Perfluoroelrutomer 
PerfluoroelllStorners, also known as Kalrez' and Chemrt12.,1 nre probably the most 
chemically resistant of alllbe elastomers. The chemistries of lhese elastomers are 
based on tetraOuoroethylene, lbe monomer in TFE Tenon,' and contain two or 
mo.e copolymm. Kalrtt is described as a copolymer of tetntOuoroelbylene and 
perfluoromethyl vinyl ether, with small amounts of a perfluorinated eomonomer, 
w!tich provides sites in lbe pol)mer for chemical cross-linking. To be useful, these 
elastomers must conlain fillers and be aoss-linked. 

There are a number of cornpoWlds for special applications. For example, 
Kalroz I 050 has a high ratio of TeOon to vinyl ether and has better chemical 
resistance thnn some of the other Knlrez products. The chemical resistance of 

1Rc:gi~lered 1"rldemart arE. 1. d-u Pont de Nemours &. COmpt'ln)'. 
'Rcsbc¢roc.l "li'mlcm<lrk or Green. 1' weed &:: Comp;~ny. 

' 

• • 
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Table 2-6 Standards for elastomers and n;bber-lined equipment 

ASTMD-1418 Classification of Elastomers 

ASTMD-2000 Autornoti .. ·e Use Classification of Elastomers 

AS1M 0-471 Rubber Immersion Testing 

ASTMD-429 Adhesion Testing 

ASTM D-418 Adhesion T~ting 

ASTMD-3486 Installation of Rubber Linings 

CP 3003 British CodcofPracticcCP3003, Pan I, 1%7 

Rubber Manufacturers Association Protective Linings Tedtnical Bulletin 

Kalrez is similar to that of Teflon, except that fully halogenated freons and uranium 
hexafluoride cause considerable swelling. Above IOO'F (38'C), Kalrez may not 
have long service life in high concentrations of some diamines. nitric acid and basic 
phenol. 

These elastomers are very expensive. However, in many applications the cost 
is justified by reduced downtime, reduced repair costs and increased safety. 

Silicone Rubber (VMQ) 

Silicone rubber is an organo-silicone oxide polymer, specifically, dimethyl siloxane 
polymer. The linear chains may be "vulcanized" by using benzoyl peroxide to 
promote cross-linking. 

Silicone rubber is used for high-temperature applications. Its perfo11nance up 
to 450'F (232' C) is exceptional; it retains strength, flexibility and resiliency at 
these temperatures. It can withstand intermittent service to 600'F (316'C). 

Silicone mbbers are not resistant to aromatic solvents nor to steam at high 
temperatures. They have excellent ozone and weathering resistance. Titey are 
used printatily as high-temperature seals, gaskets, ducts, etc. 

Ethylene-Propylene (EPDM) 

There are two edtyleoe-propylene elastomers: EPDM and EPR. EPDM is a sulfur· 
curing terpolymer, while EPR is a saturated copolymer. 

EPDM is a much bener material than polyethylene, natural rubber, or 
polypropylene for general-purpose outdoor service. It resists weather and sunlight, 
oxidation and ozone. It is resistant to acids, bases, water and alcohol but is attacked 
by solvents such as hydrocarbons and chlorinated hydrocarbons. EPDM elastomer 
does not show the stress cracks that plague polyetltylcne. 
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EPDM is used for loose linings outdoors, for instance as a liner for waste 
treatment lagoons. 

Standards for Elastomers and Rubber-Lined Equipment 

Table 2-6 lists some of the standards associated with elastomers and rubber-lined 
equipment The firSt two standards deal with the classification of elastomers, the 
next three with testing and the last three with rubber lining. 

3. Carbon and Graphite 

Commercial carbon and graphite are produced from carbon particles bonded with 
materials that carbonize during Sllbsequent processing. Carbon is· usually produced 
below 2250'F ( 1230'C). Graphite is a crystalline fonn of carbon produced by 
processing at temperatures in excess of3600'F (1980'C). 

Carbon 

Carbon is usually used for its chemical inertness. It is primarily used in the fo~m· of 
brick and for packing rings. Carbon bas a broad temperarure capability and may be 
used to 660'F (350'C) in an oxidizing environment or SOOO'F (2760'C) in inert or 
reducing environments. 

Carbon has very good chemical resistance, even greater tltan that of graphite. 
Concentrated Slllfuric acid. bromine and Ouorine can be handled in carbon, but not 
in graphite. 

Carbon brick is poroos and must be used with a membratte such as asphalt, 
rubber or plastic. bt a typical tower or tank application, carbon brick serves three 
functions: 

I. It thermally insulates the membrane and vessel wall from the temperature 
of the flu id. 

2. It holds the membrane in place. 
3. It protects the membrane !rom mechanical damage such as abrasion and 

impact. 

Carbon is also used in mechanical seals. To obtain greater wear life, the 
contact surface of carbon components can be converted to silicon carbide by high­
temperature exposure to silicon monoxide. Alternatively, they may be impreg­
nated with a phenolic resin or metals such as antimony or Babbin. (Babbitt is the 
natne of a family oftio-based bearing alloys.) 

Impervious Graphite 

Nonnal fme-grain graphite is porous. To make it impervious, it is usually 
impregnated with organic resins such as phenolic or furan prior to the final heat 
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tn:alment A phenolic resin is used for resisiMce to most acids, salt solutions and 
orgMit compounds. A furan resin is used for materials to be used in alkaline and 
oxidizing serviees. 

Impervious graphite has high heal tnnsfer capability and is chemicaUy stable 
in many environments. It can be used at ternperaiUI'eS up 10 338'F (170'C). 
Above this temperature spalling can occur, due to a thermal expansion mismatch 
betwcer> the gJUphite and the resin. Other impregnating resins such as PTFE are 
available for higher-temperature applications. Also, the surface con be !lUted 10 

form silicon Qlbide in order 10 seal porosity and in<:rease the resistance to erosive 
wear. 

Chemical Resislance 

Table 2-7 shows the chemical resistance of gn>phitc for a number of common 
corrosives. 

Heat Exchangers 

A major application for impervious graphite is in heat exchangers. Shell and tube 
and block designs have been used for a number of years. Both forms benefit ti'om 
the. high heat tnnsfer rate characteristic of this material. More re<:ently, a 
fluorocarbon-impregnated plate and frame heat exchanger hos become available. 

In shell and tube heat cxchMgers. the corrosive process fluid is normally 
contained in the tubes. In some cases, the shell can also he f.1bricated from 
graphite, but a steel shell is the more typical construction. Pressure is limited to 
about I 00 psig for small units and 50 psig for lnrgc units. 

Block heat exchnngers are mndc from a block of graphite with a series of holes 
drilled perpendicular 10 each other. One fluid flows through one set of holes and 
the other fluid through the other set of holes. Block exchangers can be operated at 
higher pressures than shell nnd tube exehnngers, since they nrc more robust. 

Plate and frnmc heat exchangers made with graphite arc similar in design to 
metallic plate and frame heat exchangers. The individual plates arc mounted on a 
rack and arc mttnifolded 10 penn it the hot and cold fluids to flow on opposite sides 
of each plate. 

Mechanical shock is the prima.ry cause of failure for all types of graphite heat 
e.•chan&•rs. Care during transporting and installing rhe heat exchangers is an 
obvious requirement. This is especially critical with shell and rube designs. The 
primary SOWCC$ of in-service failures are from: 

Mechanical shock during startup. lflhe hoi side comes up to ternperalure 
faster than the cool side, fluids h3ving a high vapor pressure may flash, 
causing breakage. 
Vibr.ltioo caused by excessive velocity flow across the tubes. This can 
rewh in breakeae. 
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Table 2-7 Chemical resistance of impervious graphite in cofT11Tl0fl 
chemicals'· 2 
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Mnimum Recommended 
Corrosive Conetntntions Ten1ptrature Jmpregnant 

Aminc:s AU Boiling point Phenolic 

Ammoruum hydroxrck All Oollma point Phenolic 

Cak:rum hywoxtde All lloihng po;nt fur3n 

Hydroo...,.;c ocld 1048'>4 Boihng point Phenolic 

4~ IWF(S5"C) Phenolic 

()ver60% N04 recommended 

Hydn>&m sulfodeowatcr All Boiling Phenolic 

Nitric acid 1()-20% 140"F ( 60"C) Phenolic 

Ovcr20% Not recommended 

Org.'Ln ic acids All Boiling IXlint Phenolic or 
Furan 

r'hosphoric acid 0 85% Ooiling pOint Phenolic 

S0<Jiu1n hydroxide 6-67% Uoilingpoinl F'uran 

67-80"/t 2WF < 1 3s•q Fumn 

Sulfuric iltid ()-70% Boihng point Phenolic 

7()-SS% 3<tO"F ( 170"C) Phenolic 

ss-~~ 300"F ( 150"C) Phenolic 

9()-93% 160"f (70"C) Phenolic 

93-96% 7S•F (25-c) Phenolic 

Over96% N04recommended 

'For a fllln ~JUlina or dtemical compo<obiluy.""' It<[ [13) 0< li1mnue from !he 
111111Ufltllnn ofilnprepalcd lflllbite equopmml 
'o Cop)'richt by NACE lnl<mllional All ri&)ols r<tet\<d by NACE; rqorilll<d "ilh pennissioa. 

., 
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i , 
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Erosion of the graphite caused by high-velocity now. With clean fluids, the 
maximum velocity should be 8 fVsec (2.5 mfs). WiUt ditty fluids, Ute 
velocity should be limited to 5 fVsec(1.5 mfs). 

Impervious graphite is also used in: 

Pumps. All of the wetted partS may be made of impervious graphite. To 
provide greater abrasion resistance, the surfaces of pump pans may be 
convened to silicon carbide. 
Vessels such as absorbers, evaporators, reactors and distillation columns. 
lmpcrviou.• graphite can be used for pressure containment, for vessel 
internals, or in anachments suclt as rupture disks. 
Piping . 

Flexible Graphite 

Flexible graphite is available as both a fo il and a fiber. Considerable use is made of 
graphite fibers as a reinforcement for composites in a number of special 
applications ranging from golf clubs to high·pcrfonnance aircraft. However, only 
limited use has been made of these fibers in the process industries. One example is 
Ute use of graphite reinforcement for polyester and vinyl ester composite vessels. 
Another is the common use of graphite fibers that have been impregnated wiU1 
PTFE (polytetrafluoroethylene) colloidal graphite. Tit is material is used as packing 
in valves and seals. 

Graphite foil is used extensively as a gasket material (e.g., Gr;>foil1
). For this 

application, tlte graphite is generally pure carbon without any binders or fillers. It 
can be used up to its oxidation temperature which is about 825°F (400•C) in air. 
Graphite foil has the same good chemical resistance as impregnated graphite. 

Care must be taken in using graphite gaskets and packing, sutce the material is 
an electrical conductor and is cathodic to most metals. Under some circumstances, 
a galvanic cell can be established that can result in corrosion .of the metal adjacent 
to the graphite. 

4. Glass 

Glass has a long history of providing barrier protection in very hostile chemical 
environments, often involving strong inorganic acids (hydrofluoric acid behtg the 
major exception). It is also used for processes that must be protected from 
corrosion-induced contamination. Being a dielectric material: glass docs minimize 
the anode/cathode area effect at a holiday. In addition, glass iinings are sometimes 

1Rcgistcnxl Trademark of Union Carbide Corp. 
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selected for their smoothness and non-stick surface, which promote drainability. 
However, glass is usually a less desirable selection because it: 

Is susceptible to mechanical damage. 
Is difficult and expensive to repair. 
Must be holiday fr:e. 

5. Cement 

Cement (usually Portland cement) is the key ingredient in the slurry used to make 
concrete, the composite material Utat find.> widespread use as a structural material. 
Conventional concrete is a mixture of cement, sand and, usually, an additional 
aggregate such as crushed stone. 

The temt 11cement" is often used instead ofUle more proper tenn "concrete," to 
describe cement-based linings in tanks, vessels and pipe. Such "cements," used for 
lining, arc mixtures of Portland cement, sand and, for some applications, 
poz:zolanic material. Tite mixture is formulated so that it has an excess of free lime 
after it has cured. While Portland cement is the normal base material, special 
cements resistant to low pH, acid gases, sulfates, erosion, etc., are available. 

As a lining, cement acts as a barrier in the sense that it impedes fluid flow 
towards the substrate surface. In aqueous environments it also provides protection 
by modifying the environment of the substrate surface. As free water migrates to 
the substrate surface via cracks and other voids, it becomes saturated with 
hydroxide, raising the local pH to II or more. At Otis saturation level pH, carbon 
steel is passivated and will not corrode. 

Cement linutgs applied uttemally to vessels and tanks are ustmlly sprayed on 
C'gunited"). Internal cement linings for pipe may be either mill-applied 
(centrifugally cast) or may be applied in siw. The choice is usually based on 
commercial considerations, but mill-applied cement linings are by fur the most 
common. (In situ linings are generally adopted for existing pipelines in need of 
repair.) 

Fluid velocities in cement lined pipe are usually limited to 5-10 fVsec (1.5-3 
nlls) because of erosion concerns at changes in direction such as elbows. The 
upper limit of I 0 fVsec (3 nlls) is usually satisfactory for saline waters such as 
seawater. The lower limit is favored for fluids involving suspended abrasive solids. 

There are a variety of girth weld jointing systems used for mill-applied 
cement-lined pipe. Each >'YStem provides for continuous lining across tlte pipe 
joint. Most users prefer the bell-and-spigot join~ which utilizes external girth fillet 
welds. The internal joint is sealed with a special slurry that expands upon curing. 
This system provides reliable protection across the joint area and permits a 
relatively strong weld. Other alternatives inclu~e: 
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Gaskels with butt welds. The &a£ket is insened just before the butt weld is 
made. Slippage, misaliSI'ment and gasket loss are relatively common 
problems. 
Cement with butr welds. A sluny-type compound that expands upon curing 
is smeared on the blltt surface of the cement adjacent to the weld 
preparation just before welding. 

N01e that the above two methods usually produce bull welds with 
serious defects due to porosity and lack of penelr.ltion. II is probably 
impOSSible tO oblain full pencuation welds to the quality standards of mOSI 
c:ross-country pipeline or pbnt piping codes. 
GaslrLts with jlangM t:Onn«tions. 
Hand repair. A worker can enter latge-diameter pipe and hand-repair the 
weld joint are>, using a sluny that expands upon curing. This type of 
S)"tem usually produces a successful joint 

Fittmg, and branch c:onnec:tions for c:ementline<l pipe are usually weak points. 
If the diameter is large enough. the fitting and joint can be hand lined, but the 
quality is inferior to the centrifugally cast pipe lining. The same is true for miter 
joints made from cement-lined pipe; these are often used instead of elbows that 
cannot be otherwise lined or are unavailable. The most difficult connections arc 
laternl brnnch connections such as vents and drains, where the cement lining has 
broken out of the pipe run. Suitable repairs are virtually impossible unless the site 
is essentially smgnnnt while in operntion. 

6. Refracto ries 

Refractories are nvuilablc in severn) fonns including fiber blankets, bricks a.nd 
blocks, and castnbles. Tite last group, which includes both castable ceramics and 
plastic refractories, is usually employed to make monolithic linings. In some 
applications, refrnctories arc used to provide corrosion protection to tl1c substrate 
pressure-retaining material, for example, the use of refractory liners in sulfuric acid 
plants. However, the major function of tl1e refractory is to keep tl1e pressure­
containing material cool enough to avoid higiHempernturc degradation problems. 

L<xal gross failure of a re&actory can cause "hot spots" that will locally 
degrade the pressure-containing metal. Eventually, failure will usually occur 
because of some high-tempernture degradation phenomenon such as creep. Refer 
to Chapter 3, "Failure Modes," for a discussion of these phenomena. If the process 
contains a COCTodent such as higiHemperature hydrogen or hydrogen sulfide. rapid 
failure may occur, leading to a rupture. Thermochromic paints, which change 
color after crossing a high-tempernture threshold, are often used as a means of 
monitoring refmetory-lined equipment for local failures of the refractory. When 
using lhcrmochromic paints, the painted surface obviously must be left uninsulated. 
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Monolithic Unings 

Cmtable Ceramics 
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Castable c:enunics are the most commonly used of tl~e monolithic lining materials. 
They consist of a refractory concrete tltat contains both a binder and an aggregate. 
Tbe mixture typically contairu 60 to 80 percent aggregate. The binder may be 
either a hydraulic type such as Ponland or calcium aluminate cement. or it may be 
chemically setting type such as the silicates or phosphates. Of these, the calcium 
aluminatcs are probably the most contmonly used in the indll50ies of interest 

Castables are placed by =ting, gunning or hand packing. The addition of 
stainiCS$ steel fibers into castable fonnulations was introduced in the early 1980s 
and is reponed to prom01e the formation of a number of ftne cracks during the 
drying and fuing cycles, rather than a few large enoc:ks. 

GuMing is the most common method of application for castables. It generally 
provides boner propenies than are obtained with casting. since it usually uses much 
less water in the mix. After application, the concrete must be cured before it is put 
into service. Details of the curing process depend on the type of castable being 
used and the application. Proper curing is essential to successful service. 

Plrutic Refra,·turles 

A plastic refractory is Similar to unfued fue brick; it requires a high-temperature 
heating or curing process to develop the cemmie bonding necessary to become 
mechanically stable. Plastic refrnctorics are composed of a calcined clay plus a 
binderofunnred clay. "11le mixture is gcne•·ally very stilT and is applied with an air 
hammer. Until it is fi red, a plastic refractory remains soft and can be easily 
dAmaged. To improve their reslsconce to incidental mechanical damage before 
ftring, some plastic rcfrnctories usc an alkalilte silicate to provide some air 
hardening. Pla.~t ic refractories arc used in processes with service temperntures in 
excess of 1800' F (980'C), in order to develop adequate cernmic bonding. 

Refractory Brick 

llrick is useful for chemical resistance applications and erosion resistance as well as 
for thermal insulation. TI1e construction processes for chemical resistance 
applications may differ considerably from tltose used for other applications. 

Chemicai-Resistanl Colutrucrloll 

Three components are necessary for a ehemical-resis!ant masonry construction: 

l . A chemical-resistant mtmbran<! lining is applied to the substrate material. 
This mentbrnne may be any of a number of materials ranging from a hol­
apphcd asphaltic pitch to some son of sheet lining. Sheet lining materials 
may be rubber or thcrmopbsuc. The membrane is chosen for its resistance 

J 

' , 
, ) 

) 

" , 
:"} , 
) 



( 

f 

86 Chapter 2 

to attack by Ote chemicals present in the process at the temperature 
expected at the location of the lin ins. 

2. A chemically resistant brick or tile. The role of the brick or tile is to 
provide thennal and mechanical protection to the membrane and the 
substrate material. l lte brick <>r tile must be resistant to the process 
chemicals at the expected temperature. 

A number of brick and tile compositions are available for use in 
chemical-resist<lnt applications. These include bricks made of red shale 
or fireclay. Other brick materials are carbon, foamed glass, silica and 
silicon carbide. Like brick, tile is made from a variety of materials. '11le 
most common tiles arc quarry tile, paver tiles and glazed tiles. Tile 
thickness varies from about Y-0 in. (6 mm) for glazed tile to 1

3
/ 16 in. (3 em) 

for paver tile. Quarry tile is usually either y, in. (13 mm) or'!. in. (19 
mm) thick. · 

3. Chemical resistant mor{(1r and grout for bedding and joining bricks and 
tiles. ·n.e mortars and grouts used for this construction may be either 
organic or inorganic, depending on the operating temperature and the 
chemicals to be encountered. Organic mortars and grouts are used for 
floors, trenches, walls, etc., where high temperatures are not expected. 
Typical materials are furans, phenolics, epoxies, polyesters and vinyl esters. 
Inorganic mortars and grouts are used in applications where the expected 
temperatures are too high for the organic materials. Inorganic mortars and 
grouts are ttsually sodium or potassium silicates or sulfur. 

Insulation and Erosion Resistance 
In most cases, construction for insulation and erosion resistance does not include 
the use of a membrane layer. For applications in which both insulation and 
erosion resistance is necessary, a two-layer construction is often used. The layer 
adjacent to the substrate is made of a less dense material that provjdes insulation, 
while the layer exposed to the process is made of a dense brick that is more 
erosion resistant 

Ceramic Fibers 

Ceramic fiber insulation is available in a number of product forms including 
blankets, modules, paper, bulk fiber, boards and shapes. This material is used in 
applications where its light weight, ease of installation and extremely good 
insulating capacity can be used to advantage. llte primary disadvantage of tlte 
material is its poor resistance to high-velocity gas (50 fl!sec ( 15 m/s) or greater). It 
can be eroded at even moderate velocities (I 0 ftlsec (3 m/s)) by gases containing 
particulates. Such erosion problems are partially overcome by using boards made 
of ceramic fibers. 
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Chemical Stoneware and Other Shaped Ceramics 

Chemical stoneware is a temt used to describe bodies that have been more highly 
vitrified than ordinary vitrified clay pipe and shapes. This material is used in 
applications where a higher density is required to improve resistance to chemicals. 

Other ceramic shapes are widely used to applications such as tower packing 
and heat exchanger ferrules 

As can be seen from the above discussion, the technology of refractories is 
highly specialized. The reader should contact a refractory specialist or a 
manufacturer's technical representative for materials selection advice for specific 
applications. 

7. Wood 

Wood is still used extensively as a structural material in applications such as 
pilings, decks, etc. However, wood is no longer a primary material of construction 
for most process equipment (a notable exception being cooling towers). 
Nevertheless. in some applications it may be a cost-effective alternative. Wood 
occasionally fmds service in a wide range of equipment including materials 
handling (e.g., chutes), tanks, vessels, vats and pipe. 

Sometimes wood is not considered for an application because it is considered 
to be old fash.ioned or obsolete. Siebert [10) reports a number of cases where wood 
had given good service, bot where it was not considered sufficiently modem when 
a replacement was required. For example, a small wooden tank had been 
maintenance-free for 18 years. When a spare tank was required to expand the 
process capacity, a nickel-molybdenwn alloy tank was specified. A wooden tank 
would have been much less expensive. · 

Wood deteriorates from two principal causes, chemical and biological artack. 
The chemical resistance of wood depends primarily on the resistance ofthe wood's 
cell walls to chemical action and oo the extent the chemical penetrates into the 
wood. Wood generally provides duroble service for any solution !hat is not 
actively destructive to lite wood fiber. In water, wood swells without degradation. 
Long-term service is usually detennined by the resistance of the wood to 
delignification. 

Unfortunately, wood shrinks when it dries out. If !Ito wood is kept wet, 
dimensional stability is good. '11lis swelling action is used to seal wooden tanks, 
buckels, pipes and lite like. Similar behavior is seen in dilute aqueous solutions 
and solvents such as alcohol. 

Woods give their best service in the pH range of2 through 9 and can be used 
at up to pH I I. Wood is resistant to weak acids, but concentrated mineral acids 
tend to hydrolyze the cellulose and hemicellulose constituents. Alkalis and 
oxidizing agents such as ozone attack the lignin that binds the fibers together. 
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Strong oxidizing agents can also oxidize the cellulose, fonning a brittle 
oxycellulose. For this reaso11 nitric acid, chrornates, potassium pennanganate and 
chlorinated water attack wood. 

Biological deterioration of wood is caused primarily by aquatic organisms, 
insects and fungi. Mitigatio11 of biological deterioration is often based on pressure­
treating the wood with preservatives such as creosote. Such treannents can be 
effective for many years in services that are not severe. Extended life can 
sometimes be obtained by jacketing the wood. For example, jacketed piles are 
used to extend pile life ill seawater service. In some cases, jacketing is part of 
original construction, but in many cases it is done after several years in service. 
Jacketing while u1 service restriCIS d1e flow of oxygen and nutrients to aquatic life 
that has colonized the wood. Resident populations are killed and repopulation is 
prevented by the barrier effects of the jacketi11g. In recirculating systems such as 
cooling towers, biocides and/or fungicides are used to help control biological 
attack. Protection from insects is usually provided by preservatives and/or treating 
adjacent soils with insecticides. 

Unlined wood can be used to handle dilute (<5 percent) hydrochloric and 
sulfuric acids at ambient temperature, phosphoric acid up to 30 percent at ambient 
temperature, organic acids, aldehydes, alcohols and acid salts. Wood tanks can be 
lined witll bituminous materials, coating,s, plastic or elastomers to extend d1eir 
usefulness. Wood can also be impregnated with various resins tO increase its 
resistance. Phenolics provide increased resistance to acids and furans provide 
resistance to alkalis. Otlter impregnants promote resistance to weathering and flre. 
Treated wood is not generally used in contact with food, potable water or where 
contamination of the product is objectionable. 

· A common application of wood is the oak tanks and barrels used to store and 
age wine and whiskey. It is used in food preparation applications such as making 
vinegar and preparing pickles, olives and cherries. Wood pipes are used for 
handling corrosive slurries and waste waters. A major application of wood is in the 
handling of bulk fertilizers. Easily replaced wood liners and impingement plates 
are used in abrasive services such as receiving tanks or vats taking abrasive feed 
from conveyers. 

Redwood, red cedar, Douglas Hr and various pines are usually chosen for 
cooling towers and for many chemical exposures. Redwood and ftr are used in 
sulfite liquors from the pulp and paper industry. Pine serves reasonably well in 
acid mine waters, dilute mineral acids and mildly alkaline solutions. Maple is used 
for more abrasive slurries, because of its hardness. Heartwood that has been kiln 
dried is preferred. Cypress is an excellent wood for genera.! chemical service. 

Structural members of solid timbers or glue-laminated timbers are used 
extensively in architectural applications and are candidates for greater use in 
process applications. Laminated members start with commercially available 
lengths of seasoned lumber. By arranging the joints at staggered intervals, 
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structural components of virtually any dimension and shape can be created. 
Laminated wood members maintain their shape when exposed to fire, until being 
destroyed by combustion. They can withstand them1al conditions that would cause 
steel members to buckle. 

F. COATINGS AND LININGS 

1. Introduction 

Coatings and lining,s are used for many reasons. They: 

Act as a physical barrier to corrodents to protect the substrate material from 
contact witl1 a corrosive process Ouid or environment Examples include 
alloy cladding, most weld overlays and most paint coatings. 
Reduce the amount of cathode current by using the coating a~ a dielectric 
barrier. For example, coating the more noble met1l tubesheet of a heat 
exchanger helps protect the less noble channel or challllel cover. 
Provide the substrate surface with cathodic protection such as galvanizing. 
Modify the surfuce environment of a substrate material to prevent corrosion 
in an otherwise corrosive environment. One of the most common 
applications of this approach involves cement-lined piping, in which the 
free lime in the cement creates a high-pH, non-corrosive aqueous layer at 
the surface between the cement lining and tl1e carbon steel pipe. 
Create a smooth surface for mixing and/or draining. 
Modify the surface of tl1e substrate material. Examples iJtclude providing 
protection from galling by use of a hard fuce plating or weld overlay and 
dte usc of peening to place the surface under compression, thereby 
inhibiling stress corrosion cracking. 
Restore lost thickness. A common application is tl1e use of a plasma· 
sprayed coating to repair a worn rotating equipment shaft. In many cases, a 
coating or lining may serve more tl1an one beneficial purpose. For 
example, a paint coating may act as both a physical barrier to the process 
fluid as well as a dielectric barrier. 
Provide thennal protection when used as refractory lining,s for the pressure­
containing metal or alloy. 

In other cases, a coating or lining intended lo solve one problem can generale 
an unexpected problem. For example, holidays in a coating may concentrate the 
anodic current, causing extremely high local pitting rates, which lead to early leaks. 

To ensure success in using coatings and lining,s, the choice of type and product 
must be based on a Hm1 understanding of what is to be accomplished. Lack of 
such understanding may lead to an unpleasant surprise. 

, 
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2. Thick Dielectric Barrier Coatings 

Thick diele<:rric barrier coatings and linings depend on their integrity to ensure 
protection, usually because cathodic protection cannot be relied on to protect the 
subsrrate from flaws or pinholes in the coating. Thickness provides one and 
sometimes two advantages: 

fewer pinholes and oUter through· thickness llaws (holidays). 
Virtual elimination of cathode current from the substrate, thereby limiting 
the anodic current at any pinholes or other holidays. Since the pining 
corrosion rate is directly proportional to the anode current density, limiting 
the anodic current density lim its the pitting corrosion rates at pinholes and 
other holidays. 

Rubber, polymers and composites, typically 1/8" to Y." (3 to 12.7 mm) titick, 
are used for a variety of applications. none of which can depend on cathodic 
protection. 

On offshore structures, the splash zone caused by wind and wave action is not 
continuously wetted. 11te splash zone therefore cannot be reliably protected by the 
catitodic protection system used to protect the submerged sections ofplatfonns and 
pipelines. In splash zone areas subject to the risk of impact damage by boats or 
debris, high-reliability systems such as thick rubber coatings are usually specified. 

In some splash zone services not subject to mechanical damage, catalytically 
cured polymeric products (generically called "splash zone compound") are used. 
Because of the difficulties involved in cleaning in place, su'ch products are often 
smeared on over wet and/or unclean surfaces. Successful application limits access 
and/or Oow of corrodents. 

Rubber is also commonly used as a coating or lining. Rubber is frequently 
selected for coating ti1e internals of butterfly valves rutd some types of tanks and 
pumps for services such as seawater, in many chemical services and in some 
abrasive sluny services. Note that many rubber compositions are susceptible to 
deterioration by organic solvents. Consult the manufacturer for specific 
composition recommendations. ~ 

Thick polymers such as PVC and TFE are often specified in lieu of rubber. 
They also see service as liners in chemical service piping and equipment in which 
carbon or stainless steel is used for pressure containment. Such systems are 
commonly used to handle inorganic acids. This type of piping system is 
panicularly useful in situations where internal holidays cannot be tolerated and 
internal joint protection is required. Providing such protection with thin-film paint 
coatings is virtually impossible. 

Thick polymers, sometimes '' tilled" with inorganic or metallic reinforcing 
fibers or particles, are marketed as temporary repair materials for internally 
corroded equipment such as pumps, vessel shells and tanks. Such products usually 
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do extend equipment life, sometimes very successfully. These products arc also 
sometimes used in mildly abrasive services. with good rcsuhs. 

Polymer tapes, with a combined adhesive-backing thickness of about 0.050" to 
0.075" (1.3 to 1.9 mm), have been extensively used as tapewt"dp for external 
pt·otection. These wraps are fcxed to the cleaned surface with an adhesive. 
Tapewraps have worked well ht applications where properly applied tape is not 
subsequently subject to age-induced embrittlemcnt, rock damage in the ditch, 
impact damage, soil stress, etc. 

For buried pipelines (a major application), tapewrnps have nn erratic history. 
Even tilOugh tapewraps are sometimes provided witlt a protective covering (often 
referred to as a "rock guard'') to help prevent tearing of the tape during and after 
lowering the pipe into the ditch, tapewraps have proved to be fragile. Even when 
supplemented with a cathodic protection system, a badly deteriorated tapewrapped 
system usually continues to corrode, because the cathodic protection system was 
never designed to accommodate large-scale tape damage. In addition, disbonded 
tapewrap and/or rock guard may interfere with cathodic protection through 
"shielding." 

Tapewrap can be seriot1sly damaged during Ute construction phase of a 
pipeline. Pipeline construction, which is nonnally schedule driven, employs over· 
the·ditch tapewrapping. Examples of construction-related problems include 
inadequate cleanin& insunicient overlap, and improper tensioning and priming 
difficulties. 

Yard-applied tapewrapping is occasionally employed. This technique also has 
potential damage problems, including those due to transportation, laydown, fit-up 
ru1d welding. 

Early failures can also occur because of tearing due to soil stressing, 
penetration by rocks in the ditch, or embrinlement of tape by excessive pipeline 
operating temperatures. Some tapewrap products become very soft if exposed to 
high temperatures, making them especially sensitive to penetration problems. In 
soils known to be corrosive, tapewrapped pipelines shouid be provided with 
suitable cathodic prote<:tion. 

Composite reinforced plastics such as blown-in-place chopped 
fiberglass/epoxy resin are sometimes used as liners in tanks and large vessels in 
which water condensation can occur but in which the water will not fonn a 
cortinuous phase. In such situations, cathouic protection is ineffective. for 
example, in crude oil storage tanks, tar-like deposits may cause the fonnation of 
isolated "pockets" of saline water. 

Rubber Unings 

As mentioned above, rubber linings are used extensively in chemical process 
plants, in abrasive services and in many severely corrosive services such as mineral 
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acids. A discussion of some of the importnnt elements of lhe process of rubbet 
lining will illusll1lte many of~1e fcarures of olher lining processes as well 

Rubbet linings combine ~1e chemical rcsislance of rubber with the streng1h of 
steel or concrete. These linings may be din:clly exposed to the environmcot or 
used as a membrane for brick·lined equipmenl Typical rubber lining applications 
arc shown in Table 2-8. 

Only a few elastomers are used for lining applications. The most common arc: 

Natural and synthetic narural rubber (soft, semi-hard, han!) 
• Odoroprcnc rubber (Neoprene) 
• Butyl and chlorobutyl rubben 

Linings for equipment require modifocation of the basic polymer by the 
addition of fillers, vulcanilti'S and other agents. As a result, the composition of 

Table 2-8 Rubber 11ning appliCations 

Storage, day and weigJ11anks 

Reactors 

Columns 

Towers 

Crystalliu:rs 

Evaporators 

Filters 

Centrifuges 

Agitators 

Pumps 

Pipes 

Valves 

Transpot1Jltion: rail and truck 

Mcrnbrnncs for brick hnmgs 

1 

I 
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Table 2·9 Composition of natural rubber linings 

Ingredient son Scml-llord Hard 

Rubber , 80% $Hi$% $5-65% 

Filler . - 20% 35-40% 34-IOYo 

Vulcanizers 1- 2% 1- 2% 1-2% 

Durom«er A llardness )()..$() $0-90 >90 

rubbet sheet stock may be only SO percent basic resin, as illustrated in Table 2·9. 
Note the effects of filler (usually carbon black) and vulcanizer (sulfur) on the 
hardness of the sheet stock: increased hardness generally results in increased 
chemical resistance. 

Since rubber lining sheet stock is made from many raw materials (resins, 
fillers, at:celemtor5, vulcaniurs, etc.), there are many formulation variations within 
a given generic type. No two manufacturers make identical linings. Tests should 
be conducted with the same sheet material being considered for an application. 
l11e resuhs may not be applicable to an "equivalent" fonnulation. 

The rubber sheet stock should be of the proper lhicklless. There arc some 
common guidelines for sheet thickness before vulcanizatiou are: 

Minimum: 1/1" (3 mm) 
Preferred: 't,.• (4.7 nun) 
Maximum in one layer: V.." (6 rnrn) 
If more than v." is required, the rubber should be applied in two or more 
layers. 

Sheet stock for lining can be mnde of a single rubber or of more ~'"" one 
composition. For example, it is common Ia have a natural rubber ply on the 
underside of a synthetic rubber lining to facilitate bonding to the steel. Another 
common practice i.s to use uiplc ply linings in which the inner layer is a soft rubber 
for good adhesion, the middle layer is a semi-hard rubber for improved chemical 
and permeation resistance and the outer layer is son rubbet for abrasion resistance. 
Other combinalions can be used for special applications. 

Consideraii(){IS for Rubber·Uned Eqwpment 

There are a number of factors that should be taken into account when rubbet lined 
equipment is being considered. The first factor is the size and complexity of the 
equipment to be lined. The more fittings, nozzles, baffles, coils, etc., in the 
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equipment, !he more difficult it is to get a defect·f~ rubber lining. The number of 
lhese internals also increases the lining cOSl since each fining must be lined unless 
it is made of 3 corrosion resistant material. 

Another consideration is where the lining is to be installed. ·[n most eases, it is 
preferable to line a vessel in a shop where it can be vulcanized in an autoclave. 
However, this t4n present a problem in the winter since transportation of hard or 
semi-hard rubber-lined equipment in cold weather can result in cracking. 

A furlher consideration is the vulcnniz.•tion method, which must be 
appropriate for the equipment and n1bber. Altemotivcs iJtcludc: 

Vulcanizing in an autoc/m'e. This produces the best bond and lowest 
porosity and is the preferred alternative in mOSl cases. However, large 
equipment may exceed t11e size limitations of the available autoclaves. 
Using the eq11ipment as II$ 0'4n autoclm'C. If the equipment is designed 10 

withstand the pressures involved, :md if high-pressure steam is available, 
this may be a viable altema1ive. Temporary insulatioo may be required to 
obtain the ·desired wall remperarure. 
Vulcanizing with steam or hot air ar ambknJ pressun. This requires the 
usc of rubbers designed for this curing melhod since the temperatures 
obtained are lower than with autoclave curing. Again, the vessel should be 
insulated to get the highest possible wall temperature. 
Se/fvufcani;a.tion or chemicol vulcanization. This is usually the best 
choice when concrete equipment is lined. 1ltc high heat capacity of 
concrete equipment usually precludes the use of other curing methods. 
These rubbers have a more limited range of chemical resistance than 
rubbers vulcanized by heating. 

Design, Fabrication and Preparation of Equipment to Be Lined 

Millo/ Equipment 

MOSI problems with rubber-lined equipment can be traced to either inadequate 
desii!Jl or improper application. For a discussion of lhese topics, including detailed 
drawings that illustrate many important dtsigJl and fabrication features, refer to 
referenc::e [II). The following discussion highlights key elements in the design of 
equipment to be rubber lined. 

Since fully cured rubbers are often somewhat brittle, equipment to be lined 
must be rigid enough to avoid defonnation or deflections that could tesult in 
damage to the lining during transp011ation, installation, or operation. This ofien 
requires a more robust construction than would be used for nonnal fabrication. 
Where stiffeners are required, they should be nttnched to the exterior side of the 
C<JuipmcnL 

Failure to consider the briule nature of cured rubber linings has resulted in 
e<tuipment failures. In one case, semi-hurd natuml rubber-lined equipment was 
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shipped during the winter. The combination of thcnnal stresses and mechanical 
streSSts from shipping and handling in cold weather resulted in the equipment 
having many lining cracks when it arrived nt its deslin3lion. 

Rubber lining requires that !he lined surfaces be accessible and that there be 
adequate ventilation to carry off solvent fumes from the adhesive. l.n enclosed 
vessels there should be at least one man way at least 24" (600 mm) in diameter and 
one additional noz:z:le of not le.o;.< than 3" (7S mm), to pennit adequate air 
circulation. 

It is intportanl that the rubber adhere tO the surf.•ce, with no a if pockets, which 
may subsequently cause blisters during curing. In addition. there should be no 
sharp edges, whi<:b promote cracking. Therefore, surfaces to be lined should have 
a smooth contour and be manually accessible. 

Discontinuities, crevices and sharp projections will result in poor linings. 
Therefore, riveted conswction should n01 be used. Bolted joints should be used 
only if they can be dismantled for lining. 

All Oltachments 10 adjacent equipment should be Oanged since welding is not 
permitted oo lined equipmenL To facilitate lining, nonles should be as sbon as 
possible. Flange faces should be desigJled to allow the lining to continue over !he 
face in order to eliminate an edge exposure of the lining to the process fluid 

Rubber ga.<kets of3(}.50 Durometer A should be used when the rubber on the 
flange fuces exceeds 65 Durometer A. An anti-stick material should be applied to 
the rubber surface before tightening the flange to avoid tearing the rubber when the 
flange is disassembled. It may be necessary to limit the compression of the rubber 
in a bolted joint. In such cases, torque settings for the bolls should be specified or 
suitable spacers desig.ted and provided. Torque values should not exc«>d 40 ft-lbs 
(SS N·m). 

For vessels, internals such as heating coils, intmersion heaters, sparger pipes 
and other unlined parts should be installed afler completion of tlte lining. These 
pans should be designed so that local overheating is not possible. They should not 
be closer than four in. (100 mm) from ali.•ed surface. 

Pipework and Fitrings 

lining pipework and fittings is similar to lining vessels except that access is a 
greater concern. For pipework and fittings too small for physical access, 
mechanized methods must be used. Activities such as dressing the welds, 
preparing the surface for lining and applying the lining itself become more difficult 
to inspecl It is besl to use straight lengths of pipe. The lengths of pipe may 
contain tees or a single bend provided thnt the nominal size is six in. ( I SO mm) or 
above and the leg lengtlt of the tee or bend docs not exceed the dimensions of a 
standard tee or bend. Use separate standard (!.SO) bends and standard tees. Bends 
should not exceed 90 degrees. 

Refer to Table 2-10 for guidance on maximum pipe len~th. 
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Table 2·10 Maxrnum lengths of pipe 
recommended tor tining u 

Nom inti Bore Leo&th of Pi~ 

in. (mm) n (mm) 

1.0 (2S) 6.S (2000) 

l.l (32) 8.2S (2SOO) 

1.6 (40) 10.0 (3000) 

2.0 (SO) I I.S (JSOO) 

2.6 (6S) 13.0 (4000) 

3.2- 24 (30-600) 19.5 {6000) 

1Refer to Ref. III). 
s...,., Reprinted "ilh permissioo of ~m. 

Fabrication of Metal Equipment 

Chapter2 

Metal equipment intended for rubber lining must be fabricated to special stllldards to 
ensure that a sound lining can be applied. The welds must be continuous and btoll 
w~lds must ~ used for the main scams. Lap scams and U1e like arc not consistent 
wuh sound hnmgs. The side of the weld to be lined must be free of porosity. 

Weld surfaces should be ground smooth, with sharp edges and weld ripples 
rem.o_ved. The weld should be free from undercutting, cracks, porosity, surface 
C.WII1es of any type and lack of fusion. All weld defects should be repaired and the 
surface reground. Welded attachments such as insulation cleats and lining lugs 
should~ compleled before the equipmenl is prepared for lining. 

Castmgs must be smooth with no slag and slag inclusions, shrinkage cavities, 
scabs, cracks, porosity, or buns. 

S11Tfot:e Pre{XUation of Metal Equipment 

The surfaces to be lined must be smooth and should haV<: large radius contours. 
External comers should be fmislled to a radius at least equal to the thickness of the 
rubber, while internal comers should be finished to a radius of at least twice the 
rubber thickness. All surf.1ce defects such as weld sp~uer, scores and pits should 
be removed~ should all lbreign mmerial such as grease, oil and chalk. All carbon 
steel or en.~t IrOn surf.1ces to which lining.• are to be applied should be abrasive 
hlnslcd ton "white mctnl" quality per NACE Stnndnrd No. TM0170 (cquivalentlo 
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Steel Structures Painting Council SSPC No. S). After blast cleaning, all dust and 
ocher residllcs should be removed and the surface pruned within four hours. before 
any visible rusting occurs. 

lfLfp«tion of Metal Equipment 

It is important that equipment be inspected before, during and after U1e rubber is 
applied and cured. Vulcanization is not a revers1ble process. Repair of defects 
after vulcanization is not as satisfactory as when defects are found and corrected 
earlier. Inspection should take place al the following stages: 

As U1e e<Juipment is fabricated, 10 ensure that Ute equipment meets the 
specilied requirements. 
After the welds and edges are prepared. 
After the equipmem is blast cleaned. l11e surface should be clean, with no 
dust or rust stains present. It should meet the specified "white metal" 
S~'llldard 

After the lining is fitted but before vulcaniation. Lining defects are easier 
to repair at this point than at any later time. 
After the fii'St stage of vulcani'!lltion (when the proce$S is done in twO 
steps). The lining can still be effectively repaired at this point 
After vulcanization is complete. 
After the equipment has been installed but befOt'C it has been put into 
service. If the lining is very hard, it may be desirable to inspect it after is 
has been transported but before it is ins1alled. 
Periodically during the life of the equipmenl nnd whenever ony remedial 
work is done on the equipment. 

lnspecling U1e lining nonnally involves: 

A visual examination for blisters and to ensure that the lining joints are 
properly made. Generally, blisters are repnired slncothoy can lead to lining 
foilure. Srnoll blisters between rubber plies are sometimes left in place if 
the expected service permits this. It is best if the number and size of 
blisters that will be permitted is spelled out before the job i• started. 
A test of the lining continuity. This is done with a high-frequency AC 
splfk·tt$1ing instrument typically sct between 20 and SS kV, depending on 
the thickness and type of rubber and the joint desian. 
A test of the hardness of the cured rubber. 
A tt$1 of the lining adhesion, especially if there is reason to suspect that it is 
inod<:quale. However, this test is destmctive and requires lining repair. 
l1u:reforc, it is not normally done on actual equipment. If the owner 
requires n high level of adhesion, the more common practice is 10 have the 
lbbricniOI' 1>rcparc test panels of the s:•mc type and lhickncss of mbhcr thai 
is cured at lhe same time as the equipment. 
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COIICrl!te Equipment 

Concrete equipment should be desicned to eliminate struCtural cracking. The 
equipment should not have expansion joints unless absolutely necessary. There­
fore, special attention should be given to thermal stresses. Extrn reinfon:ement 
may be required. 

Pipes and fittings should be provided with Ranges and cast into the concrete. 
"flley will nommlly be rubber lined before being cast into the concrete. 

All comers in the conct·cte C<Iuiprncnt should be designed to be fonncd with a 
•t5 degree fillet and with a minimum leg length of 0.8 in. (20 mm). After dte 
concrete has cured, all surfaces to be lined should be treated to remove laitance and 
residual release agents. Blast cleaning is recommended; however, blast cleaning 
111U>t be controlled so that laitance is removed widtout exposing the aggrcg;uc 
profile. Cold acid etching with hydrochloric acid is an alternative cleaning method. 

Fa~ures in Rubber Unings 

A common ca= of failure of rubber-lined equipment is mechanical abuse. This 
can take lhe form of abrasion and wear from slwrics and crystals. Cuts, gouges 
and tears at stress points and excessive vacuum andlor exposure to excessive 
temperatures that causes blistering and disbanding are sources of failure. 
DeRections of vessel shells during transporllltion or erection or by impact can also 
cause cracks in semi-hard and hard rubber lutings. 

Chemical attack can result in surface hardening or softening of the rubber 
lining. Another mode of attack is diiTusion and permeation of chemicals through 
the lining, resulting in att1ck on the bond between the rubber and the steel or 
concrete surfilce. "fllis can result in disbanding. with no apparent attack of the 
lining itself. Permeation was the cause of failure in a waste acid storage tank that 
handled sulfuric acid and ammonium sulfate at 1 so•F (6s•C). During upset, it was 
possible for a chlorinated hydrocarbon to enter the tank. After eight months of 
opet31ion, the acids permeated the lining and attacked the steel. resulting in a 
disbanded lining. The Ullllllticipated organic contaminant apparently caused lhe 
lining to swell, whicb !ben permitted permeation of the vessel's inorganic contents 
through lhe lilting. 

Storage, Transport and Installation 

Lined equipment should be stored away from direct sunlight, heat and outdoor 
seasonal weathering. Piping and equipment lined with soft rubber may be stored 
outdoors provided the equipment is covered and not subjected to extreme 
temperature conditions such as tempernturcs below freezing or warmer than I20°F 
(49•C). Sudden changes in temperature should be avoided. Equipment stored or 
used outdoors should be painted alight color to reRect heat. 
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Semi-hard and hard rubber lmings are more fragile. They should be stored 
indoors and should never be expcsed to freczing. These linings are subject to 
cracking caused by thennal sttcsscs. 

Rllbber-lined vessels and tanks may be protected during storage by filling them 
one-quarter full with a liquid such as five pereent sulfuric acid or five percent sodium 
carbonate. "fllis will keep the lining flexible and thus minimize expansion and 
contr.lction. It will also prevent ozone in dte air from causing the lining surface co 
deteriorate. ·nte liquid should not be pennittcd to free1.c. Exposed rubber at openings 
such as nozzles should be covered with plywood or odter material. 

3. Thin Dielectric Bar.-ier Coatings 

Most paints and coatings provide protection beeausc of their barrier and dielectric 
properties. The major excepcion is inorganic zinc pain~ which is not a dielectric 
producL In foct, inorganic zinc paine provkles cathodic protection to the subscrnce, 
~than serving as a dielectric barrier. 

Coatings used for atmospberic protection must have good resis1ance to their 
environment and to problems caused by througJ\-chickness Raws. This is because 
cathodic protection cannol be used to supplemenl the protection such coatings 
provide. Tests for adhesion, resistance to undercuttlng, etc., can be used to rank the 
probable performance of such coatings for specific applications. Data are usually 
awimble from d1e technical represencncives of paint and coating manufacmrers to 
assist in making choices. 

When choosing coatings for immersion service, some thought should be given 
to providing supplementary cathodic protection., Even though the coacing may be 
dielectric, some cathode current does pass through the coated areas. 1 f 
concentrnted at pinholes, this current Ctll1 generate a relatively large anode currenc 
density, hence a high pitting rate, at such Raws. 

A rule of thumb is lhat the maximum effective linear distance that a cathode 
Ctll1 intenlct with an anode is three to five diameters. When considering thin-fibn 
coatings for corrosioo protection. keep in mind tha~ for immersion service, the 
pnctical upper limit of service temperature is about 200"F (93"C) for catalytically 
cw-ed coatings and about 4000F (20S"C) for bakecklo products. Each generic 
coating usually has a fairly well defined upper lilnit for successful performance. 
However, there is usually some variation among particular products within a 
generic family. Manufacturers should be contacted for their recommendacions and 
advice on service co~dicion lilnitations unless the user has prior successful 
experience wid1 a particular product. 

Piping 

Supplementary incemal cathodic protection is usually not necessary in piping if the 
internal coating does not have a high density of holidays. Holidays should occur at 
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a frequency of no more tlton one holiday per three to five pipe diameters of line 
length. 

B=use of the beneficial effca of cathode current reduclion, internal pipe 
coatingl can extend tho life of piping S)'Sicms in eloctrolytically corrosive SCIVices. 
However, tho method is not wide!y used in planiS. Non-mttallks, plastic linus, 
bimetallic piping and alloy piping are usually employed as they are more reliable 
and provide a much lon&er useful life. In oddition, internally coaling ginb welds 
and branch connections in small-diameter plant piping is usually not possible. 

Internal c:oatinp are successfully used in large-diameter pipelines in corrosive 
water savice. The prinwy ~· is in water injeaion pipelines used for oil f101d 
reservoir p<aSUre maintenance. For lirJCs over about 12" (30 mm) diameter, 
crawlers have been developed that w.U properly clean and coat ginh welds. In situ 
e«1ting techniques have been developed that provide a continuous coaling in tbe 
pipeline. This practice is usually used to salvage a pipeline that has developed 
internal corrosion probltms, ~ut it has also been used to internally C03t new 
pipelines. A number of propriet:ary polymer internal liner systems have been 
developed for the salvage of torroded pipelin<S. 

V=els and Tonlu 

The three-to five-diameter rule of thumb requires that thin-film internal coating1 
in immersion service be supplemented with cathodic protection. Both impres.s<:d 
and sacrificial systems have been successfully used. In the event that cathodic 
protection is not practical, thick dielectric coatings, weld overlays or some other 
mitig:uion 111easure should be used. 

4. Th ick Metallic Barrlor Coatings 

Since metallic b:uTicrs such as cladding, weld overlays and metallic plating are 
anytlting but dieleclrie, they depend solely on tlteir barrier ability for protection of 
the substrate. When they are used in electrolytically torrosive opplications, the 
user should be alen to possible galvanic activity and potential problems involving 
unfavorable a.node/cathodellrea relationships. 

Cladding and Weld Overlays 

In ma.ny rtaclors, vessels and heat cxcha.ngers, clad eonstruction is the mOSt COS!· 
effeclive way to achieve both pressure containment and corrosion resistmce. In 
this technology, a relatively ~un clad or weld overlay layer is used to withstand 
process-induced corroston while the pressure shell is made of a htgher-strength, 
lower-cost material such as carbon or low-alloy steel Such services, because they 
do no1 operate with a continuous clcarolytally conduct"• phase. cannot depend 
on cathodiC protcction. 
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Unlike mOSt sprayed metal coatings (diswssed later), neither clad nor most 
overlayed products nrc likely to have pinholes. Thus, even if the cladding or 
overlay is cathodic with respect to the substrate, there is usually no danger of 
developing an unfavorable anode/cathode area problem. 

The two-layer eonstruction approach has the added advantage of eliminating 
the risk of externally induced chloride stress corrosion cracking. which would 
ac:company the use of solid austenitic sr:ainless steel. 

The choice between clad and weld overlay may be determined by either of two 
criteria: 

1. Roll bond clad pbte is availoblc only in relatively thin substrate 
thicknesses: the practical limit is about3Y."to 4• (90 to 100 rnm). Thicker 
substrate thicknesses ore availoble as an explosion-booded product. Clad 
plate is =•lly cheaper than overbyed plate. 

2. Weld overlays arethou&)\t to resist interlayer disbanding better, particularly 
in hydro&en service. 

The recommended minimum thickness of claddi.ng depends on both its 
susccpcibility to mechnnieal d:unagc in service and on economies. For vessels in 
which the risk of mechanical damage is small, cladding can be as Utin as 0.050" 
(1.3 nun). Cladding is specified to be as thin as praclical for expensive cladding 
materials such as canlnlum or zirconium. For vessels subject to in·strvice 
mechanical dnmnge, such os hent exchanger shells subject to bundle removaV 
insenion,the clod layer should be at least 1

/1" (3 nun) thick. 
11to recommended minimum thickness of n weld overlay depends on two 

con.sidcration'll: 

As with cladding, the service susceptibility to mechanical damage. 
11te eonccnt, if any, about weld dilution. (Weld dilution occurs when the 
material being welded mixes into the molten weld metal.) 

For mild services, a single-layer overlay, using a consumable with a 
tomposition that ot least par1ially accommodates weld dilution, is often specified. 
Current technology can usually supply a eonsumable tlont provides tlte metal 
surface with a composition that Is, for pntctical purposes, unaffected by dilution. 
The thickness of a stngle layer overlay is usually specified to be 1

/ 1" (3 mm) 
minimum. 

For severe serviCeS, a two-la)·er overlay 1S often specified. with each layer 
being a minimum of 't,• (3 mtn) thtck. In t"o-la)•er overlays, the ftrsl layer is 
usually made of a consumable that partially compensates for weld dilution. In one 
eommon examplt. T)pe 3091..-<:b SS IS used for the first layer and Type 347 SS for 
the second la)er. 
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Hard Facing 

Weld overl•ys are frequently used as "hard face" layers on valve internals, integral 
wear rings in pumps, etc. Such overlays are frequently used to establish a hardness 
difference of at least SO BHN to prevent galling. Hard face overlays are mOSI 
frequently used to reduce we3t. fr~ioo and/or impact damage. 

liard face overlays arc frcquen~y thin. typically about 0.050" (1.3 mm) 
finished thickllC:S$. For "C3t resistance, howe\'ct', they are often thicker (typically 
Y." (6.4 mm)). The overlay material•s often much more brittle than the substrate 
material. In cooling from the welding process. the brittle weld overlay sometimes 
forms a craek net"ork (called "craztng" or "checking") that extends through the 
thiCknC$5 of the overlay. Since the overlay material may be more noble than the 
substrnte, an unfavorable cathode/anode area relationship may develop in a 
corrosive medium 

If the substr.lto will nOI be resistnnt to corrosion by the process, conside< the 
possible benefici31 effect$ of weld diluuon. In the event that dilution by the weld 
metal will not be adequate, choose u substrate material that will be resistant to the 
process fluid. In evaluating the beneficial effects of dilution, one will generally 
depend on case histories. 

Strip Lining 

TI1is technique is not nomwlly used in the fabrication of new equipment, the major 
exception being the use of expensive refractory metals such as tantalum, used as 
liners for some chcm ical process vessels. Nonnally, strip lining is used lor the 
purpose of salvaging the pressure shell of a vessel Omt has undergone internal 
corrosion. The technique involves welding thin strips (usually about 4" x 30" (100 
mm X 750 mm)) circumfercntially to the vessel wall using either butt-welded or 
overl11pped strips. Some users require one or more plug welds to strengthen the 
wcldmenl. Each finished su-ip is usunlly subjected to a vacuum test to ensure weld 
integrity. 

A related technique, "wall papering,'' is sometimes used to install corrosion­
resistant liners in corrosive flue gas desulfurization systems, ducts and stacks. 
NACE has published an excellent recommended practice for wall papering; many 
of its guidelines are applicable to strip lining as well (see NACE R.P0292 [12)). 

These techniques provide true barrier protection. Since th~ barriers are usually 
quite noble with respect to the substrate material, they in fact form a galvanic 
couple with the substrate. In practice, accclentted corrosion due to a failed snip is 
ran:. This may be due to the lack of a cathodic depolarizer such as oxygen. In 
some cases, the low rate of subsequent corrosion may be due to the rate being 
controlled by diffusion. This is the case when the size of the tear or hole is small 
enough that it rtStricts the now of corrodent behind the failed strip. In Olher cases, 
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dte absence of oecelc:rated corrosion is due to the lack of a liquid electrolyte 
condensing in the pocket formed by the perforated strip. 

Splash Zona Protoctlon 

Some companies prefer to usc Ni-Cu alloys such as Alloy 400 sheathing in the 
splash zones of offshore SIIIICIUrcs. This pr.ICtice has a long history of success. 
Even when penetrated, Alloy 400 sheathing is usually effective. Apparently, the 
penetrations are usually too small to prov1de flow of suff.:ietlt aerated seawater. 
0x)gen depletion by eother the entraoned marine life or by corrosion may 
contribute to mamtaining the passivity of the carbon steel. 

5. Thin Metallic Barrier Coatings 

The most common of the thin-film metallic coating$ are: 

Electroplated chromium, usually for wear and/or galling resistance 
Elcctroless nickel plate (ENP), usually for galling resistance or to assist in 
making a tight seal inn valve closure 
Vupor·deposited surfaces, usually employing aluminum for deposition 

Thin film metallic coatings should never be used for protection from 
electrolytic corrosion if the substrate material is anodic with respect to the coating. 
ln the presence of a strong corrodent ondlor an effective cathodic depolarizer such 
as dissolved oxygen, a pinhole or holidoy has a very unfavorable anode/cathode 
area relationship. With the cothode being covered with a good electrical conductor, 
no reduction in cnthode current density occurs. 11te high anode current density 
generates high local pitting rates. It is not uncommon, after a relatively short time 
in service, to find that large sections of the substrate hove dissolved, leaving the 
pinhole and the metallic b<lTTier intact. This phenomenon is particularly common 
wi~1 chromium plate and ENP sold to the user as a form of corrosion protection. In 
one noroble case, on ENP applicator advertised ~mt its product protected carbon 
steel valve intemols from corrosion by seawater. The advertising did not mention 
that the seawater had been deacrated to less ~1ru1 10 ppbw. 

Thin film metallic coatings. panicularly ENP, are occasionally used to reduce 
product contamination in process streams of already low corrosivity. The base 
material is usually carbon steel and the applications usually involve components 
thai can be coated widlOUt holidays in services that are not likely to generate 
scratches or pinholes. Such applications are occasionally used in food and drug 
processes. 

Vapor deposition coatings fmd limited usc in mOSI plants. Very specialized 
products are used as protective coatings on high-temperature steam and combustion 
gas turbine component$. Suc:h applications an: outside the scope of this book . 
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Aluminum vapor deposition cootings are sometimes used to protect ciubon 
steel, Cr-Mo steels and high-alloy tubes from sulfidic corrosion, carburization and 
nitriding. They are also used in some hydrocarbon plants to minimize downstream 
contamination that could result in pluggi.ng or degradation of catalysts or product 
streams. These coatings arc about 3-S mils (0.075-0.13 mm) !hick. They consist 
of a metallurgically bonded layer comaining various alum in ides and an outetlayet 
that is vinually pure aluminum. Their long-letm success in protecting ag.\inst higb­
tempernture corrosion genetally depends on their freedom from througb-thiclmes$ 
defects and the development of service-induced, lhrougb-lhickness Oaws. Given 
the brinle nature of the coating, its suscep~ibility to impact damage, cracks due to 
bendmg and ~te absence of protection at welds, such coatings have a mixed history 
of success. 

Aluminum vapor deposition coatings have gained a reputation for improving 
heat transfer perfonnance by reducing fouling. In general, howevor, they do not 
extend the time between decoking run.s or equipment inspection, which are usually 
determined by other factors. lbese cootings have been used successfully to protect 
downstream equipment from sulfide scale fouling. Upstream cnrbon steel, low­
alloy steel and 12 Cr SS components, subject to mild to modemte rates of sulfidic 
corrosion, have been coated tO essentially prevent scale formation. 

In high-temperature applications of aluminum vapor deposition coatings 
involving austenitic stainless steels and high alloys, in-service diffusion adjacent to 
the substrate interface has caused potentially damaging changes in microstructures. 
In some cases, failura were due to Opetating temperntures in excess of the 
ternperntures used to fonn the coating. Nevertheless, some case histories of 
success can be cited for using vapor-deposited aluminum to protect austenitic and 
high-alloy steels from bigb-tempetalure attack. 

Given the mixed history of service for aluminum vapor deposition coatings, 
the user is well advised to verify wi~t other users any claims of successful 
applications. 

6. Sprayed Metal Coatings 

Sprayed metal coatings (the process is often called "metallizing'') are in conunon 
use. Various heat sources are used such as Onme, arc and plasma. In this process, 
molten metal is sprayed onto the surface to be protected. Sprayed metal coatings 
are subject to several disadvantages: 

Very linle metallurgical bonding takes place in most such coatings; the 
coating "sticks" to the substrate via a "mechanical" bond. Some 
metallurgical bonding is claimed for a few of the processes. 
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Some coatings are porous, being made up of as much as SO percent voids. 
Such coatings u~ually contain some frnction of oxidized metal, which act as 
additional embedded defects. 
Many sprayed metal coatings are subject to disbanding induced by tensile 
stresses such as bending and by thennal stresses, and may be subJect to 
undereutting in corrosive environments. 

As a result of the shortcomings of spn~yed metal coatings, hot-dip products are 
usually pteferred. However, sprayed metal coatings :ue . usc:ful for s_everal 
purposes, usually involving applications where hot-dip appltcatoon tS not feasoble. 

Corrosion Protection 

Sprayed metal ooatings are useful for shop and fabrication yard applications, for 
situations in which it is impractical 10 hot dip fabricated components. A good 
example is ~le use of such coatings for platfonns and strudu~ to be used 
offshore. In selecting metal spray coatings intended for corrosoon protectoon, 
choose coatings that arc anodic with respect to the substrate. Aluminum. ~inc or an 
aluminum-zinc alloy arc usually selected for coating carbon steel. It o.s usually 
possible to select a coating thai is not only anodic but is also resistant to the 
contacting fluid. For example, aluminum is very resistant to wet CO, c~rroston 
and is therefore a good choice for coating carbon steel that would otherwose be tn 

contact with the wet C01• • 

Note that because some sprayed metal coatings are quite porous, applicators 
will sometimes recommend that they be "sealed." In this process, a sealant such as 
a paint coating is subsequently applied to the sprayed metal coating. Since many 
sprayed metal coatings can be applied with very little poroso~, the user should 
regard such recommendations with some cnution. Low-poros1ty sprayed tnetal 
coating technologies should be preferred. . 

Cathodic products such as stainless steels are sometimes marketed as corrosoon 
coatings to protect anodic substrate materials. However, potential porosity and 
relatively poor adhesion of the coating provide a sigoifican~ risk tha~ a ~·ery 
unfavorable anode/cathode area relationship could develop, leadmg to raptd fadure 
by pitting. Even if the porosity is sealed, any through·thickness nick, spall or 
unsealed pore could either destroy the substrate or undercut the metal coaling. 
Sealed or unsealed, such coatings should be considered with cm11ion. 

Erosion and Wear Protection 

Some sprayed metal coatings, usually applied by the plasma s~y method or by 
detonation spraying. have been successfully used to enhance resostance to eroston 
and wear. Be careful when loading these coatings in bending. They may be quote 
brittle and may re11dily dis bond or spa II if subjected to tension or impact loading. 
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lbennal stresses, catJSed by rapid or nonunifomt heating or cooling, also may 
diSbond such coatings. 

Metal Restoration 

:01~ s!tafts, rolls, ~tc., are often metal sprayed-to restore thickn~s. then machined 
ongmal dunenSions. If not loaded in bending such restorations are tJSually 

successful. ' ' 

7. Galva nizing 

Galvanizing is a coating process that deposits zinc on a sub>;trate metal. It is 
comm?nly used to protect carbon steel from either atmospheric corrosion or 
corr~slon from mild to moderalely corrosive immersion service. GaJvanizing 
provides cathodic protection to the carbon ;-tee!. It can be applied by ruty of four 
metltods, alter first degreasing and pickling tl1e product form to be galvanized: 

Hot-dip galvanizing (carbon steel dipped in molten zinc). This is the most 
"?~mon method of application. It is used extensively for structumls, 
P>pmg and water tanks. For piping, galvanizing may be either internal 
extemal.or botlt The process is also used for structural bolting. The oute; 
surface ts ~ssenrially pure zinc, with tlte inner laye~ composed of Fe-Zn 
m~ermetalhc compounds and a diffusion layer metallurgically bonded to the 
steel. Coatmg thicknesses typically range from about 3 to 5 mils (0.075 to 
0.1 3 mm). 

Zinc plating. The coating is essentially pure zinc. The ad van !age of tl•is 
process ." the accuracy wi1h which the thickness can be controlled. Jts 
maJ?r diSadvantage is the potential of the process to hydrogen-embrinled 
fe~nc steels. Adequate coating of edges can also be a problem. Coating 
th1ckness ts on the order of0.5 to I mils (0.01 to 0.025 mm). 
Me!al spraying (metallizing). This is not a common zinc coating. 1he 
m~JOr advantage is the ability to coat in place. Sprayed zinc has a typical 
tluckness of about 5 mils (0.13 mm). 
Shercm,izing (mechanical galvanizing). This process is commonly used to 
galv~mze ~uts and bolts. In the process, zinc dust is heated to just below its 
meltmg pomt. Nuts rut~ bolts are tumbled with the dust in a rotating dmm, 
generatmg a cementation-type coating. Thickness can be readily con­
trolled, ranging from about 0.3 to 2 mils (0.0075 to 0.05 mm). 

. Some use~ are sensitive to galvanizcd products being adjacent to austenitic 
s~mle':' steel p1pmg, vessels rutcVor equipment. Refer to Part 3 of Chapter 3 for a 
dtseussJOn of zmc embri«lement. 
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8. Other Metallic Coatings 

Cadmium is often supplied·as a coating on small hardware items such as light-duty 
screw.s, nuts ar1d bolts. It is adequate for mild service but should not be allowed to 
substitute for galvanizing. 

Otl1er metals such as nickel and chromium, and alloys such as brass, are 
occasionally offered as corrosion-resistant coatings. They should never be 
accepted if they are intended for service in corrosive electrolytes artd are cathodic 
with respect to their substrate. Refer to the previous section, "Thin Metallic Banier 
Coatings," (p. 103) for a discussion of the risks of such applications. 

Electroplated products are sometimes embrinled by hydrogen generated during 
the pi"Uing process. The embriulement phenomenon is occasionally called "cathodic 
charging." Materials subject to this problem include ferritic or martensitic steels. 
Austenitic alloys arc relatively immune to tltis type of embrittlement, except under the 
most severe conditions. In 'particular, tltis mechrutism has been a recurrent source of 
failur, in medium- to high-strength bolts. Low-' to mediwn-strength bolts. with 
tensile strengths up to about 70 ksi (480 MPa), arc relatively inunune to hydrogen 
embrittlement caused by electroplating. To restore ductility, susceptible plated 
products should receive an appropriate postplating hydrogen bakeout prior to use. 
Refer to Part I of Chapter 3 for a discussion of hydrogen embrinlement and bakcouts. 
It is particularly important to require such bakeouts for embrittled materials subject to 
impact, tensile or bendmg loads. 
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FAILURE MODES 

The procedure used to select mate~als of constructron . must inclu~e 
consideratron of various fonns of materoals dcgradatron, rncludmg electrolyuc 
corrosion, tugh-tcmpernture corrosion and stress corrosion cracking. In addit.ion, 
embrittlemcnl by high· and low-lemperaiUre phenomena, as well ns by vaT!ous 
chcrnlcnls, rnuSI b~ properly addressed. The ovoidnncc or _cont~ol of such 
degrndnlion mcnsuo;es is necessary 10 achieve lire desired dcstgn lr fe. In thrs 
chnplcr, the mosl. common forms of degrndalion phcnomcnn, and I he methods of 
rnilignlionlhnl nrc usually adopted, are discussed. 

PART 1: EMBRITTLEMENT 
PHENOMENA 

A. INTRODUCTION 

Before discussing lhe elf eels of crnbrittlcmenl, "e must fim define severnllcrrns 
and conccpls tlrnl involve crack propagnliorr. 
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8riule11ess. A ''brinle" crack prop~gates with lillie or no mocro<eop1c 
plastic defonnotion. Choracteristically, brinlc crack propagation ab~orbs 
lillie energy, is rnpid and resulls in mpiUrcs. The various engineering 
codes contain specific guidance on avoiding brinle fractures vio impact 
testing rules. 
Duculc. "Ductile" crack propagation is accomp:uued by gross pl.1$tic 
deformation. Such propagation absorbs sil:l'ifiC3tlt energy and is typ1calty 
very slow. Fas1 ductile fractures can result when the remaining ligament is 
too small to suppon the gross load. However, fast ductile frac:rurts exhibit 
the gross toaring typical of ductile crack propal:'ltion. 
Risk of Fracture. A distinction should be made between briuleness Md Ute 
risk of fracture. A brinle material will nOI fracture as long as the applied 
stress is below the crack propagation threshold. In practice, brittle materials 
such as gray cast iron and glass can be us(.'<f snfely if U1e applied stresses arc 
kept small enough that inherent Oaws do nOI propagate into unstable crocks 
(i.e., brittle fracture). 
Fracturc-Sofo design. Brittle fracrure can occur in most mCillls and alloys 
due to a thickness effect; this subject is the focus of fracture m«hwra. It 
1\lmS out that for each metal and alloy there is a combination of critical erack 
size, streSS intensity and thickness abcM: which cracks will no longer 
propagate in a ductile manner. Brinle fmcrures of this type are rarely 
enCO\mtered in the low- to mediwn-strength carlx>n and low-alloy steels 
utilized in ordinary cllemical and hydnacw1x>n plants. nrese materials 
typically have tensile strengths of 70 ksi (480 MPa) or less. As n resul~ 
fmcture m<..'Ch:mics has not been commonly used in most plant designs. 
though it is used with some frequency by the chemical and hydnacarbon 
industries for high-pressure pnacesses in which relatively higll-strenalh 
materials of construction are em played. In the neor future, the ASME Boiler 
and Pressure Vessel Code. Section VIII ( 1), is expceted to issue the rules for 
Drvis;on 3. which uses fraciUre mechanics as the design basis for high­
pnessure vessels. 
Leak-Before-Break. A common application of fructure-safe design is to 
ensure that a pressure system will "leak-before-break." This design 
procedure utilizes fracture mechanics tO ensure that the applied stress is 
insuflicicnt to cnuse a through-thickness crock to propagate in a brittle 
manner. Propagation of a through-thickness crock will be ductile. The 
material will be of adequate toughnC$S to ensure that the through­
thicknC$5 crock will be easily detectable before it becomes susceptible to 
brittle propaption. Hence, a prt$$Ure system will stan leaking at the 
through-thickness crock long before there is any danger of brittle CTatk 
propagation. 
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Ten Percent Rule. One application of leak-before-break involves piping 
and equipment in low-pressure services. For carbon and low to medium­
strength low-alloy steels, fracture control experimentation has established 
!hot brittle frocture will not occur liS long as ~'" combined stress in 
tensioo is less than about ten percent of the material's tensile strength. 
(This will hereafter be referred to as the "ten percent rule''.) Thus, in 
carbon Md low-alloy steel applications '" which the applied stress 1n 
tension IS IC$S thM ten percent or the tensile strength, the design "ill 
inherently provide for leak-before·brcak. The ten percent rule principle 
has been incorporated into the major domestic vessel and piping 
engineering codes. Note that while low-stress conditions do not permit 
brittle fracture, stable crack propagation by other mechanisms such as 
stress corrosion crocking eM still be active. 

Embrillleme/11 refers to a loss of ductility and fracture toughness. A 
material in which crack growth is ordinarily by a ductile mechanism becomes 
susceptible to brittle crack propagation. In most cases, brittle or embrittled 
materials have a threshold temperature range above which they respond to 
crack propagation stresses in a ductile manner. Cncking that occurs below 
the threshold temperoture is at least partially brittle. Such cracking is oRen 
catastrophic. Cncldng that occurs above the threshold temperature is by n 
ductile mechanism. 

Often, the tcnn embriulement is applied 10 the ambient temperature ductility 
of an alloy th111 has become cmbrittled by high-temperature service nnd which 
remains ductile nt high temperature. In some cases, process Jluids can embritt le 
a material. Hydrogen embrittlement is an example of this effect. In carbon and 
low-alloy steels the term sometimes refers to the brittleness that develops in the 
material at temperatures below the brittle-ductile transition range. There are in 
fact several different causes of embrittlement. Only the relatively common 
fonns of embrittlemcnt will be discussed. 

B. CARBON AND LOW-ALLOY STEELS 

1. Tompor Embrittlomont 

Temper embrittlemcnt occurs in 2Y.Cr- l Mo and 3Cr-1 Mo steels. These alloys 
are used for the pressure shells of heavy wnlled reactors such as hydrotreatcrs. 
Temper embrinlement occurs at 700-II00°F (370-S9S°C); it is reversible by 
exposure to higher tempcrarures. In the 700-IIOOOF (370 to 595°C) range, 
tr.unp elements such as tin, phosphorus and arsenic segregate at the grain 
boundaries. In addition, silicon and manganese contribute to grain boundary 
embrittlement. Whilo tramp elements cannot be completely eliminated from the 
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alloy during steel making, modem mills can now control the tramp elements, and 
silicon and manganese, such that temper embriulement of these alloys is no 
longer a major concern. 

Temper embriulement does not affect high-temper:uure ductility. Us effect 
is limited to temperatures less than about 2SO"F (120°C). Accordingly, 
components suspected to have suffered temper embriulement can be safely 
operated ifthcy are not pressurized at temperatures leu than 2S0°F (120°C). 

2. Croop Embrittlcment 

Creep embrilllement can occur in I Cr-Y,Mo and I Y.Cr-YtMo steels exposed to 
sustained tempemtures exceeding &so•F (4S5°C). Note thnt creep embrilllement 
is not really cmbrilllcment in the sense that dte metal has lost inherent ductility. 
The loss of ductility is mostly due 10 a loss in load-bearing capacity because of 
the formation of gross cracks in the structure. 

The effect of creep embrilllcment usually takes at least I o- IS years to 
become ev•dent, but there are reports of such embrmlement m as Jude as eight 
years The meehanisrn is unpredictable. as there are many vessels and piping 
systems operating above 850"F (45S0 C) that ha•e not experienced creep 
embrittlemcnt. Cracking due to this phenomenon occurs marnly sn heat affected 
zones, usually at noules having sharp changes in ern<> section. Such cracking 
hlU also been seen in base metals adjacent to heal affected zones. Once cracking 
luu occurred, embrinlement is irreversible. 

The mechanism of creep embrittlement seems to mvolve the formation of 
very line intragranular precipitates which strengthen the metal. The 
strengthening cffcet of the grains is lhour,ht to force deformation to be 
con lined to the grain boundaries. The residual stresses and plastic constraint 
of the weldment contribute to the initiation and growth of cracks, called creep 
cracks. 

At this time, there is no consensus on steel~making improvements that can 
effectively prevent or control this type of embrilllcment We do not know 
how to prevent or minimize creep embrittlement. or even if it will occur, in 
I Cr-~Mo or I Y.Cr-~Mo steels. In low-stress applications, the consequences 
of creep embrilllement are usually acceptable, since leak-before-break will 
govern. For higher stress applications, the best pohcy is to present the user 
with two choices: 

I. Select the less expensive 1Cr-:4Mo or I Y.Cr-1-11\.o material with the risk of 
rcplnccment or repair; the anticipated life is atleJ.St 15-20 years. 

2. Select 2Y.Cr-1Mo, a more expensive alloy, wuh chemistry controlled to 
prevent temper cmbrittlement. 
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3. Strain Ageing 

Strain ageing occurs ill> most carbon and low-alloy steels. In this mechanism, a 
cold-worked material that is allowed to age at ambient or relatively low· 
tempemrures will develop an anomalously high-strength and hardness, 
accompanied by reduced ductility. This type of embrilllement is relatively rare, 
since cold-worked materials are usually stress relieved before being placed in 
service. Typically, a limit of live percent cold work (defined in terms of quter 
fiber strain) Is pcrrnilled without subsequent heat treatment. Since cold work is 
sometimes used to straighten or repair dented or bent structurals or equipment, 
the user should be aware of the risk of strain-ageing embriulcment caused by 
such procedures. 

4. Hydrogen Embrlttlement 

Hydrogen embnlllement can occur in carbon and low-alloy steels. in fcrritic and 
manensitie stainless steels and in duplex stainless steels. It is normally not a 
problem m either the austenitic stainless steels or nickel-based high alloys. 
Atomic (i.e., nascent) hydrogen does not diffuse very well in aust<mtic stainless 
steels, although 11 i5 more soluble in the austenitic alloys than in most other 
steels. In contrast. nascent hydrogen diffuses readily in non-austenitic steels, 
although it has a lower solubility in such steels. A general rule of thumb IS that 
the lower the solubility, the more susceptible the material will be to hydrogen 
cmbrilllcmenl. 

Hydrogen can dissolve in steel as a result of o number of phenomena: 

A chernicol or corrosion reaction can creme nascent hydrogen. usually in 
the presence of a cathodic poison. Refer to Pan I of Chapter 2 for a 
discussion of cathodic poisons. Any corrosion reaction that can cause 
hydrogen stress cracking can provide enough dissolved hydrogen to cause 
hydrogen embrittlcmenl in susceptible alloys. 
High·temperarurc, hig)!-pressure gaseous hydrogen service (discussed on p. 
133 In this chapter) can saturate a steel with dissolved hydrogen. 
EJcposurc to excessive cathodic protection or cathodic charging can saturate 
a steel with nascent hydrogen. The most common example of this problem 
is hydrogen crnbrittlemenl due to an electroplating procedure. The most 
common product form affected is bolting. Some of the austenitic stainless 
steels and nickel-based high alloys have been shown to be susceptible to 
hydrogen cmbrittlemoot by cathodic charging 
Welding with moist consumables is n well-known source of hydrogen 
cmbrilllcmcnt in Cllrbon and low-alloy steels. 
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At temperatures less than about 250'F (120'C), dissolved hydrogen inhibits 
!he dislocation mechanisms responsib1e for plastic def?nnation in metals, 
resulting in loss of ductility. The effect is particularly ewident at slow strain 
rates. Hydrogen embrittlement is reversible; dissolved hydrogen is driven from 
the material by a "bakeout" at high-temperature. One practice is baking at 600'F 
(3 15'C) for four hours. 

Hydrogen embrittlement is temperature dependent, occurring from subambient 
temperatures to about 250'F ( 120'C). The maximum effect is in the range of 0 to 
IOO'F (- 18 to 38°C). Tite risk of hydrogen embriulement rapidly diminishes at 
temperatures above 175'F (80'C). For this reason, low-alloy steels such as lbe Cr­
Mo steels used in gaseous hydrogen service are usually not pressurized until the 
operating temperature is brought up to 250'F (120'C) or warmer. 

lbe ordinary low- to medium-strength steels (with specified minimum tensile 
strengths of up to 70 ksi (480 MPa)) are moderately susceptible to hydrogen 
embrittlement. Between 70 and 90 ksi (480 and 620 MPa) specified minimum 
tensile strength, steel is susceptible to hydrogen embrittlernent. Higher-strength 
steels (with specified minimum tensile strengths in excess of about 90 ksi (620 
MPa)) can be severely embrittled. This strengtlt relationship is the reason that 
bolting is the product fonn with which one most commonly encounters hydrogen 
embriulement problems in plant:;. ORen, the embrittlement of bolting is due to the 
bolls being electroplated without a subsequent hydrogen bakeout. 

For carbon and low-alloy steels, Ute relationship between susceptibility to 
hydrogen cmbrittlement and strength is very similar to the relationship between 
susceptibility to hydrogen stress cracking and strength. In fact, one of the major 
risks of hydrogen embrittlement occurs in carbon steels, low-alloy steels and 
ferritic or martensitic stainless steels subject to hydrogen stress cracking 
environmenls. Examples include sulfide stress corrosion cracking and hydrofluoric 
acid cracking. The mitigation measures used to minimize the risk of hydrogen 
embritUement are essentially the same as those used to minimize the risk of stress 
corrosion cracking: hardness controls, control of microalloying additions, postweld 
heat treatment, etc. Titese recommended mitigation measures are discussed later in 
this chapter, in the section entitled "Wet Sour Service" (p. 196). 

Hydrogen embrittlement is normally not a problem in most chemical process 
and hydrocarbon plants, probably because tl1e material strengths are too low and 
the stresses below 250'F (120'C) are insufficient to propagate cracks. However, 
dtere are at least four situations which should be given special attention: 

l. The rate and extent of hydrogen embri!Uement are affected by the amount 
of residual cold work. Accordingly, it is good practice to stress-relieve 
componenls that have been cold worked. Examples include pressed or 
spun heads and U-bends in heat exchanger bundles. Five percent cold 
work is often used as the Utreshold for requiring stress relief. 
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Designs should avoid stress concentration sites such as sharp notches, 
as these can subsequently become cold worked as a result of hydrotesting 
or service and thus become sites for accelerated hydrogen embrittlement. 

2. Componcnls charged with hydrogen during high-temperature, high­
pressure hydrogen service can become hydrogen erubrittled. This can pose 
an operating risk, especially upon coolduwn. Such components (usually 
Cr-Mo low-alloy steels) may be subject to brittle fracture if exposed to 
inadvenent tensile or bending stresses due to activities such as 
maintenance, revamp t:1brication, etc. 

3. Hard heat affected zones are susceptible to both hydrogen embrittlement 
and hydrogen stress cracking. Conventional welding processes and joint 
configurations normally produce heat affected zone hardnesses that are 
immune to these phenomena. However, if the carbon steel parent metal has 
excessive microalloying or if the weld cools too rapidly, excessive heat 
aflCctcd zone hardness can be created. This is a common proble1n when a 
thin secrion is welded to a thick section, as in tube-to-rubesheet welds. Heat 
affected zone hardnesses of200 BHN or less are regarded as being immune 
to the effeels of dissolved hydrogen. 

4. Delayed hydrogen cracking (also called underbead cracking or cold 
cracking) is sometimes associated with hydrogen embrittlcment; it is a fonn 
of hydrogen stress cracking. The problem occurs in freshly made welds, 
usually because of hydrogen generated during the welding process. The 
most common cause is moist welding consumablcs. However, such 
cracking can occur in repair welds because of hydrogen dissolved in the 
steel due to prior service. In this case, the problem involves either a 
hydrogen stress-cracking environment or a high-temperature, high-pressure 
hydrogen service. Such cracking in repair welds can be prevented by a 
suitable bakeout 

The delayed hydrogen cracking mechanism requires an incubation peri­
od before cracking occurs. Thus, this type of cracking may not be visible if 
the weld is inspected immediately aRer it has been finished. In the event that 
this mech:mism is of concern, inspection should be delayed until at least tlu-ee 
days aRer completion of the weld. The primary mitigation measures are: 
• Bakeout, if necessary 
• Preheat 
• Control of welding consumables to avoid moisture absorption 

5. Caustic Embrittlement 

The tenn caustic embriulement is a misnomer. The loss of ductility 
characteristic of caustic embrittlement is due to Ute reduction in load-carrying 
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capabilil)! caused by lbe fonnation of a network of cracks. 
cracks are caused by allcaline stress corrosion cracking. 

6. Low-Temperature Embrittlement 
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In this case, the 

Low-ttmpYalllrc embrilllement occurs in carbon and low-alloy steels when they 
are exposed to temperatures below their brittle-ductile trnnsition temperatures. 
The effect is reversible: as soon as lhe alloy is wanned to a temperature above 
the transition rnngc, the alloy behaves in a ductile 1nnnner. 1l lis l)!pe of 
cmbrittlemcnt is the subject ofCharpy impact testing in accordance with relevant 
engineering codes. The need for such testing depends primarily on the section 
thickness and the minimum design temperature. Refer to figure A 1-1 and Table 
A 1-1 for materials selection guidance for low-temperature services. 

C. STAINLESS STEELS 

1. Fcrritic Stainless Steels: sss•F (47S•CJ Embrittlonent 

Most of the ferritic stainless steels are straight chromium stainless steels, 
containing 12 percent or more chromium. These steels can become cmbrittled in 
the rnnge 750-97S•f (400-525•C). The mechanism is called 885•F {47S•C) 
embrilllement. ll1is embrittlement is reversible by exposure to higher tempera­
tures . 

. There is widespread indust;y agreement thnt pressure-containing alloys 
subJeCt to this fonn of embrittlement should not be exposed to service 
temperatures exceeding about650°l' (345°C), llowevcr, fcrritic stainless steel 
non-pressure components such as vessel trays or internal shell claddin• '<e 
sometimes used for resistance to corrosion. In refineries, a common exa7,tple 
or such an application is coke drums, which are onen internally clad with a 
ferritic stainless steel to protect the substrate carbon steel shell from sulfidic 
corrosion. 

88S•J' (47S•C) embrinlemcnt is not normally a problem in the 12 Cr alloys 
such as Type 405 SS. For ferritic stainless steels contain ina 1 S percent or more 
chromium, embrinlement ean become severe. One should be very cautious of 
accepting "upgrudes'' of straight chromium slllinless steels without first checking 
on their lhennal history and the intended service tempernture. 

The higher chromium grades of the ferritic stainless steels such as Type 446 
become s.usceptible .to embrittlement by the formotion of intcnnctallic phases, 
such ns s•gma or ch1 phases, at temperatures exceeding about 1 oso•F (565°C). 
Most of the straight chromium grades arc also susceptible to sensitization­
induced corrosion problems. Refer to Pan 2 of this chapter (p. 121 ) for a 
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discussion of sensitization. Normal practice avoids the use of these alloys for 
pressure containment at temperatures exceeding 650°F (345°C). Therefore, the 
pr.>etieal effects of their high-temperature embrinlement and sensitization are 
confined to non·prcssure components such as valve trim, vessel internals and 
pressure boundary liners such as weld overlays. These applications are, how­
ever, common in the processing of high-temperature sulfur-conl:lining streams 
such ns refmcry coke drums nnd crude units processing sour crudes. 

Similar to carbon and low-alloy steels, the fcrritic stainless steels are 
susceptible to low-temperature embrittlement. The engineering codes 
typically require such steels to be qualified for low-temperature service by 
impact testing. 

2. Martcnsitic Stainless Steels 

The manensitic stainless steels are susceptible to low-temperature embrittlemenL 
The engineering codes l)!picaUy require such steels to be qualified for low­
temperature service by impact testing. 

3. Austenitic Stainless Steels: Sigma Phase Embrittlement 

The 3()()-series stainless steels can be subject to sigma plwe embrfttlemenr, a high­
temperature embriulement mechanism. Occurrence depends primarily on service 
temperature and Is accelerated by the presence of ferrite. While the nonnal 
austenitic grodcs such as Type 304 SS can develop sigma phase embrittlement, this 
l)!pc of c~nbrittlement is more common in austenitic products that contain small 
amounts of ferr ite. Examples include austenitic weld metal and CIIStings. 

Sigma phase formation occurs in lbe range 1050-1700°F (S65-92SOC). The 
upper tempemture limii for sigma phase fonnation varies fro1n aboutl600 to 1800•f 
(870 to 9800C), depending primarily on alloy chemistry. The uppcr limit is 
somewhnt aeack:mie for ordinary austenitic stainless steels, since it is ncar or exceeds 
lbe oxidation limit of most of these alloys. Embrittlernent usually occws very slowly. 
Type 304 SS will usually show only two to three percent sigma phase in its 
mierostructurcafter 10 y<:an at 1200"F (650"C). Wll<1l exposed to temperatures near 
the upper limit of the. embrialement range, embrinlement may dev.:lop in a few 
weeks. The rate of el)lbrinlernent is incr<:ased by cold wocic prior to exposure to 

embrinling temperatures. The non-stabilized alloys such as Type 304 SS embrittle 
more mpidly lhan do the stabilized alloys, l)!pically n:pr=nted by Types 321 and 347 
SS. Sigma phase embri«lement is reversible by solution annealing. 

The effect of sigma phase embrittlement on toughness depends somewhat 
011 both temperature and alloy chemistry. For non·stabiliud austenitic stainless 
steels, a sigmati7..ed alloy can be brittle at temperatures as high as 1400•F 

.. 
• • • 
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(760-c}. Above this temperature, sigma phase embrinlement has linlc effect on 
toughness. The behavior of !he stabilized grades is less clear, but lhey appear to 
recover some ductility as a function of increasing temperature. 

The austenitic stainless steels are essentially immune to the effects of low­
temperature embrinlcmcnt. Most of these alloys are exempt from impact testing 
for design temperatures down 10 -320°F (-195°C). Some types such as Type 
304 SS are exempt down to -42S°F (-2ss•q. Note that !he exemption 
temperatures for weld metal are usually warmer than those for parent metal 

4. Duplex Stainless Steels 

These steels are susceptible to &ss•f (475°C) embrinlement and to sigma phase 
formation. Titcy are usually not selected for service temp~rarures exceeding 
about 650•f (345•C). Because of !heir ferrite content, the duplex stainless·stcels 
are susceptible to low-temperature embrinlement. However, the duplex stainless 
steels tend to have relntively low brittle-ductile transition temperatures. The 
engineering codes typically require the duplex stainless steels to be qualified for 
low-temperature service by impact testing. 

D. HIGH ALLOYS 

Virtually all high alloys will suffer some form of embrinlement if exposed to 
sustained high-temperature service. Such embrinlement is due to the formation 
of intemtetallic compounds. Conditions and rates or embrittlcment vary from 
one alloy to another. Check wilh alloy manufacturers for specific information. 

High alloys con1aining enough nickel to ensure an austenitic microstructure 
are, like the austenitic stainless steels, essentially immune to low-temperature 
embrinlemenl 

E.. HYDRIOING 

All of the refractory metals, including Ti, Zr, Cb and Ta, are sensitive to 
hydriding. Galvanic cells that promote hydriding cnn be particularly damaging. 
Instances of iron sacrificial anodes causing hydriding in titanium hear exchanger 
components have been reported. 

Hydriding is related to hydrogen embrinlemenl Hydrides ;ue brittle, 
thermodynamically stable compounds. Once they form, the metal or alloy is 
irreve.sibly embrittled. R~refining is required to destroy the hydrides. 

Tltlnium is the most common material of construet.ion that can be hydrided. 
In the case of titanium, hydriding can be caused by either hydrogen gas or by a 
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corrosion reaction. The threshold temperature for diffusion and hydride 
fonnation is about 17S0f (so•c). 

Titanium can absorb hydrogen directly from anhydrous process streams 
containing hydrogen gas. This fonn of embrittlement is relatively 
~ncommon sin~ only a small amount of moisture is necessary for its 
inhibition. 
Nascent hydrogen generated by a corrosion reaction involving cathodic 
poisons (such as sulfides, cyanides, and arsenic or antimony compounds) 
can diffuse into titanium to fonn hydrides. 
Caaboclic protection of titanium can charge the metal with hydrogen. Most 
cases are caused by inadvertent cathodic protection being provided by a 
galvanic couple such as rut alloy rubesbeet with titanium rubes. 

PART 2: HIGH-TEMPERATURE EFFECTS 

A. MECHANICAL EFFECTS 

1. Introduction 

High-temperan~re tends to force the selection of expensive materials of 
construction. Whenever possible, the materials selection engineer should review 
the design data or design basis to see if there is opportunity to justify reducing 
the maximum design temperature. 

2. Creep 

Most metals and alloys exhibit a temperature above which the grain boundaries 
become weakcc than the grains themselves. This temperature is the threshold 
temperature above which tltc material is susceptible to creep. 

For metals and alloys at temperatures less than their creep thresholds, strain 
is not tirn<>dependent for constant stress. However, nt ternperantres above the 
creep threshold, creep can occur. Creep is defined as tim~dependent strain at 
constant sttess--«, smted another way, the strain rate is greater than 0 for a stress 
rate of 0. In the creep range, stresses above the creep threshold cause the 
nucleation and propagation of grain boundary voids. Figure 3·1 shows an 
idealized representation of the three stages of creep. 



120 

. I . 
\ 

Prlmaty 
Creep 

Time 

Figure 3-1 The three stages of creep. 
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I I r ertJa,ry Creer: 

In primory creep, tl1e materiol plastically deforms while undergoing rapid 
work hl\tdening. No significant damage is generated. During secondary creep, 
groin boundary yielding produces loct1l work hardening and the nucleation of 
groin boundary voids. During tertiary creep, U1e grnin boundary voids link up 
and gross necking or thinning develops. Tertiary creep ends in an exponentially 
accelerating stmin rate, rapidly leading to fracture. Fracture by this phenomenon 
is called srress rupture. 

The lower (threshold) end of the creep temperature range for carbon steel is 
about 7SO•F (400°C). The Cr-Mo steels have creep threshold temperatures of 
about 900•F (4So•q and higher. The conventional austenitic stainless steels 
have creep th.resbold temperatures of 1050 to IIOOOF (S6S to S9S•C). A safe 
estimate for the creep threshold temperature of a material is the upper 
temperature limit pennilled by ASME Section VIII, Oiv. 2 (I]. 

Piping and equipment engineers are not ordinarily concerned with 
accommodating for creep. However, some engineering codes such as ASME 
831.3 (2] for piping and ASME Section VIII, Div. I [\] for vessels contain 
provisions for creep design. If creep is a concern, coarse-grained materials are 
favored. Carbon steels killed with silicon are usually reeommended for 
temperatures where creep is a concem. Examples include ASTM A I 06 for pipe 
and ASTM AS IS for plate. 

Foilure Modes 121 

3. Stress Rupture 

If sustained maximum operating temperatures will create significant creep strain, 
the component is at risk of failure by stress NJpture, typlc:ally associated with 
tertiary creep. Stress rupture design includes "safety" factors intended to define 
inspection intervals and/or schedule replacement before the onset of teniary 
creep. In typical stress rupture designs, the design life of the component is the 
expected period of secondary creep. During secondary creep, component 
dimensions such as tube diameter and length slowly increase. In wrought 
malerials, secondo.ry creep strains of 10 to 20 percent are not uncommon. In the 
high-temperature cast materials such as HK-40 (2SCr-20Ni; UNS 194204), 
secondary creep strains arc usually on the order of2 to 3 pen:tnt. 

When operating in the creep range, care must be taken to avoid temperature 
or stress excursions; 'of the two, temperature excursions arc by far the more 
dnmaging. A SO•f (28"C} pcursion can eMily reduce the operating life by SO 
percent or more. Furnaces and heatm are about the only equipment having both 
tempennures and stresses high enough to require creep to be tlkcn into account 
during plant design. Refer to the section "High-Temperature Alloys" (p. 140) 
for a discussion of creep design. 

Thennal fatigue produces fractures that are vinually identical to creep 
failures. Maximum code-allowable stresses are high enough to permit thermal 
llltiguc. Accordingly; if thermal cycles are a feature of equipment design (such 
ns for coke drums), thermal fatigue analysis is usually recommended. 

B. METALLURGICAL EFFECTS 

1. Sensitization 

Conventionnl stainless steels, both austenitic 300-series alloys and the straight 
chromium grades such as TYpes 40S and 410 SS, can be subject to intergranular 
corTosion or cracking as a result of a phenomenon called seruitization. 
Sensitization refers to the precipitation of chromium carbides in the gJllin 
boundaries of the alloy as a result of exposure to temperatures in the range of 
800 to I600•F (42S to S70'C). As the chromium C31bides develop, the nearby 
metal becomes depleted in dissolved chromium. This creates a z.one adjacent to 
the &rain boundary of locally COITOSion susceptible iron-nickel alloy. In the case 
of the straight chromium gJ11des, the local composition may approach that of 
plain ct1rbon steel. Not only does a chromium-depleted zone have less eorTOsion 
resistance thnn the adjacent unaffected alloy, but the two can interact 
gnlvnnienlly. Such action can significantly accelerate intergrnnular corrosion 
rntes. See Figure 3-2 for an example of sensitization. 
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Figure 3-2 Sensitized Type 304 stainless steel. (Courtesy of Dr. E. V. 
Bravenec, Anderson & Assoc.) 

There ·is some controversy over dte lower fureshold temperature that causes 
sensitization. However, for solution-annealed austenitic stainless steels, 
sensitization at temperatures less than about 8SO•F (4SS•C) appears to require 
extremely long exposure times. Cold-worked austenitic stainless steels are 
reported to sensitize at temperatures as low as 700°F (370°C). Sensitization 
occurs most rapidly when the temperature is about ISOO•F (815°C). For 
example, welding alone can sensitize the heat affected zones in non-stabilized 
stainless steels that are not of a low-carbon composition. Sensitization can be 
caused in non-stabilized alloys by cooling too slowly from a solution-annealing 
or stress relief heat treatment. 

Sensitization can cause two types of corrosion problems: weld rusting and 
intergranular corrosion. . 

Weld Rusting 

Mildly acidic liquids can cause the locally chromium-depleted iron-nickel alloy 
to slowly rust. An example of this problem is weld metal rusting of stainless 
steel by dew (containing dissolved C01) condensing on the outside of a pipe. 
While normally this is only an aesthetic problem, in some contamination· 
sensitive processes or aesthetic applications, such rusting is unacceptable. If 
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chlorides are involved, such corrosion may become aggressive due to the 
formation of ferric chloride. 

tntergranular Corrosion 

Some fluids, including most oxidizing acids, will cause intergranular corrosion 
in the chromium-<lcplcted region of sensitized grain boundaries. For sensitized 
welds in austenitic stainless steels, this form of corrosion is sometimes called 
"weld decay." See Figure 3-3 for an example of this problem. In some cases. 
intergranular attack is stress related and is more properly referred to as 
intergranular stress corrosion cracking. 

The most common fluid causing intergranular corrosion in hydrocarbon 
plants is polythionic acid. Both austenitic and straight chromium grades of 
stainless steels can be attacked by polyd1ionic acid. This phenomenon is usually 
an internal problem, occurring on the process-exposed side of a piping run, 
vessel shell, exchanger bundle, heater tube, etc. The phenomenon usually startS 
with the stainless steel surface forming a thin iron sulfide film. because of 
exposure to small amounts of sulfur, usually from hydrogen sulfide, in lhe 
process stream. During a shutdown, in the presence of air and liquid water, often 

Figure 3-3 lntergranular corrosion in a sensitized stainless steel, caused 
by welding ("weld decay"). Note that the sensitized zone is relatively 
remote from the weld. a feature typical of welding-induced sensitization. 
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dew point water, the sulfides convert to polythlonic acid. The polythionic acid 
then corrodes the chromium-depleted grain boundaries of the sensitized alloy. 
Since stainless steels are usually supplied to fubricators in the solution-annealed 
condition, sensitization is usually confined to weld heat affected zones. See 
Figure 3-4 for an example of polythionic acid attack. Upon subsequent startup, 
leaks may develop. Sometimes the leaks take two or more shutdowns to develop 
fully. In some cases, the problem becomes obvious during a shutdown while 
repair welding. · Repair welding on stainless steel that has been damaged by 
stress corrosion cracking or polythionic acid usually causes growth of a massive 
crack network 

Process controls can be used to protect sonsitized equipment from 
polythionic attack: 

Prevent air ingress. The system is kept sealed and at a positive pressure to 
ensure tl1at any leaks that do occur are from the inside to the outside 
Prevent tire fomJ(ltion or ingre:<r of liquid water. Prior to shutdown, tho 
system is usually purged with a dry inen gas such as nitrogen and is then 
kept under a slightly positive pressure to ensure that any leaks are from the 
inside to the outside. 

Figure 3-4 Polythionic acid attack on Type 316 stainless steel. 
(Courtesy of Mr. C. P. Dillon, C. P. Dillon & Assoc.) 
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Use a neutralizing wash Both ammonia and soda ash solutions are used, 
with the latter the more common. Refer to NACE RP0170 "Protection of 
Austenitic Stainless Steel from Polytbionic Acid Stress Corrosion Cracking 
During Shutdown or Refinery Equipment" [3] for details of recommended 
practices. 

External polythionic acid attack bas been observed to occur in plants having 
atmospheric sulfide pollution. However, the problem does not usuaUy occur 
externally in fired equipment, because excess combustion air causes sulfates, 
instead of sulfides, to form. 

Note that the iron sulfides necessary to form polythionic acids can be 
transported by process streams to sensitized stainless steel equipment. In wet 
sour systems containing even small amounts of dissolved iron, a large amount of 
iron sulfide is formed and deposited. Such systems should never be flushed or 
drained into stainless steel piping or equipment prior to a shutdown unless 
appropriate precautions are taken. 

Several metallurgical methods have been developed to address the problem 
of intergranular corrosion caused by sensitization: 

Low-Caroon Grades 

The "L" grades such as Type 304L SS have their carbon. contents controlled in 
order to limit the degree to which they can be sensitized. However, these alloys 
have lower maximum code-allowable stresses than either the conventional 
grades or t11e stabilized grades. The Jow·carbon grades are typically chosen for 
services in which welded fabrication is required, but the operating temperatures 
will be lc.ss than tl1c sensitization threshold. For the purposes of materials 
selection, this is usually taken to be less than about 8oo•F (425°C}. The low 
carbon content slows the rate of sensitization. The postweld cooling rate in the 
heat affected zone is fast enough to avoid significant sensitization. Low-carbon 
grades of ferritic stain.less steels are also available; 29Cr-4Mo, UNS S44700 is 
an example. 

Chemically Stabilized Alloys 

Types 321,347 and 348 SS and their H grades, and Type 316Ti SS are generally 
regarded os relatively immune to sensitization. They contain carbon scavengers 
(titanium in Type 321 and Type 316fi and niobium in Type 347 and Typo 348) 
that inhibit chromium depletion. Note that not all of these materials are available in 
all product forms 'or, for some product forms, with corresponding code-allowable 
stresses. The niobium grades are regarded as being more resistant to sensitization 
than the titanium·stabi,lizcd grades. In general, Type 347 is preferred for heater 
tubes and as the cladding or overlay material for vessels and heat exchangers 
because of its superior resistance to sensitization. Type 321 is normally specified 
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for tubing and piping. Type 321 is preferred for welded construction because Typo 
347 has a greater tendency to crack during welding. Stabilized ferritic stainless 
steels such as Types 409 and 439 SS have also been develope-J. 

ASTM specifica:ioos used to pun:hase austenitic stain I~ steels, including the 
stabilized gr.ldes. generally require that the product form be furnished in the 
solution-annealed coodition. In this coodition, the stabilized gmdes are not 
resistant to sensitization caused by Jong-tenn high-temperature service. 
Accordingly, many of these ASTM specifications wam the user that solution­
allJlealing the stabilized gmdcs may result in inferior resistance to intergranular 
corrosion. These specifications pemtit the user to require that the mill solution 
anneal be followed by a stobilrzotiorr anneal. The ASTM specifications do not 
describe a recommended procedure. A widely used procedure is to bold the alloy 
at about 16WF (900"C) for two to four hours, followed by air cooling. This 
procedure encourages the formation of stable carbides, formed either from titaniwn 
for Types 321 and 316Ti SS or from niobium for Types 347 or 348 SS, without 
chromium depletion. Note that the purehaser must specify srobilization amtealing 
or else the mill will furnish ~'c nlloy in the solution-annealed condition. 

Special alloy composition requirements may be required to assure the 
cffcc.tivcneu of stabilization annealing, [4]. These rtquirt:ments place hmits on 
the ratios of TIIC in Type 321 SS and of ChiC in Type 347 SS. There is no 
industry consensus on utilization of these limits. ASTM specifications permit 
alloy compositions that do not satisfy the proposed ratio limits. 

The protection provided by a stabilization anneal can be partially destroyed 
by subsequent welding. For full protection, any welds made after the 
stabili>..ation anneal should be restabilized. Type 321 SS is more susceptible to 
this welding effect than is Type 347. It should be noted that even without 
benefit of stabilization annealing, the chemically stabilized alloys are much more 
resistant to sensitization than are the regular grades. 

A number of stabilized Cr-Ni high alloys such as Alloy 825 (22Cr-42Ni-
3Mo, Ti stabilized; UNS N08825) have been developed to provide resistance to 
sensitization. These alloys are usually furnished in the stabilization-annealed 
condition and may be made susceptible to sensitization by subsequent postweld 
heat treatments. 1be alloy manufacturer should be consulted before undertaking 
postweld heat trealments. · 

Virtually aU non-stabilized Cr-Ni high alloys are susceptible to sensitization 
and intergranular corrosion. If fabrication will involve aggressive pickling or if 
the alloy will be exposed to polythionic acid anack, the user should consider 
sensitization and resistance to intergmnular corrosion. Check the technical 
litemture about the alloy or consult with the alloy manufacturer regarding 
resistance to intergranular con·osion in the event the alloy may be sensitized by 
either fabrication practices or high-temperature service. 
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Materials selection designed to address sensitization requires the following 
considerations: 

Alloys susceptible to sensitization are acceptable if not welded and if the 
maximum design temperature does 001 exceed SOOOF (425°C). For these 
alloys in the cold-worked condition, the upper temperature limit is usually 
tnlcen to be 700"F (370"C). • 
The low-carbon "L" grades are acceptable in weldments for which the 
maximum design temperature docs not exceed 800'F (425"C). For these 
alloys in the cold-worked condition, the upper temperature limit is usually 
taken to be 700"F (370'C). 
Smbilized alloys should be selected for processes in which the maximum 
design temperature exceeds SOO'F (425"C). . 
• Types 316Ti and 321 SS are aecq>table in weldments and m processes 

for which the inaximwn design temperature does not exceed 900"F 
(4&0•C). 

• Type 347 SS is acceptnble in wcldments and is usually selected for 
processes in which the maximum design temperature exceeds 
900•F (480"C). In proccs.<cs with maximum design temperatures 
less than 975°F (52S•C), this material is essentially immune to 
sensitization. 

Note that, while Type- 347 SS is more resistant to sensi­
tization than is Type 321 SS, the laner is favored whenever pos­
sible. Type 321 SS is less susceptible to welding problems than is 
Type 347 SS. 

Stabilized ferritic stainle;;s steels may be substituted for higher gmdes in 
services that do not demand the superior corrosiOn resistance of the higher 
pes. However, as mentioned earlier, these alloys are susceptible to 
88S"F (475"C) embrittlemenL 
Stabilized Cr-Ni alloys are available for processes in which the corrosion 
resistance of the 300-series is inadequate. 

• 

Heat Treatment 

Solution annealing will dissolve carbides fonned by sensitization. This is 
usually impnctical for welded components beeause of distortion ~roblems. .If a 
welded austenitic stainless steel is subjected to subsequent solutton anneahng, 
the assembly will still be susceptible to sensitization if exposed to sustained 
service temperatures exceeding 800 to 850"F (425 to 4SS•C). . . 

As discussed above, the chemically stabilized grades are sometunes speci­
fied to be stabilization annealed before and/or after welding. 
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2. Sphoroidization and Graphitization of Carbon Steels 

$pMroiJJIZIJiion and grophiliullion can occur in =bon and C-~o steels at 
higb-rempenuure. Low-alloy steels with chromium contents of about 0.7 wt. 
pereent or more are considered immune to these effeets. Spheroidization and 
grnphitization occur al temperarures above 8SO•F (4SS•C). Since most users 
avoid U1e selection of carbon steels for use above soo•f (42S"C), the effects of 
these two mechanisms are often not considered. However, many plants use 
carbon steel lined with refractory for high-temperature services. Refmctory 
f.1ilurcs occasionally expose these carbon steels to temperatures substantially in 
excess of soo•F (42S"C). Selecting carbon steel for such services does carry a 
risk, so understanding what could happen is importnnt. 

Iron carbide (cementite: Fe,C), one of the primary components of caJ'bon 
steel, is themtodynamically unstable. However, its rate of decomposition in 
carbon and C-11Mo steels is negligible at temperatures less than 8SO"F (4SS"C). 
The rate or decomposition begins to ac:celcrate at temperatures exceeding sso•f 
(45S'C). Like most high-temperature, diffusion-controlled phenomena, the rate 

is exponentially related to ttmperature. At 900•f (480"C), SO percent 
conversion to graphite occurs in about 10,000 hours. AI IIOOOF (S95'C), the 
conversion time is only about I 000 hours. 

The process of iron carbide decomposing to form iron and graphite is c.1lled 
graphui:olion. Decomposition is accompanied by a moderate reduction in the 
strength of the steel. This reduction will nccclernte the formation of creep 
damage if the applied stress is large enough to cause creep. Decomposition of 
the iron carbide can "embrittle" the steel if tltc graphite tl1at develops for.ns a 
continuous (or closely spaced discontinuous) band. Ruptures have occurred 
from this cause, most trequently in C-I'IMo steels. This alloy is no longer being 
recommended as a material of construction for high·temperature services. 

Aluminum-killed steels are more susceptible to graphitization than are 
silicon-killed steels such as ASTM AS I 5. Silicon·killed steeb are preferred for 
higiHcmperarurc services. 

SpheroldiUJtion refers to tl1e fonnatioa of spheroids of iron carbide from the 
normal microstructure, pearlite. The mechanism oecurs at temperalllres above 
900-F (4800C), again at rates which are exponential with temperarure. However, 
for sustained high-temperarures, graphitization beeornes the dominant 
mechanism. 

Unless carried to extremes by prolonged exposures at high-temperatures, 
spheroidization is often regarded as beneficial, since it greatly lmproves the 
impact toughness of carbon steel with only a minor loss of strength. 
~onnalizing a pearlitic carbon steel causes partial spheroidization, resulting in 
unproved toughness. Too much spheroidiz.11ion will cause an unacceptable loss 
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of strength. The user should be wary of requests to allow multiple 
normali7Jitions andlor postweld beat treatments. 

Above SSOOF (4S5"C), prolonged exposure causes wbon steels to lose 
strength. they can beeome suscepcible to stress rupture if the stress is large 
enough. Above IOOOOF (5400C), oxidation and spalling ean occur, further 
enhancing the risk of early failure. In geneml, it is safe to tolerate short-term 
excursions to IOOO"F (S40"C) if the applied stress is less than the maximum 
code-allowable stress. Even short-term excursions nbove lOOO•F (540°C) 
should be avoided unless the applied stresses are very small. 

3. Woldlng 

Welding can cause several problems related to high·tcmpemture effects 
including: 

MlcroJinlt:IIITal problems. Examples include grain coarsening in the 
heataffected zone, which can result in reduced toughness and, in the ease of 
stainless steels, sensiti~ion. Postweld heat treatments such as normalizing 
for fenitic steels, and Slabilization annealing or solution annealing for 
austenitic stainless steels, are useful in mitigatin& these problems. 
Residual stnssa, which can contribute to streSS CO<TO$ion cracking. Stress 
relief by postwcld heat treatment is usually requined in processes that can 
cause slrcss conosion cracking. 
Thermal gradients. which can generate thennal stresses. Accordingly, they 
cnn cause mr,chanical distortion. Thennal stress problems are usually 
addressed by a combination of mechanical stnbilizntion such as bracing, 
slow hcoting and cooling, and cold strniglllening. Recall U1at cold 
straigl1tening can be a cause of strain ageing. 

Welds between dissimilar metals can generAte several subsequent problems: 

Warping. buckling andlor excessive residual str.:sses. These affects are 
ofl~ due to differences in the coeffteients of thennal expansion during the 
heat of ,.eldi1g (or subsequent cooling). Heat tre3tments of weldments 
containing dissimilar metals can also cause such problems. 
Galvanic cffcds. 
Formation of "hard spots" in heat affected zones and fusion zones. These 
"hard spots" may subsequently act as initiation sites for hydrogen stress 
cracking. Mitigation measures include preheat Md postweld heat 
treatments. Another mitigation method is the use of a "butter" layer of 
high-alloy weld metal. This layer is deposited first in order to minimi1.e the 
effects of weld dilution. 
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Lamellar tearing is an unusual type of fai lure a.~sociatcd with damage that 
can be caused as a weldment cools. lltis type of fuilure usually involves plate · 
and/or plate products and is associated with a restrained weld joint geometry (see 
Figure 3-5). As tile weldment cools, restraint causes tile region just below the 
weld to be in tension. If tltis region has inadequate through-thickness (often 
referred to as the "short transverse" direction) toughness, tearing can occur. 
Lrunellar tearing is normally not a problem in plate less than I" (25 mm) thick. 

The cause of poor lhrough-thickness toughness is usually the presence of a 
relatively high density of non-metallic inclusions, that is, a "dirty" steel. The 
rolling process used to produce plate ftanens the non-metallic inclusions and 
orients them parallel to the direction of rolling. ll te surfaces of the flattened 
non-metallic inclusions are perpendicular to the tl1rougb-thickness direction. 
Since the inclusions are poorly bonded to the surrounding metal, they reduce the 
through-thickness strength as well as acting as stress risers. 

Several methods can be used, usually in combination, to avoid lamellar 
tearing. 

Materials control 
• Purchase plate witll a low concentration of non-metallic inclusions. lltis 

can be done by using tlte purchasing specifications developed for plate 
resistant to hydrogen induced cracking (HI C). Refer to dte discussion of 
HIC resistance in the section entitled "Wct Sour Service" (p. 196). 

• Use ASTM A43S "Standard Specification . for Straight-Beam 
Ultrasonic Examination of Steel Plates" to ensure that tlte plate 
manufacturer or vendor has inspected the plate for the presence of 
injurious non·metallic inclusions. 

Figure 3-5 Lamellar tearing in aT-joint. 

Fanure Modes 131 

• Consider ordering plate witll proven tllrough-thickness properties (see 
ASTM A 770 "Standard Specification for Through-Thickness Tension 
Testing of Steel Plates for Special Applications"). 

Welding technique 
• Use a "butter" layer of low-strengtll weld metal on the surface of the 

plate for wh.ich lamellar tearing is to be avoided. This technique may 
require adjusting the weld joint efficiency if the minimum specified 
tensile strength of tile filler metal is less than tllat oftlte base metal. 

• Modify the joint design or type of weld to minimize restraint. For 
example, using fillet welds rather tltan full penetration welds is 
sometimes useful. 

Post-weld inspection for lamellar tears is difficult unless the tear penetrates 
to the surface (usually at the toe of tlte weld). In such cases, dye penetrant 
techniques are reliable. For embedded tears, ultrasonic inspection is sometimes 
used but tear indications are difficult to differentiate from indications caused by . . 
non·injurious inclusions. 

C. CHEMICAL EFFECTS 

1. Carburization 

Carburization refers to the development of a carbide-rich layer on the surface of 
a material exposed to a reducing hydrocarbon environment. This phenomenon is 
associated witll high-temperature service or, in some cases, to high-temperature 
excursions. Carburization of carbon and low-alloy steels is rare since they are 
not normally subjected to operating temperatures high enough to induce 
carburization. Mild carburization of ordinary 300-series austenitic stainless 
steels is sometimes observed since they can be used at temperatures high enough 
to see low rates of carburization. In refineries it is sometimes observed in the 
plenum of a Ouid catalytic cracking unit. Special alloys such as the Alloy 800 
series (20Cr-32Ni, with Ti and AI; UNS N08800/8SJ0/8811) or HP-Mod. are 
usuaUy specified for use in carburizing atmospheres at high-temperatures, for 
example, the cracking tubes in an ethylene furnace. 

Carburization can cause premature failures or contribute to such failures. 
Failure is often caused by cracking due to the large difference in the coefficients 
of thermal expansion between tile parent alloy and the carburized layer. Such 
cracking causes the carburiz.ed layer to disbond, thereby exposing fresh material 
to subsequently carburize. Thermal cycling is the normal cause of such fai lures. 

Metal loss is the form of failure in a carbnrization mechanism known as 
metal dusting, which can occur very rapidly. This very limited mechanism 
involves process streams with CO/CO, ratios on the order of 3 to 5, at 
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temperawres in tbe r1nge 1200-15500F (6S0-845°C), usually involving Fo-<:r 
and Fo-Cr-Ni alloys having a ehromium content of25 pereent or less [5]. Melal 
dusting usually causes smooth, circular pits, typically worst in stagnant areas. lo 
some cases, pitting damage is genera~ resulting in overnll surface wastage. 

When selecting materials for high-temperature hydrocarbon services, the 
polential for carburizatioo should be detennined. Process licensors usually 
provide excellent guidance for materials selection. Alloy manufacturers can also 
provide excellent advice. If carburizatioo is anticipated, it is oonnal practice to 
provide a nomlnal carburizarion allowance. Do not attempt to mitigate metal 
dusting with a corrosion allowance; a change in alloy or in the process is 
required for this mechanism. 

2. Fuel Ash Corrosion 

Some fuels, partirularly low-gmde fuel oils, contain clements that can cause 
aeeelen.ted high-temperature corrosion. The major culprits are vanadium and 
sodium. At temperatures above about 1200•F (650°C), vanadium oxide vapor 
and sodium sulfate rea<:t to fonn sodium vanadate, which in tum can react with 
metal oxides on the surfaces of heater tubes, hangers, tubesheets, etc. The 
resulting slag can become a low-melting eutectic mixture, acting as a flux. (A 
flux is a molten solvent for metal oxides.) The slag dissolves protective metal 
oxides and prevents their reformation. The mechanism is further accelerattd by 
the presence of sulfur ln the fuel. Sulfur contributes to ~1e problem both by 
sulfidation and by an additional lowering of the melting point of the vanadium 
oxide Oux. Failures generated by this mechanism tend to be rapid. 

Conccntrntion thresholds for fuel ash nuack are not well defined. However, 
concentrations less than 5 ppmw vanadium appear to have liule effect. 
Concentrations up to about 20 ppmw an: safe as long as the ma»imum metal 
temperature is less than about 15SO•F (84S°C). The safe maximum metal 
cemperaturc for concentrations in excess of 20 ppmw vanadium appears to be 
12oo•F (6SOOC). 

Virtually all alloys are susceptible to fuel ash corrosion. However, alloys 
rich in nickel and chromium (50Cr-50Ni) offer good protection. Reducing the 
amount of excess air to less than 5 pen:ent has been used to control fuel ash 
corrosion successfully. The rate of corrosion decreases dramatically at very low 
excess air concentrations. 

A wide variety of complex vapor deposition coatings have been developed 
for protecting components sucb as turbine blades from this type of attack. Vapor 
deposition coatings of aluminum and chrominm have been tried as tube coatings 
with some success. 
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3. Hydrogon Gas 

for the purpose of materials selection, hydrogen service is defmed as any service 
in which the partial pressure of the hydrogen gas exceeds 100 psia (0.7 MPa). 
Hydrogen gas can cause two types of problems: hydrogen embrittlement and 
hydrogen attack. . 

Hydrogen Embrittlemenl 

As discussed earlier, hydrogen gas can cause carbon and low-alloy steels to be 
hydrogen embrittled at temperatures ranging from subambient to about 250•F 
(120"C). However, hydrogen gas itself is not a problem, since it cannot dissolve 
or diffuse in metal. l11e problem is nascent hydrogen. At even ambient 
temperatures, carbon and low-alloy steels can dissolve nascent hydrogen from 
hydrogen gas. The amount of nascent hydrogen capable of dissolving from 
gaseous hydrogen is normally quite small, since its concentration in the metal 
must be in equilibrium with the concentration of nascent hydrogen in the gas. 
The latter concentration is very small except at high-temperatures and high 
hydrogen partial pressures. As a rule of thumb, gaseous hydrogen at 
temperatures less than about 4300F (220"C) cannot provide enough nascent 
hydrogen to embrittle carbon or low-alloy steels. 

As is discussed in tbe following section, carbon steels are not selected for 
high-temperature, high-pressure hydrogen services. Accordingly, they are not 
susceptible to hydrogen embrittlement by hydrogen gas, unless they are 
improperly exposed. As a result, postweld heat tn:ahnent is nonnally not 
required for carbon steels in hydrogen service. 

Gnseous hydrogen service can cause hydros,cn cmbrittlement in straight 
chromium stainless steels and low-alloy steels (including the Cr·Mo steels, 
which are favored for high-temperature, high-pressure hydrogen gas service). 
Hydrogen that dissolves in the steel at high-temperatures eau embrittle the steel 
upon cooldown, if cooling is too fast to penn it the escape of excess hydrogen as 
the metal cools. Note that sucb steels have a very low solubility for hydrogen at 
temperatures below about 400•f (20s•q. Weld repair requires bakeout and 
pn:heaL 

Hydrogen Attack 

Hydrogen gas can cause surface decarburi1.ation as well as internal 
dccarburization and fissuring. (The laner is called hydrogen allack in carbon 
a.nd low-alloy steels.) These types of deterioration involve exposure to high· 
temperature services having high hydrogen panial pressures. See Figure 3-6 for 
nn example of tbe damage caused by hydrogen attack on carbon steel. Since 
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Figure 3-6 Surface decarburization and grain boundary cracking in 
carbon steel, caused by hydrogen attack. 

surface decarburization causes only a slight reduction in m31erial strength, it is 
not normally regarded as a problem. 

. Hydrogen attack can occur at temperatures above about 430°f (220°C). 
D1ssolved hydrogen can attack iron carbide (Fe3C-cementitc), generating methane 
gas {CH4), which is trapped in the metal because the methane molecule is too large 
for diffUSIOn. Attack IS usually at grain boundaries. As the concentration of 
methane gas increases, increasing pressure begins to tear the grain boundary apart, 
causmg fl!S.t fissures, then cracks, then networks of cracks. Simultaneously, the 
loss of carb1des lowers lhe strength of lhe material. Combined, the two effects can 
substantially reduce the expected life of a component. Botl1 chromium and 
molybdenum form more stable carbides, leading to a preference for Cr-Mo alloy 
steels m hydrogen serv~ce. Unless severely cold worked, austenitic stainless steels 
are unaffected by hydrogen attack. 

The Nelson curves are used to select materials that will be in1mune to 
hy<ir?ge~ attack in ~aseous hydrogen service. Refer to Appendix 4 and API 
Pubhcahon No. 941 Steels for Hydrogen Service at Elevated Temperatures and 
Pressures in Petroleum Refineries and Petrochemical Plants" (6]. Because of the 
«scatter" in the Nelson curve data, it is common to use the maximum operating 
temperature plus a 25•f (14•C) margin when selecting materials using the 
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Nelson curves. Some users and process licensors specify the use of a so•F 
(2S°C) margin. Make sure that the maximum design temperature is large 
enough to include the maximum operating temperature plus tl1e selected margin. 
(Note that if the maximum design temperature is used for materials selection, the 
use of an additional operating temperature margin should be unnecessary.) 

for the vertical portion of the curves, it is customary to use a 25 or 50 psi a 
(170 to 345 kPa) margin on the maximum operating hydrogen partial pressure. 
Make sure that the maximum design pressure is large enough to include the 
maximum operating pressure plus the selected margin. 

Hydrogen attack is accelerated by inclusions and slag-type defects. 
Therefore, killed steels are selected. tnctusion-free welds are often specified. 
To further protect materials exposed to hydrogen service, it is common industry 
practice to impose weld metal hardness controls. Postweld heat treatment is 
recommended for all Cr-Mo alloy steels. Components cold worked more than 5 
percent should be stress relieved. Welded anachments such as reinforcing pads 
should be vented. 

Except at high-temperatures and high hydrogen partial pressures, there is a 
significant incubation time before hydrogen damage becomes detectable. Thus, 
in situations where the metal is exposed to infrequent and short-term transient 
combinations ofhigh-temperaturc and moderate hydrogen partial pressure, there 
may be a significant incubation time before the effects of such attack become 
detectable. Investigation of incubation times can often justify the choice of a 
lower-cost material of construction. Refer to API Publication No. 941 [6j for 
details on incubation times. 

To summarize, when selecting materials for hydrogen service: 

The Nelson curves utilizing the maximum operating temperature plus 25°F 
(l4°C) should be used. 
Carbon steels should be fully killed or otherwise deoxidized. 
Low-alloy steels such as the Cr-Mo steels should be postweld heat treated. 
Cold-worked materials should be >tress relieved. 
Seamless tubing and pipe are preferred, as they avoid potential problems 
associated with longitudinal welds. 
Hardness con!rols should be employed: 
• NACE RP0472. The maximum weld metal hardness permitted for 

carbon steel is 200 BHN. Weld procedure qualification testing is done 
to ensure that heat-affected zone hardnesses do not exceed 248 VHN 
(7). 

• NACE MRO 175. It is industry practice to limit the weld metal 
hardness of Cr-Mo low-alloy steels {225 BHN for Cr < 3 and 241 
BHN for 3 < Cr < 9). NACE MR0175 [8), which limits the hardnesses 
of parent metals and heat affected zones, should be required. 
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Heat affected zone hardoesses should be shown to be satisfactory in 
the Welding Procedure Qualification Re<:Oid via a hardness traverse across 
the weld mdaJ.;>arent melal interlace. 

Since proper cse of the Nelson curves will prevent hydrogen atlack on 
materials of construction, hydrogen gas is regarded as a crack-inducing agcut 
rather than as a corrodenl As discussed in Part I of this chapter, hydrogen gas 
ser:vicc involving the Cr-Mo steels is a major concern because of: 

The hydrogen embrittlement that could occur at operating temperatures less 
than about 250°F ( 12o•c). This concern is usually addressed by not 
pressurizing at operating temperatures colder than 250°F (120°C). 
The potential for delayed hydrogen cracking tho! could occur in weld 
repairs subsequent to service. This concern is addressed by an appropriate 
ookeout prior to repair welding. 

4. Nitridlng 

Stainless steels and many higher alloys such as Alloy 800 will slowly develop a 
brittle nitride layer if exposed to a nitriding atmosphere at temperatu= 
exceeding about 750°F (4000C). By (ar the most common nitriding atmosphere 
is ammonia or a mixture of gases rich in ammonia. Nitriding of stainless steels 
has also been reported in high-temperature chemical process streams utilizing 
nitrogen-bearing organic compounds such as urea. Gaseous nitrogen is not 
regarded as a nitriding atmosphere. 

Nitriding usually occurs at a much slower rate than carburization. Special 
alloys and/or aluminum including aluminum vapor- deposited coatings are used 
to resist nitriding. Materials selection often accommodates nitriding by pro­
viding a nominal nitriding allowance such as 1/16" ( 1.5 mm). 

5. Oxidation 

Virtually all metals and alloys have threshold temperatures above which they 
become susceptible to rapid scale fonnation and spalling when heated in air or 
steam. Table 3-1, develQped from data in Appendix l, shows the 
oxidation/scaling threshold temperatures for commonly used materials. 

Materials in applications subject to thickness losses due to oxidation are usually 
provided with a nominal oxidation allowance; 1J,.• to 1/," (1.5 to 3 mm) is typical. 

Most often, hot lines and equipment are thennally insulated to conserve 
energy. Properly insulated and jacketed, hot lines and equipment can be kept in 
safe service at temperatures above the oxidation limits of the materials of 
construction. Care must be taken to ensure that the process slrearn chemistry is 
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Table 3-1 Oxidation/scaling temperatures lor 
common materials of construction 

MATERIAL SCALING TEMPERATURE 

Carbon Steel tooo·F (s4o•q 

lV.Cr-\4Mo toso•F (56s•q 

2V.Cr-1Mo 1 o1s•r (sso•q 

3Cr-1Mo llOO•F (595"C) 

5Cr-%Mo l l 50•f ( 620•C) 

9Cr-1Mo 1200•F (6SOOC) 

12Cr tsoo•F cswq 

3%Ni tooo•F (54o•q 

9Ni tooo•F (5400C) 

18Cr-8Ni l6500F (900•C) 

Types 309 & 20000f (1095°C) 

310 ss' 
1 Ni~kel content increases spaJiing resistance. Thus. the 
higher Ni grades (such as Type 310 SS inSicad or Type 309 
SS) are favored. particulatly in cyclieal services, where 
thermal stressing will encourage sp:\llin&. 
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either non-oxidizing or that the process-side surface is protected by an ~lating 
or refrnctory liner. In such cases, !be limiting factor will be the ava~labthty of a 
code maximum allowable stress. . 

Alloys containing significant amounts of molybdenum are potenttally 
subject to catastrophic oxuJation. The super-austenitic stainless steels such as 
Alloy AIAXN, a 21 Cr-25Ni-{).5Mo-N alloy (UNS N08367) are an example. 
This problem is associated with !be formation of a heavy molybdenum oxtde 
scale, usually as a result of an improper heat treatment or a severe thermal 
excursion while m service. Experience has shown that removal of such scales 
prior to service (or return to service) will prevent the problem. Removal usually 
requires a pickling treannent. 
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~l':"t lintm~, such as Ute blue tinge often seen on welds, is a common 
condmoo assoctated with welds and thermally cut surfaces. For carbon and low­
alloy steels, ~ch tinting is usually ignored. However, d1e subsurface areas of 
hcat--tm~ed Sllltn!C$$ steels may be significantly depleted of cbromium. For 
demandmg enva~m~IS, heat tinting is usually removed by mechanical 
methods such as gnndmg or by chemical cleaning or both. 

6. Sulfldatlon and Sulfidic Corrosion 

Sulfur and sulfur compounds may altlck carbon and. low-alloy steels at 
tempemnu-~ above SOO"F (260"C) and nickel base alloys such as Alloy 600 
( ISCr-nNa-SFe; UNS N06600) at temperatures above about 600"F (3ts•q. 

Sulfidic Corrosion 

Sulfidic corrosion is most often nssociated with sulfur in crude oil (as organic 
sulfides and/or as H,S). It can cause severe pining and general wastage in 
carbon and alloy steels at temperatures exceeding 500"F (260°C). Corrosion 
rates can be estimated using the McConomy and the Couper-Gorman curves. 

McConomy Curves 

Use the McConomy curves for services that do not contain hydrogen. Refer to 
Appendax S (9). 

These curves were developed from empirical data, obtained from crude oil 
heaters used to preheat sour crudes feeding atmospheric crude units. Experience 
has shown th?t _the total sulfur content (in wt. percent) is not a precise indicator 
of the corrosavaty of a crude oil, at least partly because not all organic sulfur 
compounds are corrosive to carbon and alloy steels, even at elevated 
te~peratures. . Ncvenheless, the McConomy curves are generally used to 
esttmote corrosaon rates for carbon and low-alloy steels in sour crude streams 
without the addition of hydrogen, at elevated temperatures. There is no ben.; 
nonproprietary method available. 

Lo~g-terrn ~xperience_ widt the McConomy curves indicates that they 
often predtct excesstve corroston rates. Appendix 5 includes a discussion of bow 
to use ~e McConomy curves and how to usc adjustments that can be employed 
to obtam more realistic corrosion rates. 

Note that_ "_'any hy~n plants have successfully operated 5Cr-1>1Mo 
and 9Cr-1Mo papmg and equipment with sour crude streams at temperatures 
exceeding 850"F (4ss•q . There appear to be two reasons for this success: 

L Heated ~oil, altemperanu-es exceeding about 8SO"F (455•C). becomes 
less c:onostve due to the liberation of corrosive species. Note that the 
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McConomy curves show a maximum corrosion rate at about 850°F 
(455°C). At higher temperatures, the residual sour oil is less corrosive. 

2. Coke builds up on the process surfaces, protctt:.•: ~" ., S'.lrfo··•s rr":r 
suliur corrosion. 

eouper-Oonnan Cun-es 
Use the Cooper-Gorman curves for services tbat contain hydrogen gas having a 
panial pressure of at least 50 psia (345 kPa). Referto Appendix 6(10]. 

When the use of carbon steel is indicated by eilher the McConomy or 
Coupc:r.(iorman curves. silicon-killed carbon steels arc generally prefened, as 
they seem to be more resistant to sulftdic corrosion than arc the aluminum-ldlled 
carbon steels. The choice of coarse-grained silicon-killed steels may be 
precluded by a requirement for the low-temperature toughness provided by the 
fine grain practice steels killed with aluminum. 

In sulfur planiS, mixed sulfur-hydrogen sulfide streams are usually handled 
in carbon steel for temperatures up to about 57S•f (300•C). Many users 
consider it safe to use carbon steel to about 600"F (3 t s•q. Corrosion rates 
estimated from the McConomy curves are generally regarded as excessive for 

sulfur plants. 
For temperotures at which sulfidic corrosion rates would be excessive, two 

alternatives can be used to extend lite useful limits of carbon and low-alloy steels: 

I. Refractory linings are often used in both vessels and piping. A low iror.· 
containing refractory is required, since spalling of the refractory has been 
associated wiUt iron oxide contaminants in the refractory. 

2. An aluminum diiTusion coating is sometimes employed to extend the 
usefulness of carbon steel. This coating is applied by a proprietary process 
for vapor-diffusing alurninUin on and into the steel. An important example 
is heater rubing, extending the useful temperarure range to soo•F (425°C}. 
Such coatings have also been used on low-alloy steels for protection of 
heater tubes from external sulfidic corrosion. Tile effectiveness of this type 
of coating is inconsistent It appears ~tal an in1perfect coating can lead to 

early failures. 

Pure liquid sulfur is stored in pits made of Type V concrete. Piping for 
liquid sulfur is usually carbon steel. Heating, normally by steam tracing, is 
employed to keep the sulfur molten. Liquid sulfur in the presence of air can be 
very corrosive to carbon steel. Nitrogen blanketing or alloys such as Alloy 20 
C0-3 (20Cr-3SNi-2.SMo-Cb; UNS N08020) or Type 310 SS are employed. 

Sulftd8flon 
Sulfur and sulfur compounds may attack nickel-base alloys at temperarures 
above about 6CJO•f (315°C}. See Figure 3-7 for an example of the damage 
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Figure 3-7 Sulfidation of Alloy 20 Cl>-3. 

caused by sulfidntion. The threshold temperature for this attack depends on both 
the process and the alloy comrosition. At least one u~r regards the threshold to 
be as low as 300'F {150'C) for Alloy 400 (67Ni-30Cu; UNS N04400) in 
reducbtg hydrogen sulfide. Sulfur auack can assume several forms and can be 
quite ~vere, particularly under reducing condilions. While pining can occur, 
severe sulfidation t'sually involves eilher intergmnutar attack or Ouxing due to 
molten sulfides. Ordinary austenitic sll!inless steels are also subject to Ouxing by 
mollen Fe-Ni sulfides. Since the lhreshold temperature for sullidation depends 
on both alloy and process composit.ions, the litcnture or technical assistance of 
alloy manufacture.-s should be sought for differentiating among alloys. 

D. HIGH-TEMPERATURE ALLOYS 

Convenlional 300-series stainless steels are useful in many services up to about 
I SOO'F (815'C). Above this temperature, their maximum code-allowable 
slresses arc too low for most practical long term non-creep designs. Higher 
chromium-nickel conventional nustcnitic stnlnlcss steels such ns Types 309 and 
31 0 SS do find use in low-stress applic.1tions such as shrouds used as refractory 
liners and narc tip applications, up to about2000'"' (1095'C). 
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In addttion to having less than adequate maximum allowable stresses at 
high-temperatures, lhe 18Cr-8Ni stainless steels beco~e susceptible to oxidation 
and spalling at temperatures above about 1650 F <90?"C>- At _h•&?•r 
temperatures the minimum chromium content for reltable resiStance to _oxtdatton 
is 25 to 28 percen~ depending on alloying additions such as alummum and 
silicon. 

In this seclion, the term high-temperature alloys is taken to mean alloys 
intended for ~rvice temperatures above I SOO'f (81 S'C). For moderate stress 
service there arc several high-nickel alloys for which conventional engmeen ng 
codes ~rovide maximum allowable stresses useful for non-creep desig?. The 
Alloy 800 series is an example. However, many higlHemperaturc apphcauons 
such BS furnace tubes involve stresses that will generate creep. 

There are a few conventional alloys that can witltstand oxidation at 
temperatures up to about 2200'F (120S'C), usually because of relatively ~igh 
silicon content. However, for most applications above 2050'1' (1120'C), c11her 
ceramics or engineered materials are required. An example of the latter are the 
coated and internally cooled alloy blades that are ~ in high-performance 
oombustion gas turbines. 

Most designs for temperatures exceeding I SOO'F (81 S'C) _must all~w for 
creep and/or stress rupture. Sueb designs take into account matenal behavtor not 
normally encountered in conventional design. It is normal practice to use an 
"operating margin" when designing a high-tcm.pernture system: Often, lhe 
operating margin is SO'F (28'C), that is, the dcstgn temperoture ts taken to be 
SO'F above the maximum operating temperature. In tlte creep range, tills margm 
amounts to a design life extension, of\cn SO to I 00 percent or more .. Needless to 
say, desig11 life guarantees arc easily achieved unless tho system •s abused by 
operation at excessive temperatures. . 

For most applications, the maximum allowable stress of a htgh-temperature 
alloy is taken as tbe 100 000 hour stress rupture value. API Recommended 
Practice No. 530 "~coded Practice for Calculation of Heater Tube 
Thickness in Petroleum Refmeries" [II) is a good source of stress rupture data 
for conventional high-temperature alloys such as the 300-series stainless steels, 
HK-40 and Alloy &00. This reference also includes stress rupture data for 
carbon steel and the Cr-Mo low-alloy steels. However, most of the modern 
alloys preferred for high-temperature ~ice 11re not i~cluded in API 530. These 
arc proprietary alloys and their design data arc provtded by the manufacturer. 
Experience has shown that most manufacturers provide reliable data. 
Nevertheless, it is prudent to compare the data of different manufacturers for the 
same type of alloy in order to detect anomalies. 

While there are a few wrought alloys on the market, such as the Alloy 800 
series, most of the alloys used in higlt-tcmpcrnture funmce and heater 
applications are available only in the fonn of castings. Examples include tubes, 
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Cubesh~cs .••d hangars. Cencrifugal cascings are preferred for rubulars. This 
r~lncliOn IS due 10 cheir chemiscries, usually because of cheir bigh carbon and 
s1hcon. conl~nt: . Various alloying additions impilrl greacer resistance to creep, 
0~1dai10n, n1tnd1ng, carburiz.ing. ccc. However, these alloys do have some 
disadvantages: 

E~ ":hen new, they are usu.'llly brittle. preventing their being used in 
fabrieauon procedures n>qUiring forging. rolling. drnwing, etc. 
In service, most oftllcm become even more brinle as they age, me resull or 
~e f~alion of ~nle intermecallic compounds. Aged alloys are often 
unposs1ble to repatr by wcldlng. 
They usu.'llly .req~ite special welding procedures, as tbey are unusually 
prone to craektng U>duced by welding. 

Some users insist chat componenls external to che heacer or furnace be made 
of a "!"ugh I alloy. This insistence is based on tile belief that the cast alloys are 
coo bronle and are chereforc unsafe for use oucside me ftred area. This belief is 
changing as some of the newer case alloys show both improved initial ductilicy 
and improved resistance to in~service embrittlement. 

Convcncional alloys such as d1e IlKs, per ASTM A297 and ASTM A608, 
have been largely diSplaced by a number of propriecary alloys. Some of these 
alloys~ markeled as variants of"HP·Mod." This is a generic alloy family wilh 
coo~posol10ns .. based on a 25Cr-35Ni contenl, wilh varying microalloying 
add1110ns of 11, Cb, W, elc. While ahe HP·Mod alloys arc probably the most 
wtdcly used of tl~e moden1 cast high~tcmperature alloys. there arc numerous 
otl1er ~lloys of d1ffcrent chemislfies offering advancages in cost or cxcended 
opera11on. Tite newer alloys have a number of advancages, panicularly for 
ft~moce or hcncer cubes: 

Because of their higlter sCtcngch, they need less scc1ion 1hickncss. This 
reduces che thennal gradient (i.e., ll1ennal stress) across lhe tube wall 
~1iekncss. The reduced Cl1ennal gradienl is a real benefi~ since il 
substruuially ex1ends ll1e creep life. Less section lhickness often does n01 
lnlnslace inlo less cos!, since the improved alloys are usually more cosily 
tl1an ahc older alloys. 

"Corrosion" allowru1ce, including allowances for carburization. 
nilriding, oxidncion, ecc., siJOUid be koptto a minimum. Such increases in 
lhickn~ ~lso increase lhe lhermal gradien~ d!ereby decreasing lhe creep 
hfe. S1m1larly, the ID surfaces of cenlrifugally cast tubulars should be 
bored and honed to a smooch fmish, as lhis reduces tllcrmal stresses as well 
as improves resistance 10 degradation processes such as carburi23tion. 
From a process sll!ndpoinl, reducing lhe section tllickness without reducing 
the t_U~ diameter allows more mass flow. In the case of cacalysc-based 
apphcacoons such as reformer furnace tubes. reducing section tllickness 
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resulcs in a larger cacalysc cltarge. In bolh cases, lhc resuh is improved 
production races. 
Most of the newer alloys have a higher useful maximum design 
tcmpcracure, permitting greater process efficiency. 

Macerials selection among che available alloys is a complex process. All of 
me high-tcmpcracure alloys undergo various cemperanue- and process-induced 
degradalion phenomena such as various forms of cmbrinlement, sensitization, 
earburizalion, oxidacion, sulfidacioo and creep. Most alloys are quite sensicive 10 
cyclic operacion. which accelenlles bolh creep damage accumulatioo and 
dcgtadation mecbanisms such as carburizalion. 

In many cases, materials selection is based on tile recommendacions of 
process licensors, as d!ey have d!e experience necessary to optimize lhe selection 
of mau:rials. In olhcr cases, the user must depend on lhe alloy manufacturer$' 
data base, past plane experience and/or in-plant or laboratory testing. In 
siluations where adcquale informacion is not available, lhe user is advised 10 
eid!er obtain lhe assiscance of a compelcnl specialist or survey the advice of a 
vnriety of manufaecurer technical rcpresencatives. 

PART 3: CORROSION 

A. CORROOENTS 

1. Acids, General 

Acids are often classified as oxidizing or nOll-oxidizing (the Iauer are somelimes 
referred lo as reducing acids). Some acids can show more chan one kind of 
behavior, depending on concenaracion and/or temperature. Materials selection 
for acids and lheir derivacive compounds depends in pilrl on whether !hey are 
reducing or oxidiz.ing. In addition. the corrosivity of lhe solution often depends 
on lhe presence of strong oxidizing salts such as ferric chloride (FeCI,) or cupric 
chloride (CuCI,). Bod! sales are also strong pilting agents. Such oxidizers are 
somecimes presenl as contaminaniS. Parcicularly in reducing acids, eorrosivity 
can be dominaled by aeration and/or tile presence of oxidizing concaminancs. 

In general, oxidc·stabilizcd coJTOsion resistant macerials perform well in 
the presence of oxidizing acids. Examples include the refractory metals such 
as !illinium, lhe austenitic stainless sceels and Ni-Cr-Mo aJioys such as AJioy 
20 Cb-3, AJioy C-276 (ISCr-54Ni·16Mo; UNS N10276), Alloy 625 (22Cr· 
60Ni-9Mo-Cb; UNS N0662S) and Alloy 825. For alloys, it is a general rule 
thatlhe higher che alloying contenl, panicularly for chromium, the higher the 
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concentration and temperature limits for which the alloy will be suitable. 
Increasing the Ni content increases resistance to chloride pilling and to 
chloride stress corrosion cracking. Increasing the Mo content reduces 
susceptibility to localiz.ed corrosion phenomena such as pitting and crevice 
corrosion. Alloys such as Alloy C-276 fmd use in both oxidizing and 
reducing acids. They are usually specified for reducing acids which contain or 
can become contaminated by oxidizing agents. 

Alloys dcsiyoed to operate well in reducing acids may perform poorly in 
such acids if they are aerated or contllio oxidizing coolllminaots. Alloy 400 and 
Alloy B-2 (6SNi-28Mo-Fe; UNS NI066S) are examples. Accondingly, it is 
imporlllnt to determine if reducing acids will conlllin oxidizing contaminants or 
will be aerated 

When austenitic stainless steels are selected for acid service, it is conventional 
to specify the low carbon grade, that is. the "L" gnde. Many acids will attack the 
seositiud band in the weld heat affected rones of the conventional grades. 

If pilot plant testing is required to select materials or verify materials 
selection, the program should include testing in all applicable phases. Consider 
vapor phase coupons Md panially submerged coupons in addition to normal 
immersion testing. The coupon rack should include weld metal, heat affected 
zone and deliberately sensitized specimens. If fabrication or construction will 
include cold work, stress relief nod/or postweld heat treatment, appropriate 
coupons should be included in the test program. 

In surveying materials for a specific opplication, keep in mind the following 
altemacives: 

Non-rnctnllic materials such as fiber-reinforced plastics are available for 
both piping nnd for most equipment such as vessels, tanks and pumps. 
Liners such as rubber, pnlymcr or glass arc frequently cost effective. 
Plastic-lined piping is a common choice in acid systems. 
Claddu1g and/or weld overlays, using carbon or low-alloy steel for pressure 
contauunent and a corrosion resistant alloy for corrosion resistance, arc 
sometimes used. 

In the following sections. conventional selections of materials of 
construction are described for a variety of inorganic and organic acids. This 
information is provided to allow tl1e reader to select materials for simple systems 
or to provide some background which can be used to review proposed materials 
for suitability. The user should investigate alloy manufacturer and process 
licensor experience, review available literature and seek ex pen assistance if the 
process involved will include complicating issues such as contaminants, tem­
pcrarures or pressures outside the conventional range, or complex equipment 
items such as distillation towers or heat exchangers. 
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2. Inorganic Acids 

Hydrochloric, hydroOuoric, nitric, sulfuric and phosphoric acids account for 
most of the strong inorganic acids encountered in hydrocarbon and chemtcal 
process plants. Ilydrochloric, hydroOuoric and phosphoric acids are non­
oxidizing. Niuic acid is a strong oxidiz.er. Sulfuric acid can be either oxidizing 
or non-oxidizing. depcndini on tempen~turc and concentration. Sulfuric acid 
becomes increasingly oxidizing at concentr.nioos of about 2S WL percent and 
higher. Below 2S percent, the uncontaminated acid is regarded as non-oxidizing. 

Because of their relatively severe corrosiveness, many ofd>e inorganic acids 
are difficult to handle with alloys. In addition, usc of highly alloyed materials 
substantially increases both capital and installed COSis. For these reasons, it is 
common for materials selection to include plastics (including fiber-reinforced 
plastics), elastomers, linings and coatings. Carbon and graphite also find use in 
some severe applications. Fluoropolymers such as PVDF are usually very 
resistant to most inorganic acids, but may be permeable. Often, less expensive 
plastics an: suitable. Equipment constructed of lined carbon steel is often 
selected. Candidate linings include rubber, plastic, resistant paint coatings (if 
backed up with cathodic protection) and glass. Plastic lined piping is regarded 
as the normal choice for mnny industrial applications. 

Industrial users of inorganic acids are served by a very competitive 
component and equipment supply industry. MMy equipment fabricators offer 
proprietary as well as conventional alloys, plastics and liner materials. Many 
companies provide excellent technical assistance in the selection of materials. 
When using such sources, be aworc thai the recommended materials. while 
satisfying the technical selection criteria, may not be the most cost effective. 
Also, do not overlook infonnation available from trade organizations. The 
Nickel Development Institute and the Copper Development Association (sec p. 
53) are good sources. References II 21, 11 3 I and [ 14 I arc also useful. 

Sulfuric Acid 

Carbon steel is normally used for storage tanks and sometimes for piping for 
sulfuric acid at concentrations of70 wt. percent and above, at temperatures up to 
t04•f (40•C). Typical industrial concentra~ons arc 93 and 97 percent. The 
selection of carbon steel depends on controlling velocities to less than about 
three IVsec (0.9 mls). The velocity limitation is critical, since successful use of 
carbon steel depends on not disrurbing the protective, but non-adherent, soft, 
insoluble iron sulfate ~le layer. Linings and anodic protection arc also 
specified, sometimes from concerns over product purity. Note that some design 
and construction details can be imponant. Examples include avoiding accidental 
entry of water and proper precommissioning cleaning. Refer to NACE RP0391 
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"Materials for tlandling and Storage of Concentrntcd (90 to 100 percent) 
Sulfuric Acid at Ambient Temperatures" [IS] for funher details. 

Hydrogen dnmage eM occur in carbon steels in sulfuric acid services. 

Hydrogen induced cracking (HlC) damage, including blistering, bas been 
observed in tanks ond Olha' components built of plate. Boch of these 
phenomena can be minimi:ztd by using clean carbon steels of the type 
recommended for HIC ..,.istMce. [For a discussion of HlC resistance, see 
the se<:tion entitled "Wet Soor Service" (p. 196).] 
Hydrogen groovi11g has been observed in carbon steel tmks in sulfuric acid 
service. This phenomenon is caused by bubbles of H, eroding the 
protCCiive se~le covering from the steel, pennitting continued attack of tbe 
substrnte. This problem is usually associated with manholes or nozzles and 
can be minimized by usc of c:orrosion-..,.istant linings or alloys. 

· Type 316L SS, rather dt:m carbon steel, is becoming the standard metallic 
material of construction for piping concentrnted sulfuric acid for 
temperarures up to about so•F (27•C). Alloy 20 Cb-3 is usually specified 
for valves. 14 wt. percent silicon cast iron (see ASTM A518) or cast Alloy 
20 Cb-3 (see ASTM /\351, A743 or A744, Gr CN·7M) is usually 
recommended for pumps. Tite 14 percent silicon cast iron material is not 
recommended for fuming sulfuric acid. 

Where low velocities or occasional upset-induced higher corrosion rates 
cannot btl accepted, corrosion-resistant alloys are specified for concentrated 
sulfuric acid. Corrosion-resistant alloys are also usually required if lxlttcr 
reliability or low maintenance is a project objective. Alloy 20 Cb-3 is a 
commonly specified material. 

Lower concentrations of acid or higher operating temperatures require the 
use of more resistant materials. Type 3 16L SS can be used, in conjunction with 
anodic protection. However, applicar.ions are limited because of the possible 
consequences of failure or disruption of the anodic protectiQn system. 

Lead has been widely used in both the m:mufacrure arid use of sulfuric acid. 
As with carbon steel, the rucxessful use of lead depends on not disturbing 
the protective, insoluble lead sulfate layer. Velocities should be limited to 
three ftlse<: (0.9 mls). Lead is ..,.istantto sulfuric acid at temperatures up to 
275°F (135"C) for concenlnllions up to about 60 wt. percent Above this 
poin~ lead is useful at higher concentrnrions, but at lower temperatures. 
The use of lead in sulfuric acid service is being curtailed by environmental 
and disposal concems. In addition, lead is not competitive with many non· 
metallic materials. · 
Alloy 20 Cb-3 performs well in sulfuric acid in the concentration range 
0 to about 60 wt. percent at temperatures up to about I 75•p (&o•q . 
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Corrosion rates are usually on the order of 10 to 15 mpy (0.25 to 0.38 
mm/yr). 
Alloy C-276 is resistant at all concentrations at maximum temperatures 
ranging from abouti2S°F (S2"C) to 200"F (93•C). 

• Alloy 825 offers corrosion resist:mce similar to that of Alloy C-276, but at a 
lower u:mperarure range (about JOO to 200"F (38 to 93.C)). 
Alloy 400 is used for temperatures up to about 200•F (~3·C) for 
concentrations up to about 60 WL percent in the absence of aerauon and/or 
ox.idizi.ng conwnin:mts. . 
Alloy B-2 is resistant to boiling sulfuric acid up to a ooncenttallon of about 
70 wt. percent In concennted acids, it is ..,.istant at temperatures up to 
about22S°F (107"C). Note that this alloy is sensitive to aeration and/or the 
presence of oxidizing contaminants. . 
Zirconium is useful up to at least 60 wt. percent concentratiOn at 
temperatUI'CS up to the boiling point. For concentrations between 60 and 80 
percent, zirconium is useful for temperatures up to about 200•f (93•q. 
Tantalum is essentially inen to all concentrations of sulfuric acid at 
temperarures up to about 300•f (ISO"C). Above il1is temperarure, 
conoennted acid corrodes rontalum at very moderate rates up to about 
500°F (260°C). Tantalum is highly resistant to dilute acid up to the boiling 
point. 

In common with most mineral acids, sulfuric acid in various concentrations 
and temperatures can be handled by fiber-reinforced plastics, liners such _as 
rublxlr (e.g., neoprene), polymers such ns polypropylene and glass and plasuc· 
lined pipe. 

Refer to Appendix II ror a materials selection graph for sulfuric acid. 

Hydrochloric Acid 

This acid is destructive to all conventional carbon, low-alloy and stainless steels, 
unldss it is inhibited. Inhibited 5 to IS wt. percent acid is used at low velocities 
for cle3Jling carbon steel piping and equipment. Nickel and n ickel alloys are 
required for even moderate corrosion resistance. In common wtlh other reducmg 
acids, aeration and/or the presence of oxidizing impurities can profoundly 
change the corrosivity of the acid. 

Alloy 200 (commercially pure Ni; UNS N02200) and Alloy 400 are used at 
cooceotrations up to 20 WL percent at room temperature for non-aerated 
processes. These alloys can be used to concentrntions of only I 0 percen~ if 
the acid is aerated. Alloy 400 is generally preferred because of tiS supenor 
toleraoce at higher concentrntions ond temperatureS. Both alloys are very 
sensitive to oxidizing contaminants such 1S the ferric ion, that i>, Fe( +H-). 
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Allo~s 825 and C-276 can be used at concentrations up to 37 wl percent at 
an~b1ent te~peratur~: .These alloys are usually chosen for aerated acids or 
acids contammg oxi<hzmg contaminants. 
For ~igher-tempcral1lrc service, Alloy B-2, zirconium or tantalum may be 
required. 

• Alloy B-2 will tolerate aeration but it is sensitive to oxidizing 
contaminants such as the ferric ion.' 

• Zirconium. is only slightly corroded by hydrochloric acid at all 
~~ncen~~ons. for temperatures up to about 27S'F ( 13S'C). However 
rt ts senstlJve to oxidizing impurities. ' 

• T~talum is regarded as resistant to all concentrations of hydrochloric 
ac1d at temperatures up to about 300'F (150'C). However, tantalum 
and. Its alloys are very susceptible to hydriding, requiring careful 

. des1gn. Refer to Part I of this chapter for a discussion ofhydriding. 
Titanium . alloys . have a wide range of respon~ to variations in 
eo~cent~tton, oxtd~zrng contaminants and temperature for hydrochloric 
acid serv1ce. The T1-Pd alloy (Gr 7) is regarded as the mOst resistant of dle 
~· alloys_ for hydrochloric acid service. Titese alloys fmd use in relatively 
ddute ac1ds, partzcularly zf the acid contains oxidizing impurities. Ti~'lllium 
should not be selecled for hydrochloric acid service unless the application 
has a proven hzstory or the selection is justified by adequate testing. 

Hydrochloric acid in various concentrations and at various temperatures can 
b~ handled by fib~r-remforced plastics, liners such as rubber, polymers and 

h
g ass-. and plast z~-lmcd p1pe. Polymeric materials are the nom1al choice for 

andlmg and stonng hydrochloric acid. 
Refer to Appendix II for a materials selection graph for hydrochloric acid. 

Hydrofluoric Acid 

NACE Technical Committee Report SA 171 entitled "Materials for Receiving, 
Handling and Stonng ~ydrofluoric Acid" [16) provides detailed guidelines on 
selection of both metallic and non-metallic materials for both hydrofluoric acid 
and anhydrous hydrogen fluoride. 

Carbon ste:l is ~mm<-nly used for the storage and piping of non-aerated 
hydroOuonc 8C1ds, at concentrations of 70 wt. percent or more, for 
temperatures up to 90'F (32'C). The resistance of carbon steel in this 
~rvlce d~ds on the fonnation of a stable surface !ibn of non-adherent 
•~n Ouond.o. Con.scquently, control of velocities, to a maximum of2 ftlsee 
( .6 mls), IS required. Hydrofluoric acid can cause hydrogen embrittle. 
ment, h~drogen stress cr_aeking, hydrogen induced cracking damage and 
stress onented hydrogen Induced cracking in carbon steels. TI1e mitigation 
measures used for carbon steels in "wet sour" service also apply to carbon 

' 
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steels in hydrofluoric acid service. [For a disazssion of wet sour service 
mitigation measures, see the section entitled "Wet Sour Service" (p. 196).) 
Lead has been a conventionaJ materia) of construction for non·aerated 
hydrofluoric acid service process equipment. ll is useful for concentrations 
up to about 60 wt. percent. at ambient temperature. Use of lead is 
becoming Jess common, as it generates environmental concerns and is not 
competitive with many non-metallic materials. 
Alloys 400 and C-276 are usually specified if an alloy is required. These 
alloys are useful for all concentrations of acid, at temperatures up to about 
17 s•F (SOOC). 
• Alloy 400 is very se!lSitive to the aeration and/or tl1e presence of 

oxidizing contaminants. 
• Cold-worked componenzs of Alloy 400 should be stress relieved. 

Hydrofluoric acid in various concentrations and temperatures can be 
handled by fiber-reinforced plastics, liners such as rubber and polymers and by 
plastic-lined pipe. Fiber reinforcements must be of materials other than glass. 

Reier to Appendix II for a materials selection graph for hydrofluoric acid. 

Nilfic Acid 

carbon and low-alloy steels are not suitable materials of construction for nitric 
acid service. Fourteen wt. percent silicon cast iron (see ASTM A518) is very 
resistant to concentrations exceeding about 45 percent, up to the boiling point. 
This material is useful for pumps (Cf-JM, the cast version of Type 304L SS, 
and titanium are also commonly used for pumps). Use of Types 316 or 3l6L SS 
is generally avoided, since tl1ese alloys are susceptible to intergranular attack. 

The standard material of construction is Type 304L SS, for temperatures up 
to about 250'F {l20'C). This alloy should not be used for concentrations 
exceeding 90 wt. percent. Aluminum alloys are used in the 90 to 100 percent 
concentration range for temperatures up to about IOO'F (38'C). 

Titanium is resistant to nitric acid concentrations below about 20 wt. percent 
or between 70 and 90 WI. percent, at temperatures up to the boiling point. It may 
be specified instead of Type 304L in processes that are sensitive to product 
contamination. Titanium should not be used in fuming nitric acid. 

Zirconium is used for severe, high-temperature services for concentrations 
up to about 70 wl. percent. Tantalum is resistant to all concentrations of nitric 
acid. 

Nitric acid corrosion of Type 304L SS can be accelerated by the presence of 
hexavalent chromium ions. The process chemistry should be reviewed to 
prevent conditions that could lead to the production and/or deposition of this 
cont3minanr. 
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~ic acids and their derivatives. Chloride contaminants are usually avoided due 
to the risk of chloride stress corrosion cracking or chloride pining. For higher 
temperatures, nickel alloys are often useful. 

Be aten to potential problems with nickel alloys that do not contain oxide 
formers such as chromiwn. Examples include materials such as Alloy 200 
(commercially pure Ni). Alloy 400 and Alloy B-2. Such alloys usually do 
not perform well in the presence of oxidizing con12minants such as FeCI, or 
dissolved OJCY&Cil. In the event that this type of alloy is a candidate, make 
sure IMI the process stmun will not contain oxidizing contaminants. 
The oxidc-slabiliz.ed alloys suclt as Alloys C-276, 62S and 825 usually 
perform well in the presence of oxidizing contaminants. 

The following oraanic acids arc common enough in chemical process and 
hydrocarbon plants to justify. individual discussion. Note that because many 
i1PJ>Iitations involving organic acids are in proprietary processes, the user should 
be able to depend on the process IH:ensor for guidance in materials selection. If 
process licensor assistance is not available, alloy manufacturer assistance and/or 
references [12), [13], 114), [171 and [ I 8) may be useful. 

Acetic Acid 

Type 304L SS is often specified for the storage of pure acetic acid in 
concentrations up to 90 wt. pcn:cnr, at tempemtures up to 60•F ( I6°C). Type 
316L SS is usually specified for process equipment. It is suitable for all 
concentrations nnd for tempcmrures up to the nonnal boiling poin1s. Zirconium 
is oOen used for severe npplicntions, at temperatures up to about 575°F (300•C), 
particularly if product contaminat ion is a concem. 

Higher alloys such ns Alloy 20 Cb-3, Alloy C-276, or titanium are 
sometimes specified for higJHempcrature services or applications involving 
contaminants. lligh·strength titanium alloys may be susceptible to srress 
corrosion crocking in hot acetic acid. Alloy B·2 is specified for hot, highly 
concentrated solutions under reducing conditions . 

Aluminum tankage is used for aerated ncetic acid for all concentrations up 
to about 99 wt. percent, at ambient temperatures. Type 316L SS is usually 
specified for heating coils in acetic acid storage tanks. Rubber· lined carbon steel 
is useful, but product discoloration can be a problem. Resistant fiber-reinforced 
plastics are available, primarily for vessels and piping. A number of polymers 
are used for plastic lined pipe. 

Formic Acid 

Type 304L SS is generally specified for the storage of all concentrations o f 
fonnic acid at ambient temperature. Type 316L SS is usually specified for 
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proc:es$ ~ipment Type 3161.. SS is also used 11 ell concentrations for 
temperatures up to at least 200•f (93°C) if moderate corrosion can be 
lolerat~d. Corrosion ratu can approach 50 mpy ( 1.3 mrnlyr) under severe 
cond1t1ons. 

Copper and 90/10 Cu/Ni alloy (UNS C70600) have been used at 
tempe?tures up to the boiling point, at all concentrations, where moderate 
corroSion can~ accepted (non-aerated conditions must be maintained). 

Several b1gher alloys are resistant at elevated temperatures, including Alloy 
825, Alloy 20 Cb-3, Alloy 28 (27Cr-31Ni-3.5Mo; UNS N08028) and Alloy 
904L (21Cr-2SNi-4.SMo; UNS N08904). 1'11= alloys are resistant at 
temperatures up to ISO•F (6S0 C}. Alloy C-276 has been used at all concen. 
trat10~s, up to the boiling point, with only minor corrosion reponed. 

T1tamum IS reponed as being very resistant to fonnic acid. However, it is 
~o~~ t~ be_ susceptible to rapid attack by anhydrous formic acid. Tile use of 
lttamum '"h1gh concentrations of formic acid at elevated temperatures should be 
based _on ~adequate testing program. 

Ztrcontum and tnntalum have been reponed in successful use at 
temperatures up to 200•r (93°C) and JOO"F (1500C), respectively. 

As With acetic acid, fiber-reinforced plastics, rubber and polymeric liners 
are useful 

Fatty Acids 

TI:• fatty acids such as lauric and oleic acids arc generally regarded as very mild 
acids. Type 3161 SS is generally used. Type 3171.. SS mny be needed if product 
punly IS a concern, panicularly for high-temperature processes. Alloy C-276 
and Alloy 625 are usually specified for the most severe services. 

o;. and TricarboxUic Acids 

Most ?f these acids such as oxalic, maleic and phthalic acids are only mildly 
eorrostve .. Type 3161.. SS is the normal material of construction. Oxalic acid is 
an e><ccp!ton.. It is aggressive to the austenitic stainless steels, including Type 
3161 SS, at vll'lllally all concentrations and temperatures. Alloys such as Alloy 
400 are useful to about 90'1' (32°C) while Alloy B-2 and Alloy C-276 are useful 
up to . at le~t 200'F (93•C). There is a wide range of rubber and polymeric 
matenals reststant to oxalic acid. 

Naphthenic Ackis 

Naphtheoic acid is the collective name given to otganic acids contained in 
some crude oils and crude oil frnctions. It can cause corrosion at temperatures 
as low as 3So•r (17S"C). However, serious corrosion, observed as severe 
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pining and/or grooving, usunlly does not occur until the temperature exceeds 
4S0°F (230°C}. 

Naphthenic acid corrosion occurs in crude distillatio11 units, but is usually 
worst in vacuum distillation units. Corrosion is most nggressive in areas of high 
velocity, impingement or turbulence. Naphthenic acid corrosion is not regarded 
as a problem in modem thermal or catalytic cracking units, probably because the 
feed heaters operate at temperatures that thermally decompose the acids (900 to 
9SO"F (480 to 5IO•C)). 

The concentration of naphthenic acid is usually reported as the total acid 
number (TAN) and is stated in units of mg KOH per gratrn of oil. A TAN value 
of less than 0.5 nag KOH per gram of oil is considered to be relatively harmless. 
TAN values between 0.5 nnd I.S are regarded as being slightly to moderately 
corrosive. Severe attack can occur for TAN values exceeding I.S. There is no 
reliable correlation among the TAN, operating temperatu.res and corrosion rates. 
While the TAN value is a gencrnl guide to corrosivity, experience has shown that 
corrosion activity tends to be crude-specific. Accordingly, the best indication of 
the corrosivity to be expected of a crude oil conroining naphthenic acids is 
operating experience. 

One should be alen to the fact that refaning a crude oil containing 
naphthenic acids will concentrate the acid fraction in the heavy end draws such 
as gas oils and in distillation tower bottoms. Even in a crude oil with a TAN less 
than O.S, concentrations with TANs of 1.5 or more may occur in distillation 
products. 

Experience indicates thrtt the entrained chloride content can accete.rate 
corrosion, while B2S con slow the rate of corrosion. Typically, nnphthenic acid 
corrosion is worst in the vncuum distillation unit of a refinery, where the 
hydrogen sulfide concentration is minimal. Serious corrosion has been reported 
at temperatures as low as JSO"F ( 175•C). Corrosion rates are lower in the 
atmospheric distillation column, which has a higher concentration of hydrogen 
sulfide. Naphthenic acid in hydnotreater feeds is destroyed by the addition of 
hydrogen. Thus, napbthenic acid is not considered to be a problem downstream 
of the point of hydrogen injection. 

Velocity and turbulence are known to accelerate naphthenie acid corrosion. 
Furnace tube and transfer line velocities should not be allowed to exceed 200 
fllsec (62 rn/s). Some refiners limit velocities to 130 fllsec (40 rnls). Long­
rndius piping elbows nnd bends should be specified. 

In most refineries, naphthenic acid corrosion is mitigated by use of 
austenitic stainless steels containing at least 2.5 wt. pen:ent molybdenum. Type 
316 SS can be used, but it must be specified to have a minimum of 2.5 wt. 
percent molybdenum. ASTM specifications permit a range of 2.0 to 3.0 wt. 
pen:ent molybdenum for Type 316 SS. With modern steel-making procuses, 
alloy manufacturers can rootinely tarset the molybdenum content of Type 316 
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SS towards the lower limit, 2.0 wt. percent This concentration of molybdenum 
is insufficient for protection from naphthenic acid corrosion. Type 317 SS is 
sometimes specified, since the molybdenum content of this grade ranges from 
3.0 to 4.0 wt. percent Type 317 SS may be required for severe combinations of 
TAN, temperature, and velocity or turbulence. The "L" grades ofTypes 316 and 
317 are preferred for welded construction. 

Controlling naphtl1enic acid attack illustr•tes one of the classic compromise 
situations in refinery materials selection. Naphthenic acids do their damage in a 
refinery during removal of sulfur from the cn1de oil. Nonnally, stabilized yadcs 
of stainless steel such as Type 321 SS would be used to prevent polythionic acid 
attack. However, Types 32 1 and 347 SS are susceptible to naphthenic acid 
attack, thereby requiring the use of a molybdenum-bearing grade. The refining 
industry has developed different approaches to the dilemma_ 

Some users and process licensors choose to accept the risk of polylhionic 
acid att1ck; Type 316L SS is usually specified. Polytltionic acid anack is 
controlled by operational measures such as preventing air ingress, or by the 
use of neutralizing washes (3]. 
Some users and process licensors are more concerned about 
polylhionic acid attack than they are about naphthenic acid corrosion. 
This concern dictates the use of stabilized alloys sucb as Type 321 SS. 
Concern for naphthenic acid attack is addressed by both onstream 
inspection, usually by ultrasonic thickness testing, and visual inspec­
tions during shutdowns. 
In some applications, Type 316 SS is used for "nonreplaceable" items such 
as weld overlays. while a stabilized grade is used for a "replaceable" item 
such as heat exchanger tubing. 
for plate and plate products, Type 316Ti, a stabilized grade, may be 
specified. This material mitigates both polytltionic acid anack and 
naphthenic acid corrosion. 

Napbthenic acid corrosion can be mitigated by inhibitors. However, 
inhibitors are ineffective in areas of excessive velocity and/or turbulence. 
Consequently, inhibitors are of marginal value for the control ofnaphthenic acid 
corrosion. for new equipment, selection of a molybdenum-bearing stainless 
steel is recommended. 

4. Acid Salts 

Any salt that is the product of a weak base and a strong acid, such as NH,CJ and 
fe,CI, will produce an acidic solution when dissolved in water. Acid salts can 
cause a variety of corrosion problems. 
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In systems where acid salt deposits can form and absorb water, such 
deposits can cause under-deposit corrosion such as pitting and may cause 
stress cOtTosion cracking. 

• Most of the desbUctive acid salts are highly soluble in water and can fonn 
acidic solutions which may be concentrated. 
• If the anionic species is a sulfide or other catltodic poison, cracking 

mechanisms such as hydrogen stress cracking or hydrogen induced 
cracking can be significantly accelerated. 

• Acidic chloride salts such as NH,CI are particularly damaging to 
stainless steels. They can cause not only under-deposit pitting, but also 
cause chloride stress corrosion cracking of austenitic stainless steels 
under conditions that would normally be considered benign. A wet 
chloride acid salt deposit can reduce the under-deposit pH to very 
acidic values, wiUt a very high chloride concenlnltion. In addition, the 
deposit acts as a diffusion barrier, leading to oxygen depletion beneath 
the dcposiL Galvanic effects !Tom the acrive-passive cell can 
accelerate corrosion mechanisms. This situation can cause stress 
corrosion cracking at temperatures well below the 140'f (60'C) 
threshold cha.ri.1cte:-istic of the austenitic stainless steels in neutral saline 
waters. 

• Acidic salt solutions will act as weak mineral acids, causing 
accelerated general pitting corrosion. These solutions also tend to 
destabilize otherwise protective scale fonnations. In non-turbulent 
regions, this phenomenon usually causes localized accelerated pitting, 
with the production of large quantities of loose, soft scale. In turbulent 
areas, erosion corrosion is usually the destructive mechanism. 

Most acid salts are hygroscopic, that is, they can absorb water vapor. This 
results in two conditions under which salt deposits may cause corrosion 
problems in nominally "dry" systems. 

I. In a water-sawrated vapor system, salt deposits may absorb enough water 
vapor to produce a wet spot under the deposit, leading to severe under· 
deposit pilling. This phenomenon is a cause of pitting failures in carbon 
and low-alloy steels. but is panicularly common with oxide stabilized 
alloys such as stainless steels. In austenitic stainless steels, this can also 
cause accelerated chloride stress corrosion cracking, as described above. 

2. Particularly in heat exchangers, the metal temperature under the deposit 
may be below the water dew point of the otltcrwise "dry" system. A 
hygroscopic salt deposit may fonn an aggressive corrosion cell under such 
conditions. 

Neutralization, via injection of a neutralizer such as caustic soda or a 
neutralizing amine, is sometimes used to control the problems caused by acid 
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salt solutions. However, water washing is probably the mOSI common mitigation 
method used to dilute and dispose of hannful acid salt solutions and deposits. 
Note that the wash water must be free of dissolved oxygen, or destructive 
corrosion will occur. A concenlnltion of SO ppbw di=lved oxygen is usually an 
acceptable limit. ln a refmery, stripped sour water is often used as wash water 
because of its very low oxygen content. 

A typical example of an acid salt problem is ammonium bisulfide (NH,HS) 
in hydroproccssing effiuent systems. It corrodes numerous materials, in a 
number of ways: 

Erosion corrosion of carbon steel can occur when Ouid velocity exceeds 
(lbout 20 feet per second. For the higher alloys, including the austenitic 
stainless steels, erosion corrosion is not a problem at velocities up to at least 
30 feet per second. 
Under-deposit COtTOSion such as pitting occurs at wet salt deposits on 
carbon and minless steels. Wash " 'ater (oxygen free) is often used for 
mitigation. 
Rapid pilling corrosion can occur with copper alloys and Ni-Cu alloys such 
as Alloy 400. These alloys therefore m not recommended. In additioo, 
the copper alloys m usually susceptible to lllltmonia-induced stress 
corrosion cracking. 

for carbon steels, the recommended concentration threshold for safe 
operation is usually on the order of 2 to 3 wt. percent. Some users accommodate 
up to 8 wt. percent in carbon steel. Concentrations exceeding 10 percent are 
considered destructive to carbon steel even at low velocities. 

Corrosion susceptibility for common materinls is ns fo llows: 

Carbon steel: most susceptible 
Alwninum: susceplible 
Stainless tteel (300-teries): velocity sensimc; can be stress cOtTOsion 
cracked by ehloride excursions 
Alloy 825: resislant 
Titanium: resislant, but not recommended for stre:uns containing hot 
hydrogen 
Alluy C-176: resistant 

When preparing the template, indicate the concentrations of the expected 
acid salts. Consider whether they are corrodents or crack-inducing agents or 
both. In the Notes section of the materials selection template, indicate if acid 
solutions or salt deposits are anticipated. If deposits ore expected, show the 
deposition threshold tempcrarure. For vapor systems, show the wnter dew point 
temperature. For materials selection, consult the process licensor, pertinent 
literature such as references [13) and [14], or plant experience. 
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5. Amlnes 

The primary use of amincs is in acid gas (CO, and/or H,S) removal systems. 
Amincs are al$0 used as neutralizing agents and as film·fonning inhibitors. 
Materials selected for amine systems in which the 112S concentration is less than 
five mole percent may be different from systems in which the H2S content is five 
mole percent or greater. For systems used to remove C02, stainless steels are 
usually required unless,the amine system is inhibited. Inhibited systems built of 
carbon steel hnvc been ~hown to work well but are subject to severe corrosion in 
COrrich vapor sp;tces if the system is not carefully designed ond opernted. 

For systems in which the acid gas is composed of Dl least five percent H2S, 
cntbon steel is commonly used. The iron sulfide surface seale that forms on 
Cllrbon steel usually protects it from C02 corrosion. Refer to the section "Carbon 
Dioxide" (p. 158) for a discussion of the combined effects ofH,S and CO,. 

Amine solutions can cause pilling and stress corrosion cracking in carbon 
steels. POSiweld heat treatment is usually recommended for amine services, in 
which the amine concentration exceeds two wt. percent. to avoid stress corrosion 
cracking. Exceptions arc equipment and piping in uncontaminated (i.e., fresh) 
amine service, in which st.ress corrosion cracking does not occur. Rich amines 
(nmines saturated with acid gas) can cause erosion corrosion in carbon steel 
tubing and piping. A maximum velocity of 6 ftlscc (2 mls) is recommended. 

Type 304L SS is used for heat lnlnsfer services operating above 230°F 
(I I0°C) :md for all services for which the metal temperature exceeds 300•F 
(ISO•C). Type 304L SS is also used for piping downstream of control valves in 
rich am ine service to prevent corrosion damage cnused by noshing. A IO·ft 
spool piece is usually sumcient. In the event that the conu·ol valve is at n vessel 
inlet, specify the usc of a Type 304 SS (304L if welded) splash plate in the 
vessel. TI1e inlet nozzle may require a lining. Type 316 SS is usually specified 
for valve trim. 

Lctm amine purnp.s arc usually supplied with tnrbon steel casings. .tnd either 
carbon steel or cast iron intemal.s. Hot lean amine (>IJS•F (>80°C)) and rich 
amine pumps should be supplied with a minimum of 12 Cr SS casing and 12 Cr 
SS internals CA-6NM is the recommended material for 12 Cr SS castings. 

Refer to API Recommended Practice 945 "Avotding Environmental 
Cracking in Amine Units" [ 19] for a detailed diseussion of materials of 
constnletion or amine units. 

6. Ammonia 

Dry ammonia is non .. corrosive to most materials of constn1ction. The major 
exception is carbon steel, which can undergo stress corrosion crocking in truly 
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anhydrous ammonia. For a discussion of ammonia-induced crocking. see lhe 
section "Stress Corrosion Cracking" (p. 177). 

Wet ammonia (ammonium hydroxide) causes pining in copper-base alloys. 
In addition, most such alloys are susceptible to stress corrosion crncking by wet 
ammonia. Pitting is also a risk in all but very dilute solutions for nickel·copper 
alloys such as Alloy 400. Carbon steel and stainless steels are dte common 
materials of construction for wet ammonia. Stainless steels and nitriding. 
resistant specialty alloys or aluminum vapor deposition coatings are used for hot 
ammonia, 

7 . Carbon Dioxide 

Wet corbon dioxide (carbonic acid, a weak inorganic acid) can cause severe 
pitting and/or grooving in carbon and low-alloy Steels. A rule of thumb is that 
catboo steel is usually acceptable for wet C01 if the C01 partial pressure is le.u 
than about 4 psia (27 kPa). A corrosion allowance of up to v.• (6.4 mm) is 
usually specified. Howeve.-. it is easy to estimate the corrosion rate of carbon 
Sleel, using the de \Vaard-Milliams nomograph [20, 2 I) (..:e Appendix 2). If the 
estimated corrosion rate is unacceptable, consider the use o(corrosioo inhibitors, 
increase the corrosion allowance or use alloys such as 12 Cr or Type 304L SS. 

The de Waard·Milliams nomograph is based on corrosion rates measured in 
carbonic acid, for clean steel surfaces. Surfuccs protected by scales such as mill 
scale (fe30,) or otl1er surface deposits ore usually at least pnnially protective. In 
addition, these rates are valid only for non·tttrbu lcnr systems. Thus, the rates 
predicred by tho nomograph can be inOuenccd by sevcml factors. 

Surface scales produced by carbonic acid corrosion such us f eCO, can 
result in sigr>ificanrly reduced corrosion rntes. Protection by such scales is 
influenced by several factors. including temperature, pH and velocity. The 
user should review the paper by de Waard and Lorz (2 I I to detcnnine if 
reduced corrosioo rnte estimates are juStified. 
Experimental and field data indicate that nomograph rates are unreliable for 
systems in which the carbonic acid is condensin!), that is, in S)ISiems 
involving the fonnatiott of dew poinr warer. The 11011lograpb i<:tes are too 
large; de \Vaard and ~ [2 I 1 suggesr derating lhe nomograph rates by a 
multiplier of one-tenth. 
At higher temperntures, the wet C02 corrosion rate begins to decrease due 
to the fonnation of a protective corrosion scale. Hence, the rates estimated 
for design conditions may actually be less tl1M the mtes estimated for 
operating conditions. Thus, tl1o user should check the rates under operaring 
conditions before detennining rhe basis for marerials ~~lectioo. 
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Carbon steel pro!ected by mill scale 0< other surface deposits may corrode 
at rates substlntially less than those predicted by the de Waard·Milliams 
nomograph. However, such scales (panicularty mill scale, Fe,O,) may be 
s=eptible to slow dissolution by carbonic aeid, eventually resulting in 
accelerated corrosion at rates in accordance with the de Waard-Milliams 
diagram. During the dissolution of mill scale by carbonic acid, the carbon 
steel surface usually develops a charucreristic appeorMce, leading to the 
descriptive tenn "mesa" corrosion. 
In process streams containing oxygen or other cathodic depolarizers, 
carbonic acid pining rates may be much higher tlmn predicted by !he de 
Waard-Milliams nomograph. 
In turbulent systorns, the rate may be grentcr than I in. per year (25 mm/yr). 

Wet liquid-vapor process streams that contain both 111S and C02 ore usually 
substantially less cotrosive than C02 alone at the same CO, panial pressure. A 
commonly used rule of thumb is that carbon steel conStrucrion is suitable if the 
vapor stream cootains at least five mole percenr H,S. Exposed carbon steel will 
usually form an adherent sulfide coating. Unless !he process stream dissolves or 
erodes the sulfide coating, funher corrosion is at very low rates. In such 
systems, the de Waard·Milliams nomograph docs not opply. 

Some hydrocarbon streams, including many produced crudes, contain a 
substantial concenrration of dissolved acid gases. including C02• Such streams 
frequently also contain entrained free water. The medium and heavy crude oils 
are usually effective inhibitor... Light crudes wirh sufficiently high gas-<>il ratios 
nrc produced in the lo1m of a fonm, which nets ns a corrosion inhibitor. In many 
streams, the water may be at least partially emulsified, making the stream either 
less corrosive or non-corrosive. Prolonged shutdowns in such screams tend to 
promote corrosion because the Ouid will gradually partition into separate phases. 
It is good practice to take into account the inhibiting and emulsifying propcnies 
of the hydrocarbon phase when derennining lhe materials of construction and the 
corrosion aHovt"ance in such systems. 

II is not unusual to inject demuiJifien into crude streams upstream of 
desalten and water knockout vesseiJ. The dowiUlre:m~ crude will retain some 
dcmuiJifiCT. If the downstream crude stream is subsequently pipelined or 
shipped to storage, it will often continue to drep out free water. Water slugs 
and/or corrosion can occur because oflhe subsequcnl warer dropout. 

8. Caustics 

Corrosion-induced metal loss by c.1ustics is uncommon. However, a localized 
form of pitting, called caustic gouging, can oecur with carbon steel, panicularly 
ln high-temperature services such ns boiler sysrems. Such systems typically 
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have some fonn of caustic-based water treatment program. Debris or deposits 
pem1it the formation of under-deposit solutions of hot concentrated sodium 
hydroxide, which attack the substrate steel. The key to preventing this form of 
pining is to chemically clean the caustic-exposed system before commissioning 
and tben keep the system clean during operation. Modem phosphate-based 
treaonenrs avoid this problem. 

Metals and alloys that can fonn amphoteric hydroxides are subject to 
accelerated corrosion in alkaline environments. (Amphoteric hydroxides are 
soluble in alkaline solutions.) Aluminum and zinc are the most common metals 
exhibiting this behavior. Their use in alkaline processes is usually not 
recommended. Likewise, their use in buried or submerged alkaline 
environments can lead to rapid metal loss. 

1l1c most common corrosion problem involving caustics is alkaline stress 
corrosion cracking (discussed in the section "Stress Corrosion Cracking" (p. 177)]. 

9. Chlorides 

Aqueous chlorides provide an excellent electrolytic environment for corrosion. 
However, ambient temperature nemral chloride solutions arc nor particularly 
aggressive to carbon and low .. alloy steels. Acid aqueous chlorides. below a pH 
of about 4.5, can be very aggressive to such steels. 

Carbon steel, unprotected by coatings or cathodic protection, usually 
provides a useful life of at least several years in seawater, whicb contains 
chlorides at concenrra~ons of 3.5 to 5.5 wt. percent. Pining rates in aerated 
saline waters are usually on the order of 3- 5 mpy (0.08-0.1 mmlyr). Rates can 
approach 25 mpy (0.64 mmlyr) in turbulent saline water such as the unprotected 
splash zones of offshore structures. Saturated chloride solutions (i.e., brines) are 
nor as corrosive and are often used as chemical inhibitors for carbon steel. These 
brines nrc less cotrosive because of their lower solubility for oxygen. 

Carbon steel is the nom1al material of construction for saline or brine 
solutions unless the pH is below about 5 or the solution is highly aerated; in 
either case, pitting can occur. Two different phenomena are iJlvolved. 

I. When tl1e pH is below about 4.5, general corrosion in the fom1 of small, 
closely spaced pitting is the nonnal form of attack. The mechanism is 
essentially one of mi ld acid attack. See Figure 3-8 for an illustration of the 
dependence of the corrosion rate of carbon steel on d1e pH of the corrodent. 

The presence of aeration {at least I ppmw dissolved 0 2) accelerates 
corrosion due to the action of dissolved oxygen as a cathodic depolarizer. 
Under~deposit corrosion, which is a fonn of concentration cell corrosion, 
can be very severe in aerated waters with low pH and chlorides. Velocity 
can also accelerate the rare of metal loss due to erosion corrosion. 
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Figure 3-8 Illustrating the dependence of the corrosion rate of carbon 
s teel on the pH of the corrodent. (Reprinted from (31]. Published 1924 by 
the American Chemical Society.) 

2. Chlorides in water can disrupt scales tl1at would otherwise protect U1e 
substrate steel. Pitting corrosion, sometimes producing "carbuncles," is the 
nonnal fonn of attack. If the scale is mill scale (Fe,O,), pitting rates can be 
quite severe, since mill scale is both cathodic with respect to the substrate 
steel and is a relatively good conductor. (Unlike most scales. mill scale is 
not dielectric.) 

The threshold concentration for disn1ption is somewhere between 
about 50 and 500 ppmw chloride. The threshold is affected by stream 
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velocity, with 15 fllscc (4.6 m/s) being considered safe for even 
concentrated brines. 

Aeration greally accelerates pitting rates. Aeration in chloride-bearing 
waters poses a high risk of under-deposit pitting corrosion. Consequently, a 
minimum now velocity of at least 2.5 fllsec (1.5 mis) should be maintained to 
keep entrained debris from settling tO form a deposit. 1l1C minimum flow 
velocity may have to be increased in streams having settied debris. Designs 
should avoid dead legs. . 

Stainless steels, both the 12 Cr and austenitic grades, can be susceptible to 
pitting, under-deposit and crevice corrosion in aerated chloride-containing 
waters. Frce-nowing, clean chloride solutions such as seawater permit the use of 
Type 316 SS (Type 316L SS if welded; CF-JM for castings) if the temperature is 
not allowed to exceed 140°F (60°C). The latter temperature is the threshold 
temperature for chloride stress co1Tosion cracking of Type 316 SS in neutral 
saline waters . 

Nickel-rich alloys such us Alloy 825 and Alloy C-276, the superaustenitic 
stainless steels, duplex stain less steels (especially those with enhanced 
molybdenum content) and titanium are often chosen for severe chloride services 
and chloride serviees subject to stress corrosion cracking. 

11te chloride content of water used for hydrostatic testing is often a concem. 
Most users require that hydrotest water contain no more than 50 ppmw chloride. 
l l1e concem is usually about pining in carbon steel components or bacterial 
corrosion. pitting, crevice coJTosion and/or chloride stress corrosion cracking in 
austenitic stainless steels. 

In most carbon steel systems, serious corrosion damage due to improper 
hydrotesting is mre. When it does happen, the cause is usually a long period of 
idleness between hydrotesting and commissioning. Pockets of residual hydro lest 
water cause pitting and sometimes large volumes of rust. In addition, some 
processes can be seriously contaminated with residual chlorides from the 
hydrotest water. In general, however, small amounts of residual water lei\ over 
after draining usually evaporate before they can cause serious corrosion 
problems. 

Austenitic stainless steels are much more susceptible to chloride damage as 
a result of improper layup after hydrotesting. Because of the potenrial galvanic 
couple that can exist between active and passive stainless steel surfaces, 
chloride-induced damage can occur rapidly in stainless steel, for example, 
crevice corrosion. Microbiologically induced corrosion is also a threat in 
improperly layed-up stain less steel piping and equipment. Chloride stress 
corrosion cracking is usually not a concem, since the exposure temperature is 
less than 140•F (6o•q. 

The 50 ppmw chloride concentration threshold, as with many rules of 
thumb, can be misleading . 
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Low-chloride water (<50 ppmw) can cause serious corrosion if it is not 
properly drained and dried. Pockets of such water can concentrate chlorides by 
evaporation. In the presence of air, which acts as a cathodic depolarizer, such 
pockets can cause corrosion problems. Properly executed, equipment can be 
safely hydrotested with high-cllloride water by one of the following means. 

Test with high chloride water, 01en drain and nush with a low chloride 
water. Proper drying is needed, especially if austenitic stainless steels arc 
involved. 
Test with high chloride water, drain and then thoroughly dry the system. 
Sometimes this method includes physical entry to perfonn manual drying. 
Often, hot air (<140°F (<60°C) for austenitic stainless steels) is used to dry 
Otc system, with Ote discharge air monitored for dew point. Occasionally, a 
noshing solvent (usually methanol) is used for drying. 
Wet layup is probably the simplest solution. Drain the hydrotest water, 
whether of high or low chloride content. Then seal the system and purge it 
of air. Lay up the system witl1 a low-pressure inert gas blanket (typically 
nitrogen) until it is ready to be commissioned. 

The wet layup procedure, particularly in stainless steel systems, must 
properly address the risk of microbiologically induced corrosion. This is 
usually accomplished by eitlter making sure that the residual hydrotest 
water does not contain nutrients or is treated witlt a sufficient dose of 
biocide. 

10. Flue Gas 

Flue gases often contain potentially corrosive compounds such as so,. Severe 
corrosion problems can occur, most of which are associated either with wet flue 
gas or with zones in which the temperature falls below the water or acid gas dew 
point. The dew point condensation temperature should be calculated [22, 23) 
before making a materials selection. 

In some cases, corrosion is caused by the condensation of hygroscopic acid 
salts which may become very corrosive when wet. Note that a dry condensing 
salt will not cause corrosion. The salt deposit can become wet because of an 
upset that introduces water or if it is cooled by the substrate metal to a 
temperature below the process stream dew point. An example of the latter is a 
salt deposit on the OD of a cool heat exchanger tube. Such conditions should be 
avoided by design, since they are difficult to mitigate by either materials 
selection or operation/maintenance. 

Materials used to contrOl corrosion damage include alloys, "wall papering" 
with tltin sheets of alloy, polymeric coatings and linings and corrosion-resistant 
ceramics/refractories. Plant-specific measures arc usually selected on the basis 
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of previous plant experience or are provided by process licensors and/or alloy 
manufacturers. 

11. Hydrogen Sulfide 

Hydrogen sulfide can cause severe pining and gCilcral corrosion u1 carbon and low­
alloy steels at temperatures exceeding about soo•F (2600C). (For a discussion of 
corrosion by high-temperature sulfur, see the section "Sulfidation and Sulfidic 
Corrosion" (p. 138).) Wet hydrOgen sulfide cnn cause several types of problems; 

Usually mild pining and/or mild general corrosion in carbon and low-alloy 
steels. ~lowcver. there are conditions in which wet H1S cnn cause severe 
pining, grooving and/or general corrosion. Sueh conditions usually iuvolve 
the presence of cyanides or high coooenmuions ofNH,HS. 
Extremely nigh pitting rates for ~n and low-alloy steels and even for 
~e 12 Cr and austenitic stainless steels when there is 1 pptnw or more 
diSSOlved oxygen. Normally, oxygen ingress is avoided by keeping 
systems pressun2lCd or by process coolrOis. If OX)IIen in&J= cannoc be 
avoided, mitigation measures are usually necessary. Such measures include 
usc of eootings, cathodic protection and highly alloyed materials (e.g., the 6 
Mo superaustenitic stainless steels). · 
Hydrogen embrinlernent of carbon and low-alloy steels. Similarly, it can 
also eaus~ sulfide stress cot;osion cracking. hydrogen induced crackin.g and 
scress oncnced hydrogen mduced crocking. [For a discussion of these 
phenomena, sec lhe seccion "Scress Corrosion Cracking" (p. 177).) 

Iron sulfide can be pyrophoric, chnl is, it can sponcancously ignilc. Proper 
safety precaucions muse be provided for chose process streams in which 
pyrophoric iron sulfide can form or deposit. For fom1a1ion co occur; 

A layer of iron oxide (rust) must be presem 
The ruse layer must be wacer wet 
The process stream must provide hydrogen sulfide at a vapor ~tration 
of at kasl 0.2 mole percent 
The oxygen concentration must be less cluln about one mole percent 

Criceria for spontaneous ignition are; 

The iron sulfide mass muse be dry of wacer 
The ignicion acmosphere must con~1in a! least I I percent oxygen 
There must be sufficienc sulfide mass 10 store che heat of the exothermic 
reaction chat convens iron sulfide co iron oxide. Without sufficienl mass, 
lhe heat of rcaccion will be dissipaled by radialion and che sulfide will not 
heM up enough co iniliace sponlancous ignilion. 
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Micigation measures include using coatings and adjusting the process 
condicions co prevenc the fonnation of iron sulfide. 

In !he event llult pyrophoric iron sulfide is suspected, an effet:tive measure is 
to keep it either blanketed with inen gas or wacer wet uncil it can be either 
neutralized or dlspo$ed of. 

12. Insulation 

Corrosion under insulacion has been and continues 10 be a major problem in 
plants. Bolh metal loss corrosion such as pirl ing and environmental cracking 
such as chloride stress corrosion cracking occur. Problems have occurred in 
piping ond equipm1:nt insulaced for both low- nnd high·tempcrnrure services. for 
vinually all cypcs of insulation, including products used for personnel protection 
and fireproofing. Some of the worse problems have occurred in insulaced piping 
and equipment subject to periodic "deluge" cescing of fire wacer syscems. Bypass 
loops. lypically hot only during stanup or shucdown, are frequenc locations of 
ag&rCSSive external corrosion. Improperly "mothballed" plants cypically suffer 
cheir worst corrosion under insulation chat should have been removed. 

ORen, a "vapor barrier" is relied upon co prevent liquid wacer from 
penetracing lhe outermost layer of insulacion. Uowever, even the best such 
barriers only slow down the penecracion rate. They are permeable to wacer vapor 
nnd nrc subjccl 10 punctures, slippage, ageing, dclaminalion, etc. The best 
posiCion to tnke wich vapor barriers is chat !hey nrc not barriers, particularly in 
cold services where vapor penecracion can cause the fonnacion of descruccive ice 
lenses. 

llxpericnce has caught that insuloccd piping and equipmcnc with operating 
temperalurcs less than about 250°F (120°C} should be cnrefully coated wich a 
higl1-performance coating prior co being insulaced. NACE has published a repon 
that gives guidance on !he selection of coacings for under-insulation protection. 
Refer co Publicae ion 6H 189: "A Stace-of-cho-An Repon of Proceccive Coatings 
for Carbon Sleel and Austenitic Stainless Steel Surfaces Under Thermal 
lnsulacion and Cemeotitious Fireproofing" (24). 

In a<ldre»mg chis old and well-known problem of corrosion under 
insulacion, it tS trnportancco give anencion co lhe chemiscry of insulation products 
to be used on auscenitic scainless steel. lnsulacion produces should nol be 
permined to concain leachable chlorides. 

13, Oxidants 

Scrong oxidanls such as chlorine and oxygen are usually handled in carbon steel 
al nrnbicnt ICinperolllres, if dry. 1l1ey require special alloys for higher 

• 
• 
f 

• 
Q 

Q 

.., 
' 

,. 
' 
' ' 
, 
' 



' 

... 

166 Chapter3 

tempe.r.lture use. Cnrbon steel is perm ined at temperatures up to JOO•F (ISO•c) 
for chlorine and for temperatures up to ISO•F (6s•C) for oxygen. However, 
greases, oils and other hydrocarbons can spontaneously ignite in such services. 
Accordingly, aspects such as precommissioning cleaning, lubrication, seals and 
packing require special auent1on. Use the Notes section of the materials 
seleclion templale to document special requirements. 

14. Water 

Pure water is non-corrosive to ordinary e-ngineering materials.. However, most 
waters contain dissolved salts and may contain dissolved oxygen and/or acid 
gases such as C01 or li,S. Such waters are often quite corrosive. 

Anaerobic water (water without dissolved oxygen) may become corrosive 
due to the presence of anaerobic microbes such as sulfate-reducing bacteria 
(SRB) or similar bacteria. Sulfate-reducing bacteria metabolize dissolved 
sulfates and generate H,S as a metabolic product. SRB activity is most 
commonly observed in anaerobic seawater. (Refer to the sec'ion 
"Microbiologically Induced Corrosion" (p. 173). J 

Dissolved oxygen plays a key role in determining the corrosivity of a water. 
Oxygen acts as a cathodic dcpolarizcr, not o.s a corrodent. Experience has shown 
that water that contains less than about 10 ppbw dissolved oxygen is essentially 
deacrated. Waters containing less than about200 ppbw are usually not corrosive 
unless they contain acid gases or have pHs less than about 5. Ncutrnl waters 
containing from 200 ppbw to about I ppmw !lfC mildly corrosive to carbon steel. 
Corrosion rates ore usually on the order or 3- 5 mpy (0.08-0.1 mm/yr). Waters 
containing oxygen in excess of one ppmw should be considered corrosive and 
subject to chemicnltrcounent or some other mitigation measure. 

Clean aerated seawater can be aggressive to carbon stee~ with corrosion 
rates of25 mpy (0.64 mm/yr) or more under turbulent conditions. 

Dcaerated seawater is essentially non-corrosive to carbOn steel. However, 
because of its sulfate content, deaerated seawater can become very corrosive in 
the presence of SRB. Once inoculated with SR.B, a non·piggable piping system 
is almost impossible to sterilize, unless it is chemically cleaned. 

Stagnant seawater exposed to carbon steel becomes deaerated as the iron 
corrodes. SRB can become aggressive as soon as the seawater is deaerated. 
However, the long-term corrosivity of deaerated seawate.r depends on the 
surfa<»lo-volume ratio. In systems such as piping, the high surface-to-volume 
ratio leads to rapid exhaustion of the available sulfate nutrienL Sucb systems 
usually become dormant because they quickly consume the available nulrients. 
Stagnation prevents nutrient n:plcnishmcnL Accordingly, carbon steel in 
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stagnant seawater often has very low corrosion rates, on the order of 2 to 5 mpy 
(0.05 to 0.08 mm/yr). If the surface-to-volume ratio is low, as in large storage 
tanks, or if the seawater is cyclically sl<l&nant, deaerated seawater can cause 
significant long· term damage to catbon steel. . 

1n many facilities, the source water for the tire water system IS aerated. 
However, if the fore water system is stagnanL the dissolved ox_rgcn IS soon 
scavenged by the carbon steel piping, making the water non-corros1ve. A gam, •f 
Ibis water contains dissolved sulfates (such as seawater), SRB can become a 
major problem. . . . 

In ae111ted waters, dissolved salts and/or veloctty control corros1vtty. If the 
dissolved salts promote the formation of a dense scale. th~ water is usually non­
corrosive. (The scale layer acts as a barrier 10 oxygen d1ffus1on and promotes 
rapid polarization of the anode surface by anion saturation.) The Langelier 
index and the Ryznar s!<lbil1ty index (25) are commonly used to de~rrnme the 
corrosivicy of waters based on their chemistries. Refer to AppendL'< 9 for a 
discussion of how such indices are used to estimate water corrosov1ty · 

While scale formation may favorably reduce corrosivity, it can •:ruse other 
serious problems such as plugging and "hot spots" in heat transfer equ1pment, If 
a water is determined to be "scaling," the process should be analyzed to 
detemtine ifthe side effects arc acceptable. 

The velocity of m aerated water affects its corrosivity. Some alloys su~h as 
admiralty brass are limited in their use because of their scnstttvlty to ~eloctty m 
eorro.sive wtuers. In some systems, low-velocity components such as p1pmg may 
be made of carbon steel. Jlit;hcl· velocity components such as pumps and control 
valves may require alloys such as 12 Cr SS. Table 3·2 provides guidan.ce o~ the 
recommended limits for water velocities. The recomn1ended lower h1mt 1s to 
prevent fouling by the fonnation of deposits. . 

Waters with low total di;solved solids (TDS) have a w1de rmge of 
corrosivities. Very pure waters, such as distilled and totally dei~nized waters, 
are non-corrosive if uncontaminated. They can be very corrostve 1f they absorb 
an acid gas such as carbon dioxide, which can rapidly reduce the pH of the 
water. This problem can 1>e severe in boiler systems if the steam condensate tS 

allowed to absorb co, in ~te condensate handling and storage system. ("l}le 
sour-..e of CO, is usually carbonate salts in • the boiler feed water, which 
decompose in the steam system a~td carry over into the conde~sate system.) . 

Partially deionized waters such as waters that have an1ons but no canons 
(other than hydrogen) can be very corrosive. Such waters are uncommon. 

Waters containing high concentrations of dissolved salts also become more 
corrosive if they absorb acid gases. However, the presence of the dissolved salts 
buffers the water, prevent in& a rapid reduction in the pH value. Thus, h1gh-TDS 
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Table 3-2 Recommended limits for water velocity for some common 
materials of construction 

MAXIMUM MINIMUM 
VELOCITY VELOCITY 

MATERIAL (rtlscc)l(m/s) (ntse<)l(mls) 

Carbon Steel 1213.7 25/0.77 

Cement-lined Carbon Steel 1013.1 None 

Fiberglass 812.5 Nooe 

Inhibited Admiralty Brass 611.8 2.5/0.77 

Inhibited Aluminum Bronze 1013.1 2.510.77 

90/IOCu/Ni 1013.1 2.5/0.77 

70130Cu/Ni 1213.7 2.510.77 

Type3 16SS 30192 2.5/0.77 

waters containing dissolved CO, are much less rorrosive thnn low-TDS waters 
that have absorbed CO,. 

Waters that have abso,·bed both oxygen and an acid gas such as C02 or H1S 
can be very aggressive, whether the water is hard or soft. Such waters must be 
chemically treated if they are to be rendered non-corrosive to carbon steel. In 
some cases, other measures such as nlloys, paints, coatings. li_n_ings or cathodic 
protection are employed. 

Galvanic couples or crevices can aggravate the local corrosivity of water. In 
such cases, the key issue is the presence or absence of dissolved oxygen. If there 
is insumcient oxygen to act as a ca~1odic depolarizer, the couple or crevice will 
polarize and will not be a serious problem. Galvanic couples in aggressive water 
should be examined to ensure that unfavorable anode/cathode area problems are 
mitigated. Galvanic couples that are also crevices can be panicularly vulnerable 
to accelerated corrosion. For example, titanium tubes have caused severe 
crevice corrosion in alloy tubesheets in aerated seawater. 

Materials selection for waters can be a real challenge. In most plants, it is 
safe to assume the cooling, utility and ftre waters to be non-(:()rrosive, because of 
either chemical treatment or because of design. An example of the latter is a fire 
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water system that is stagnant and not subject to SRB. However, prudence 
requires the determination the corrosivity of the various waters to be handled. In 
the event that oorrosivity is a concern, mitigation measures include chemical 
treatment, cathodic protection. alloys. linings such as cement-lined pipe, and 
paints or coatings. Some general rules for materials selection follow. 

For non-c:ono<ive, mildly corrosive or chemically treated water, carbon 
steel is the normal material of construction. Galvanized carbon steel is often 
recommended for moderately corrosive waters. 

For corrosive, untreated waters, the common alternatives are: 

Carbon steel with corrosion protection such as the use of coatings, linings 
and/or cathodic protection. 
Corrosion-resistant alloys. 
• The austenitic stainless steels are usually not employed in corrosive 

waters because OCf the dMgcrs of chloride-induced pilling and stress 
corrosion cracking. However, Type 316 SS (T}'IlC 316L if welded; 
CF-JM for castings) has found extensive successful use in freely 
nowing, clean aerated seawater for temperatures below 140°F 
(60°C). Type 316 SS is a common material of construction for the 
internals or scnwoter pumps. 

• 12Cr steels such as Type 410 SS llJld CA·6NM are often used for 
pump and vnlve casings and intemal,s in clean, moderately corrosive 
ond brackish waters. llowever, these alloys re quite susceptible to 
chloride-induced pining nnd crevice corrosion in saline services such 
as seawater. Also, the 12Cr stainless steels can be susceptible to 
hydrogen embrittlement if subject to a cathodic protection system. 

• Cu-Ni alloys are often used in corrosive waters or relatively low 
velocity applications such ns heat exchanger tubes. 

• Alloys such ns the nickel-rich cast i1·ons, the superaustenitic stainless 
steels and the high-molybdenum duplex stainless steels or titanium 
may be required for severely corrosive waters or for critical services. 

Corrosion-resistant non-metallics such as polye~1ylene, PVC, or 
fiberglass. 
• Fiberglass is commonly used for piping and vessel shells in 

corrosive water service. Note that none of tl1e non-metallic materials 
are suitable for services in which ~1ey are likely to be mechanically 
abused. Examples include pipe movement, water hammer and 
hydraulic surges. 

• PVC, CI'VC and polyethylene piping are commonly used in 
corrosive waters. 

• 
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Concrete is a common material of construction for sumps and for 
cement-lined carbon steel pipe. Check on the nature of pH swings 
before selectmg concrete or the cement from which it is to be made. 

There are other measures that can be used to prevent corrosion: 

Cement linings are usually successful. Select the cement with due regard 
for the pH expected of the water. Note that cement linings are usually 
not recommended for waters with pH < 6. 
Coatings (e.g., coal tar) are often used, in conjunction with internal 
cathodic protection, for tanks and vessels in corrosive water service. 
In deacrnted water storage tanks, inert gas blanketing can be used. 

15. Seawater 

Protection against seawater, while addressable by the guideiines given above, is 
such a common aggressive water that it warrants special discussion. Seawater is 
normally used or.• a once-through basis and is usually chemically treated to 
control colon1Z..1110n by and growth of marine organisms. I f uncontrolled 
colonies of marine organisms such as mollusks can slough, cuusing plugging 
and/or severe pressure loss in downstream piping or components such as 
exchanger tubing. Biocides are used in both continuous ond slug treatments. 
Chlo~matron, wnh hypochlorites, front bottled chlorine or from elewolytic 
cl~lo~mc, •s the most common biocide chemical used for aerated scaw;.ltcr. 
13toctdes such as glutaraldehyde are generally used for non-aerated (i.e., 
anaerobic) seawater. 

Even aerated seawa1er systems often develop colonies of SRB, which shield 
themselves /Tom aeration by generating protective slime coverings. In order to 
control these colonies .• occasional mechanical cleaning or aggre.<Sive chemical 
tre.atments_ may be necessary. Such chemical treatment programs may include 
actd cleanmg or surfactants. Provision for such treatments should be included in 
the design of seawater piping systems. 

Some seawater systems are llltaerobic. Examples include stagnant systems 
and systems m which the seawater is deliberately deaerated by either chemicals 
such ~ sodium sulfite or processes such as stripping with an inet1 gas. In 
evaluatmg stagnant systems, consideration should be given to the following 
concerns: 

Volume-to-surface ratio. In systems having a small volume-to-surface 
ratio, such as most piping systems, dissolved oxygen is quickly consumed 
by a combination of corrosion of unprotected steel and biological activity. 
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The volume contains insufficient sulfate nutrient to support significant SRB 
activity. 

For systems with large volum~to-surface ratios, such as large storage 
tanks. stagnant conditions can cause significrutt corrosion damage to 
unprotected steel. 11te dissolved oxygen content is su fficient to sustain 
relatively long-term conventional corrosion. Once activity begins, it can 
cause extensive B~ corrosion because of the relatively large amount of 
available sulfate nutrient. 
Cyclic systems. Systems in cyclic service, such as ballast lines, are 
periodically replenished widt dissolved oxygen and sulfate nutrient. Even 
in nominally stagnant services, cyclic operation can cause significant 
corrosion damage. Such systems should be carefully evaluated since they 
may require materials resistant to both aerated and anaerobic conditions. 

For Ute purposes of materials selection, seawater should be considered 
anaerobic if the oxygen content is Jess than I 0 ppbw and aerated if the oxygen 
content is at least I ppmw. 11tese thresholds are based on the observation that 
SRB are active at oxygen concentrations less than 10 ppbw and are inactive at 
concentrations exceeding I ppmw. For the intcnnediatc range, there arc no lmrd 
rules regarding aemLion. Fortunately, the intermediate range seems to be rare. 
This is at least partly due to the fact that when SRB activity begins to generate 
H2S, the H2S acts as an oxygen scavenger. This activity quickly reduces the 
residual dissolved oxygen content to virtually zero. 

Carbon steel is the normal material for annerobic seawater periodically 
treated lor SRB control. Carbon steel is much cheaper than the materials 
nonnally chosen for aerated scawnter. Accordingly, it is sometimes worthwhile 
to avoid or minimize the aerated seawater option. Seawater can be deaernted 
with chemicals such as sodium sulfite or by processes such as stripping with an 
inert gas. Alternatively, if the main usage of the seawater is for cooling. one can 
adopt a closed-loop freshwater cooling system that is heat exchanged against 
seawater, thus minimizing the amount of equipment necessary for handling 
aerated seawater. Copper alloys should not be specified for anaerobic seawater, 
since they can be severely corroded by H2S generated by SR.B. 

Materials selection guidelines for aerated seawater include the following: 

Polluted seawater is usually more corrosive Utan clean seawater. Hydrogen 
sulfide and ammonia are the most common pollutants. Hydrogen sulfide 
causes pitting and fouling in carbon and low-alloy steels and in copper 
alloys. Hydrogen sulfide can also cause stress corrosion crocking and 
hydrogen induced cracking problems in carbon and low-alloy steels. 
Ammonia can cause stress corrosion cracking in copper-containing alloys. 
Unprotected carbon steel is usually not recommended for flowing 
seawater, which can generate pitling rates of 20 to 30 mpy (0.5 to 0. 76 
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mm/yr). Exrreme pitting rates can be on Lite order of SO mpy {1.3 
mm/yr). 

Carbon steel is often recommended for stagnant seawater. However, 
the recommendation is usually limited to piping (or similar applications) 
where tho oxygen and sulfate availability are too small to sustain 
corrosion. Carbon steel is usually avoided if such systems are in cyclic 
service. 
Concrete construction, including cement linings, is usually successful. 
Type V or other sulfate-resisting cement should be specified. 
Reinforcing for concrete stnoctures should be designed to resist 
corrosion. Usc of cathodic protection and/or cooring,s should be 
considered. 

In !Topical climates, concrete construction may be susceptible to 
desiJUction by boring mollusks. Concrete exposed to !TOpical seawater 
should be protected by lipers, jacketing or other means to conrrol this 
form of attack. 
Coated carbon steel, in conjunction with cathodic protection, is often 
used in immersion services such as tankage. Coal tar epoxies are 
commonly used for seawater service. 
Rubber linings on carbon steel are usually successful in services such as 
splash zones and valve intemals. 
Type 316 SS (Type 316L if welded; CF-3M for castings) is used in clean, 
flowing seawater, particularly for pumps. This material is normally not 
recommended for seawater service if: 
• The maximum design temperature is 140°F (60°C) or warmer. 
• The flow velocity is less than 5 ft/sec ( 1.5 m/s). 
• The service will include long periods of shut-in, during which severe 

crevice corrosion could occur. In some applicatjons, c.revice 
corrosion can be prevented by other, less noble, components 
providing cathodic protection, for example, cast iron pump case with 
Type 316 SS internals. 

Note that any condition that diminishes or prevents oxygen-rich seawater 
from contacting the stainless steel surface will usually cause localized 
pitting. Sources include deposits, marine fouling, stagnant seawater ·and 
crevices. 
Cu!Ni alloys such as 90110 Cu/Ni are usua:iy successful in applications 
such as heat exchanger tubes. Alloy 400 or titanium tubes are required 
for severe services. 
Brasses provide moderate corrosion resist1nce to seawater and are often 
specified for noncritical services in applications such as valves. Avoid 
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the use of uninhibited brasses containing more than IS percent zinc, as 
they are subject to dezincification. 
Ni-AI bronze, aluminum bronze and inhibited admiralty brass are often 
used as the standard materials of consiJUction for seawater services 
subject to intermittent non-flowing conditions. These materials are used 
for applications such as pumps, valves, tubing and tubesheets. Ni-Resist 
(a nickel-rich cast iron) is sometin1es recommended for pump casings in 
such services. 
Alloy 400, Alloy 20 Cb-3, the superaustenitic stainless and duplex 
stainless steels (especially tl1ose with enhanced molybdenum content) 
and titanium are often specified for critical or severe services. Examples 
of such services include pumps and pump internals, stagnant conditions, 
heat exchanger tubing subject to hot spots and components subject tO 
under·deposit corrosion. These materials arc also useful in applications 
where Type 316 SS is subject to chloride stress corrosion cracking. 
Dual metallurgy pipe is an option in applications where weight is a 
consideration, such as on offshore platfom1s. Such pipe uses carbon steel 
for pressure containment and corrosion·resistant alloy as a liner. 
Non-metallics, such as fiberglass, HDPE, PVC and CPVC, are widely 
used in low-pressure seawater applications. As discussed earlier, such 
materials are not suitable for service where they may be subject to 
mechanical abuses such as pipe movement or water hammer. 

B. MICROBIOLOGICALLY INFLUENCED CORROSION 

1. Introduction 

Microbiologically influenced corrosion {MIC) is defined as the corrosion of 
materials caused by microorganisms. MlC is an underestimated problem. Some 
estimates place the cost of MIC at $30 to 50 billion per year. The combination 
of unexpected attack and rapid failure makes MIC a mauer of considerable 
concern in many applications. 

Most MlC occurs in stagnant water systems or the water legs of mixed· 
phase, quiescent process streams. A typical example would be the pitting 
corrosion that occurs in the bottom of a pipeline, before commissioning, due to 
microbial activity in residual hydrotest water. It generally occurs at ambient 
temperarures but may occur at temperatures as high as 2oo•r (93°C). Most 
materials of construction are susceptible. 

The microorganisms responsible for MIC are primarily bacteria and fungi. 
They may be anaerobes (which will not function in the presence of oxygen) or 
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aerobes (which require oxygen. usually di~lved, in order to function). Ofien. 
MIC is caused by a mixture of several microorganisms living in colonies. 11 
should be noted !hat while Strictly anaerobic environments are not common in 
nature, anaerobes are commonly found wilhin lhe anaerobic microenvirorunents 
!hat can develop in even highly aerated systems. For example, anaerobic 
conditions can be established under lhe slime film formed by some aerobic types 

of microbes. 
A number of organisms are corrunonly associated with MJC, including 

sulfate-reducing bacteria (SRB), sulfurfsulfi~xidizing bacteria, ironf 
mangan~xidizing bacteria. aerobic slime formers, methane producers and 
acid-producing bacteria and fungi. 

Sulfate-reducing bacteria (SRB) are anaerobes. They reduce sulfate to 
hydrogen sullide or. in the presence of iron, ferrous sulfide. In !he 
absence of sulfate, !hey can become fermenters and use !he resulting 
organic compounds to produce acetate, hydrogen and =bon dioxide. 
Some of these bacteria are capable of consuming hydrogen and !hereby 
act as cathode-depolarizing agents. 
Sulfur/sultide-oxidizing bacteria are aerobes. They can form bulky 
deposits that may develop into anaerobic sites suitable for !he growth of 
SR.ll. Some types reduce sulfur to sulfuric acid, forming areas with pH 
values as low as I. These bacteria are usually found with SRB, where 
they are able to draw energy from a synergistic sulfur cycle. 
Iron/manganese-oxidizing bacteria derive energy from the oxidation of 
Fe'' to Fe'". They are found in tubercles covering pits in Ute surfaces of 
carbon steel, low-alloy steel and stainless steel. 
Aerobic slime fonncrs produce extracellular polymers, commonly 
refciTed to as slime. Slimes create an excellent environment for 
anaerobic SRB organisms. 
Methane producers consume hydrogen and are capable of cathodic 
depolarization. They ofien exist in symbiotic relationship wilh SRB. 
The SRB produce hydrogen, carbon dioxide and acetate by fermentation, 
and melhonogens consume these compounds, thus permitting the 
fermentation to continue. 
Acid-producing bacteria ond fungi have been reported to be involved 
with corrosion of gas lines and aluminum fuel tanks. 

The organisms that produce MIC usually form discrete biodcposi~ither 
nodules or flat shiny deposits. An exception is wbcn the organisms exist in high 
concentralions in anaerobic soil environments, where lhey do not need to form 
either a film or a deposit to become active. Under such conditions, these 
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organisms can slill produce metabolic products in sufficient concentration to 
promote corrosion. 

There are four prerequisites for MJC: 

I. Microbes must be present in the environment. 
2. The service temperature range musl support microbial metabolism. Most 

organisms are most active in a narrow temperature range (10 to 20•F (5 
to II'C)). However, certain organisms can be act.ive from below 
freezing to above 200°F (93°C). 

3. The environment must support microbial activity by supplying 
appropriate nutrients and providing the aerobic or anaerobic conditions 
required for sustaining microbial life. 

4. The material of construction must be susceptible to MIC. Most materials, 
with the possible exception of titanium, are susceptible to some form of 
MIC. 

2. Effect on Materials of Construction 

Ste<!IJ and stainless steels oro !he materials that seem to support the greatest 
amount of MIC activity in the hydrocarbon and chemical process industries. 
This rnay very well be because of tl1e extensive use of these materials in these 
industries. The results of u four-year study reported by Felder and Stein (26) 
showed that stainless steels have variable susceptibility to MIC (Table 3-3). 
There is some lack of agreement over whether sensitiwtion increases 
susceptibility to M I C. Accordingly, it is prudent to avoid sensitiwtion, since it 
can lead to selective auack from other causes. 

Attack morphologies seem to be related to the organisms involved. Pinhole 
openings under nodules, accompanied by extensive tunneling, may be typical of 
Gallionella bacteria on stainless steels, while shallow surface attack beneath 
nodules or open pits rnay be typical of SRB on stainless and carbon steels. 

Aluminum alloys also have been attacked by microorganisms. for example, 
there have been MIC problems with aluminum fucltanks and transfer lines. In 
this case, microorganisms grow in the water layer under !he fuel to produce 
volcano-shaped tubercles with frequent evolution of gas. Pitting occurs under 
the tubercles. 

Copper has been believed to be toxic to any microorganisms that cause 
corrosion. Hence, MIC of copper alloys has been considered insignificant. But 
!here are copper-resistant organisms !hat have been associated wilh !he corrosion 
of copper. Corrosion of copper condenser tubes by microbially produced 
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Tablo 3-3 Percent colonization after four years' 
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'Refer 10 Ref (26J 
Source: Reptlnted with pcrmwion of !'lACE International. 

ommonin has been reported. In oddition, sulfuric acid produced by microbial 
activity has been nssociated with corrosion of underground copper pipes. 

1l1ere are no reported cases ofMIC on litanium. 
Some non-mutallic materials such ns coatings and plastics are known to be 

susceptible to microbial degradation. Glass-reinforced thermoplastics are 
colonized by bacterin. However, the resins (typically epoxy or vinyl ester) are 
resistont to nuack by most microbes. SRD can selectively attack the organic 
surfaetont used on the glass fobers. As a resu lt, the glass-resin bond can be 
disrupted and the composite domngcd. Also, hydrogen-producing bacteria can 
disrupt the glass fiber-ruin bond. 

Some anaerobes oxidize sulfide or sulfur to sulfuric acid. These bacteria 
proliferate inside sanitary S<:wer lines and can be responsible for rapid corrosion 
of concrete mains. 

3. Mitigation Methods 

The best mitigation measure is to prevent microbiological activity. A major step 
in the right direction is to avoid the development of stagnant or quiescent water 
legs. This objective requiru the combined commitment of design, construction 
and operation. Other measures include using barrier materials such as those 
discussed in Part2 of Chapter 2 or using material$ resistant to damage by MIC. 

Once an MIC problem, develops, the common control methods inc1ude: 
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• Mechanical cleaning using brushes. pigs. sponge balls. water or gas jets. 
Operational·proecdures such as backwashing or now jogging are also used. 
These methods are intended to disrupt and disperse mia'obial colonies. 
However, they are ineffective at killing microbes. Consequently, these 
methods arc usually used in conjunction with a subsequent chemical 
trealmcnl 
Chemical methods such as acid cleaning and the use ofbioc.ides or biostatic 
agents, inhibitors, surfactants and dispersants. 

Acid cleaning is in a class by itself in terms of effectively killing 
mi<:robial colonies. Other chemical treatment methods sueh as biocide 
treatmen~ by themselves, may not be very effective. The problem is the 
protection provided to the colonies by their slime barriers or by occlusion 
due to corrosion produciS sueh as tubercles. Consequently. other chemical 
treatment p<ograms are usually used in combination with some sort of 
mechanK:nl or chemically ~~Misted cleaning. 

C. STRESS CORROSION CRACKING 

1. Introduction 

Failures due to stress corrosion cracking (SCC). while not common, moy occur 
without waming, and when they do occur, they may have catastrophic 
consequences. In evaluating the risks of stress corrosion cracking, keep in mind 
thai safety may be o centrnl issue. 

Each lype of stress corrosion cracking requires very specific coincident 
conditions in order for the mechanism 10 produce cracks. Such conditions 
Include a susceptible material nnd the appropriate combination of stress, 
tempernrure, crock-inducing agent, pH, aeration, etc. For example, chloride 
stress corrosion crocking of austenitic stainless steels can be quite dependent on 
the presence of dissolved oxygen. Sometimes, stress corrosion cracking can be 
avoided simply by applying practical knowledge of the mechanism, for instance, 
keeping oxygen out of saline waters that eould otherwise cause chloride cracking 
ofnustcnitic stainless steel. 

There arc at least three typu of stress corrosion cracking: 

Hydrogen stress cracking (e.g., sulfide stre:ss cmcl<ing). 
Anoclic stress crock1ng phenomena sueh as alkaline stress cracking of 
carbon steels and chloride stress cracking of austenitic stlinless steels. 
lntcrgrartlllor stress croclt.lng such as that caUS<:d by polythionic acid stress 
corrosion cracking. 
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Stn:ss corrosion crncking is usually associated with the residual stn:ss fields 
of welds. although cracking can occur in Slre$Sed or cold-worked parent metal 
It bas been shown that the development of a StreSS corrosion crack requires the 
pRSence of a tensile stn:ss. Such cracking does not oc;cur with shear or 
comJ>R$Sive sucsses. Most forms of stress corrosion cracking depend on the 
pRSence of an electrolyte. usually liquid water, conta.ining the crnck-inducing 
agenL 

It is common practice to specify special metallurgical and filbrication 
requirements to pm~ent or minimize the risk of smss corrosion aacking in 
pressure recaining services. The three most common measures are hardness 
controls. normalizing. and postweld treatment. 

Hardness Controls 

Hardness controls should be required for any stress cracking mechanism 
involving hydrogen embrittlemcnt or hydrogen stress cracking. 

Hardness controls are used primarily to reduce the risk of crack initiation. 
Crock propagation risks can be reduced either by increasing the fracture 
toughness of the material or by reducing stresses. With either method, the 
objective is to eliminate crack propagation or to ensure that it is slow and stable. 
Stable crack growth results in "leak-before-break" (i.e., it is not catastrophic). 

Titc following measures t~ rc recommended when hardness controls are 
indicated: 

NACE RI'0472 ("Methods and Controls to J>revent In-Service Cracking of 
Carbon Steel Welds in P·l Materials in Corrosive Petroleum Refming 
Envirorunents" (7l)limits the hardness of carbon steel weld metal to 200 
BHN or less. Weld procedure qualification testing is required to ensure that 
the heat affecrcd zone hlltdnesses do not exceed 248 VHN. 

It is common industry practice to limit the weld metal hardness of air 
hardening (e.g., Cr·Mo) low-alloy steels as follows. Hereafter, whenever 
the hardness limitation ofNACE RP0472 is referenced, it is also the intent 
to reference the following limits: 
• I < Cr < 3: 225 BIIN 
• 3 < Cr < 9: 241 BHN {approximately RC 22) 

Be especially alen to potential hardness problems in welds involving 
dissimilar metals and in welds involving unusually different thicknesses at 
the weld joinL Tul»to-tubesheet welds and thin mki welds used to anacb 
tray support rio~ lltC examples of the latter problem. 
In the absence of a better specift<:ation, materials subject to hydrogen stress 
cracking mccllanisms should be required to meet the limitations of NACE 
MROI7S ("SulfiCic Stress Cracking Resistant Metallic Materials for Oilfield 
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Equipment" (8]. Refer to the section "Wet Sour Service'' (p. 196) for a 
discussion ofMR017S.) 

Nomla/izing 

Nomalizin& or normalizing and tempering. ore used to increase the fiacture 
toughness of carbon and some low-alloy steels. Olher heat treatment methods such as 
quenc:b and tempering may be used for maJ<rials such as some of the Cr·Mo steels. 

Ncm that NACE MROI7S (8) requires that all carbon and low-alloy steels in 
wet sour service have a toughness-enhancing heat treatment. Normalizing is 
conventional. Hot rolling is acceptable for carbon steel in wet sour service. 

PostwekJ Heat Treatment (PWHTJ 

Postweld heat IT't3tment is primarily a stress reduction technique. It is the 
primary mitigation measure for avoiding alkaline Stress corrosion cracking in 
carbon steels. It is also useful for minimiz.ing crack propagation for carbon and 
low-alloy steels. However. PWHT can soften hard welds and heat affected 
zones, making them more resistant to crack initiation in services subject to 
hydrogen stress cracking. PWHT is required by many users, some domestic 
recommended practices and some foreign engineering codes for services that 
promote stress corrosion cracking. 

Hardness control, PWIJT and normalizing may be unnecessary if the 
combined stress in tension is less than the " ten percent rule." Examples of such 
applications nrc small dny tnnks, many atmospheric vessels, low-pressure 
equipment and piping, and dmins. Under such conditions, the residual stresses 
and/or untcmpcred hnrdnesses of welds and/or heat affected zones may indeed 
initiate crocking and may even eventually produce through-thickness cracks. 
However, the combined stresses are too low to generate catastrophic cracking. 
Since development of through-thickness cracks usually takes many years of 
service exposure, risk-limiting measures arc ofien not cost effective for such 
low-stress situations. If capital cost is a concern, the ten percent rule may justify 
avoiding expenses such as those ofhlltdness controls, PWHT and normalizing. 

There are at least four exceptions where risk-limiting measures may be 
justified in low-stress situations: 

I. For new equipment subject to local laws that mandate conformance to an 
engineering code in which such measures are required 

2. In cases where througlrthickness craclcs, even though stable, would release 
a lethal, flammable or corrosive substance in a site of potential harm 

3. For thin-ligament pressurc-<Ontaining components where leaks could 
develop quickly and would require unscheduled maintenance (e.g., tube-to­
tubesheet welds)) 
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4. In new equipment Of piping where subsequent inspection and/or repairs 
after long·tenn setviQe would be excessively expensive (e.g., where 
congestion may make it very difficult to mobilize equipment Of where such 
activities would lead to unaceeptably long plant shutdowns) 

In the event that the risl< of strcss conosion cracking is too high fo.- c:atbon 
Of low-alloy steels, consider selecting a material immune to stress corrosion 
cracking. For example. use carbon steel clad with Type 304L SS in severe 
amlne services. 

Wllat follows is a brief summary of some of the common crack-inducing 
agents, conditions and materials that ~ known to cause stresa corrosion 
cracking. 

2. Crack-Inducing Agents 

A distinction should be made betwce.n an active cr11ck-inducing agent and one 
that, while pre..:nt. causes no harm. Most crnck-inducing agents require the 
presence of an electrolyte in order to be active. For example, H,S is not 
regarded as a crnck·inducing agent for carbon steel if is not accompanied by 
liquid water or some other electrolyte. 

There are a few crack-inducing agents that do not require the presence of an 
electrolyte addition. An example is attack of copper alloys by ammonia. 
Accordingly, the template should include the infonnation necessary to determine 
if a crack-inducing agent is active or can become active. 

Amlnes 

Amines can cause alkaline stress corrosion cracking in carbon steels. This is a 
fonn of nnodic stress corrosion cracking. It has become standard practice to 
postweld hent treat all welds in carbon steel components if the amine 
concentration exceeds two WI. pcrcen~ regardless of the service temperature. An 
exception is equipment and piping in uncontaminated (i.e., fresh) amine service, 
in which stress corrosion cracking does not occur. Various forms of hydrogen· 
related cracking can oceur in carbon steels exposed to amines rich in H,S. Refer 
to the section "Wet Sour Service" (p. 196) for a discussion of such cracking. 

Some users difTerentiate among amines, requiring postweld beat treatment 
for some but not for others. In other cases, users cite a service temperature 
threshold above which postweld heat treatment will be required for some amines 
but not fo.- other-s. Until extensive and finm experience-based industry guidelines 
are estabiW>ed, the best policy is to require postweld heat treatment for carbon 
steel welds in all amine serviees unless user experience indicates otherwise. 
Note that API Publication No. 94S "Avoiding Environmental Cracking in Amine 
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Units" (19) does not cite a pressure threshold below which postweld beat 
treatment is not recommended. 

Ammonia 

Anhydrous liquified ammonia can cause stress corrosion cracking of carbon steel 
unless at least 0.1 WI. percent water is present. Transportation regulations ensure 
tJut most "anhydrous" ammonia contains sufficient wat.er to prevent this 
problem. Postweld heat treatment of carbon steel welds is recommended. 

Aqueous ammonia can cause StreSl corrosion cracking in copper and copper 
alloys. Such 1111monia is usually unintentionally present. often being a degradation 
product of filming amines used fo.- corrosion inhibition, from amincs used in the 
gas swedening plant or from water treaunent chemicals such as hydrazi.ne. Such 
alloys should not be used If they oould be accidentally exposed to ammonia 

Carbonates and Bicarbonates 

Combinations of carbonates and bicarbonates. present at concentrations 
exceeding I WI. percent (either individually or combined) can cause alkaline 
stress corrosion cracking in carbon steel. See Figures 3·9 and 3·10 for an 
example of this problem. Mitigation alternatives include the use of cathodic 

Figure 3-9 External stress corrosion cracking in a carbon steel pipeline, 
caused by exposure to 5041 containing carbonates and bicarbonates. 

• • • • 
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Figure 3-10 Microstructural view of the cracking shown in Figure 3-9. 

protection, non-metallics (for low-pressure applications) and upgrades to either 
duplex or austenitic stainless steels. Coatings alone are usually not recom­
mended for protection n·om alkaline stress con·osion cracking. Postwcld heat 
treatment is nonmally required. 

This type of stress corrosion crocking can be inhibited, as is shown by the 
successful use of inhibited hot carbonates in some proprietary C01 removal 
systems in which carbon steel is the recommended material of construction. 
Carbonatelbicarbonate cracking has occurred externally in some hot buried 
carbon steel pipelines. Such cra<:king is relatively uncommon and is usually 
associared with disbondcd coatings. Cracking in pipelines occurs most often in the 
parent meta~ so postweld heal treatment is not an effective mitigation measure. 

Caustics 

Virtually all caustics can cause stress corrosion cracking of carbon steel and low­
alloy steels, in stainless steels and even in nickel-based alloys under severe 
conditions. However, carbon steel is the recommended material of construction 
for moderate temperatures and concentrations. Threshold concentrations and 
temperatures are indicated in the NACE caustic soda service curve [14) shown in 
Appendix 3. Note that these thresholds are not valid for heavily cold-worked 
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carbon steel applications such as tubes rolled into tubesheets. Pos!Weld heat 
treatment is recommended for carbon steel weldments in services above the 
NACE threshold. An exception may be considered for low-pressure systems 
where the combined stress in tension is Jess than the ten percent rule. Valve trim 
is usually 12 Cr stainless steel. 

Upset conditions are probably the main cause of caustic stress corrosion 
cracking in modern plants. In particular, upsets such as high-temperature 
episodes in otherwise cool caustic systems are the usual cause of such cracking. 
'Otcre have been reports of caustic sire$$ corrosion cracking in systems that have 
been steamed out without prior water washing or flushing. Cracking bas also 
been observed in carbon steel systems becat<'IC of caustic carryover during 
upsets. Such cracking usually occurs because the system has not been stress 
relieved or postweld heat treated. Systems in which such upsets can occur 
should be stress relievedlpostweld heat treated, if constructed of carbon steel, or 
should be made of appropriate alloys. 

Caustics are usually contaminated with chlorides. Although caustic 
solutions tend to inhibit chloride stress COITOSiOn cracking in austenitic stainless 
steels, such cmcking can occur. Since there are other reasonably competitive 
materials choices, selection of austenitic stainless steels for caustic service is 
usually avoided. In any ease, austenitic stainless steels should not be used in 
caustic services at temperatures exceeding 250°F (120°C), the threshold 
temperature for caustic stress corrosion crocking of such alloys. 

Where carbon steel cannot be used, Alloy 400 is usually recommended. For 
severe caustic services, or where product purity is a concern, commercially pure 
nickel (Alloy 200) or plastic-lined carbon steel is often specified. There arc a 
number of paint coatings, polymers and reinforced plastics that are resistant to 
about 200°F (93°C). There are a few polymers such as polypropylene and 
rubbers (e.g., neoprene) that are useful up to about 250°F ( 120°C). 

Chlorides 

Austenitic stainless steels are well known for their susceptibility to failure by 
chloride stresS corrosion cracking (CSCC). See Figure 3-11 for an example of 
this phenomenon. Research metallurgists have found that they can cause CSCC 
in austenitic stainless steels under almost any set of circumstances, as long as 
they are permitted to use an extreme value of one or more of the critical 
variables. The practical limits of this cracking are described below. 

Tempera/ure. CSCC is virtually unknown for neutral pH solutions at 
temperatures below 140•F (60'C). 
Chloride concentration. "Safe" chloride concentrations as a fuoc.tion of 
temperature are given in Appendix 8. In evaluating the risks for CSCC, 
consider concentration mechanisms such as evaporation, which can 
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Figure 3-11 Chloride stress corrosion craciQng of Type 304 stainless steel 
(Courtesy of Mr. C. P. Dillon, C. P. Dillon & Assoc.) 

increase low concentrations to dangerous levels. For this reason, vapor­
liquid interfaces and crevices such as socket welds nre to be avoided. Note 
also that extreme values of other variables such as pH or stress can cause an 
otherwise safe concentration to initiate CSCC. 
Stress. CSCC requires the exposed surface to be in tension. Such stresses 
are usually due to the residual tensile stress caused by welding or by cold 
worlc such as U-bending heat exchanger tubes. Solution annealing is 
effective in reducing such stresses but usually causes 'varping. Postweld 
heat treatment is sometimes used to reduce wekling-induced residual 
stresses in austenitic stainless steels. Some wen employ stress retief beat 
treatment to control the efT<dS of cold work, for example, U-bends in beat 
exchanger tubes. Sometimes shot peening is used to ensure that exposed 
surfaces are in compression. 

Recall from the discussion of sensitization in Plltt 2 of this chapter, that 
postwcld heat treatment and/or stress relief heat treatment of stainless steels 
can cause severe sensiti:zation. Use of stabilized grades that have been 
previously stabilization annealed is usually required if postweld heat 
treatments or stress relief is a fabrication requirement. 
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Oxygen. Uoder nonnal circumstances, dissolved oxygen must be present at 
a c:oneentratioo of at leas! 100 ppbw in order for CSCC propagation to 
proceed. Refer to Appendix 8 for guidelines. 

CSCC of austenitic stainless steels can usually be avoided by controlling 
one or more of the above variables. However, a good design can be made 
suscepcible by upsets or oversights such as low pH episodes, high-temperature 
c.•cursions, inadvertent crevices or vapor-liquid interfaces. Accordingly, CSCC 
resistant alloys should be specified where CSCC is anticipated. Examples of 
such alloys include the higher nickel types such as Alloy 400 and Alloy 825, or 
duplex stainless steel alloys such as Alloy 2205 (22Cr-S.SNi-3Mo-N; UNS 
531803). The latter alloy has a CSCC threshold of about 3SO•f ( 17s•c) in 
neutral saline watets. In some vessel and piping applications, clad construction 
is used. Carbon or low-alloy steel is used for pressure containment, with a 
resistant alloy inner cladding or weld overlay for protection from CSCC. 

In focusing on the process side, do not forget that austenitic st.linless steels 
may be subject to external CSCC. Such steels may be exposed to wet chlorides 
in atmospheric marine environments or to chlorides deposited externally by 
wind, dUSI or water. Tbe risk of external CSCC may be complicated by the 
necessity for external insulation. Insulation prevents normal cleansing by 
rainwater. It may also be a source of chlorides, may concentrate chlorides 
during wet-dry cycles and may act to keep the external surfaces wet. Given the 
potentially catastrophic nature of an externally induced CSCC rupture, the 
evaluation of its risk should be regarded as a safety issue. There are several 
mitigntion measures for external CSCC: 

In some cases an external paint coating may be adequate. (Normally, one 
does not depend on a paint coating for protection from enviromnental 
cracking. However, in .this instance, one onen does not have many 
economical choices.) Epoxy coatings are nonnnlly used for metal 
temperatures up to about 250°1' (120•C), witlt modified silicone·based 
coatings used for higher metal temperatures. 
Clad construction (carbon steel overlayed or dad with stainless steel) may 
be specified for vessels, beat exchangers and piping. 
Alloys immune to CSCC may be specified. 
Peening is oceasiooally used to prevent chloride stress corrosion cracking. 
The method is nOI without risk, as operating stresses, pipe movement, etc. 
may nullify the benefns of peening. 

Cyanides 

Cyanides act as a cathodic poison. By themselves, they pose no threat of SCC. 
However, in combination with wet hydrogen sulfide, they c .. 1n cause accelerated 
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sulfide sttess corrosion cracking of carbon and low~y stee.ls, if present at a 
concentratioo grea~ th:111 about 20 ppmw. Postwcld heat treatment is 
recom.mended for carbon and low-alloy steel welds exposed to combinations of 
cyanides and wet H,S. 

In addition to acting as a cathodic poison, cyanides can accelerate metal loss 
due to wet hydrogen sulfide corrosion. Normally, sulfide films are n:latively 
stable. Their formation usually reduces the rate of metal loss due to corrosion. 
However, cyanides can convert iron sulfide scale deposits into soluble iron salt 
complexes. The underlying carbon steel then becomes susceptible to rapid 
COrTOSion. 

Hydrogen SUlfide 

llydrogeo sulfide can cause sulfide Sire$$ COtTOSion aacking (SSCC). hydrogen 
induced aacking (HI C) and stress oriented hydrogen induced cracking (SOHJC). 
SSCC is a form of hydrogen Sire$$ cracking. known to occur in many steels and 
alloys. HIC occws in "dirty" steels. Stre3S is 001 requined for such cracking. 
SOHIC is a Slre$$-assisted form of HlC. When observed, it is usually seen in or 
ne:~r the heat affedcd zones of restrained welds. when: growth of the cmcks is 
probably assisted by n:sidual stresses. 

All of the above forms of hydrogen cracking begin wilh wet hydrogen 
sulfide corrosion, which supplies hydrogen as a corrosion product when the 
sulfide ion combines with iron to form iron sulfide. The sulfide ion is a cathodic 
poison, encouraging two phenomena . 

I. Nas<lent hydrogen tends to dissolve into the metal rather than combining 
with another hydrogen atom to fom1 hydrogen gas. 

2. Nonnally, this type of corrosion is rapidly slowed by the formation of a 
polarizing layer of H2 at the anode. However, the sulfide ion prevents such 
polarization.. Thus, corrosion continues, with the geocration of a large 
amount of nascent hydrogen, tmtil the eorrosicn process is brought to a halt 
by the formation of a tbi<:k ftlm of <let& iroo sulfide. 

Sulfide Stress Corrosion Cracki . ..g {SSCC) 

Sulfide stress corrosion cmcking is a fonn of hydrogen stress cmcking. It is 
relatively uncommon in carbon steel. Conventional welding processes usually 
do not produce the excessively hard weld or heat affected zones in which this 
type of cracking occu~. 

Sulflde stress corrosion cracking can develop in areas of excessive metal 
hardness. For carbon steels, hardnesses in excess of Rockwell C22 are usually 
required. See Figun: 3-12 for an t.xarnplc of this type of cracking. These cracks 
typically initiate at the internal toe of a weld and propagate along an excessively 
hard heat affected zone un1il 1hev f~nn n througb-tl1ickness crack. Such cracks 
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Figure 3-12 An example of sulfide stress corrosion cracking in carbon 
steel. (Courtesy of Dr. R. D. Kane, CLI lnlemalional, Inc.) 

can be very long, up to several feet, before tl1cy become unstable. They have 
caused several sudden ruptun:s in vessels, piping and pipelines. Some of these 
failun:s may have been assisted by hydrogen embrittlement 

The low- to medium-strength carbon steels are most resistant to SSCC. 
Piping and vessel carbon steels are usually kept at specified minimum tensile 
strengths of 70 ksi (480 MPa) or less. Experience bas shown that the risk of 
SSCC increases for tensile strengths up to about 90 ksi {620 MPa). Higher­
strength steels are very susceptible to SSCC. 

11 is esseotial to control weld hardness. NACE RP0472 (7) places a limit of 
200 BHN on carbon steel weld metal hardness. Weld procedure qualification 
testiDg requires the heat affected zone h:~rdnesses not to exceed 248 VHN. 
NACE MR0175 contains detailed recommendations on hardness and fabrication 
lini ilatioos for many of the metals and alloys encountered in plant design. 

For the low- to medium-strength carbon steels used in chemical process and 
hydrocarbon plants, it is actually difficult to generate weld metal or heat affected 
zone hardnesscs sufficient to cause SSCC. When seen, cracking caused by 
excessive hardness is usually due to one of the following. 

• Dilution eff«ts in a dissimilar metal weld. 
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A weld join~ without adequate prcbea~ that combines two pieces of greatly 
different section thicknesses. Tube-t~K~Jbc:shcet welds and low-heat-input 
single-pass welds such as tray ring attadunents are examples. 
Cold working that increases the residual stresS of the area that subsequeotly 
aacb. 
Use of a microalloyed steel, in which welding c.-cates hard spots in the heat 
affec:~ed zone. 

As was discussed in Ontpler 2, microalloyed Cllbon steels have a teodency 
to produce excessively hard weld heal affected zones. It bas been shown that 
such heat afTCCied zones are often difTICUit 10 temper [Le., soften) by postweld 
heat ln:almenl Microalloyed carbon steels should not be used in welded 
construclion subjea to SSCC unless the welding procedures are carefully 
qualified to show that they produce heat affeaed zones of acceplable hardoess. 
Weld procedure qualification tests should include microhardoess surveys across 
the heat affected 1one in order to show that the procedure does not produce 
localittd ~hard spou." NACE RP04n (7] and NACE MR0175 (8] are useful in 
specifying the requirements for controlling heal affected zone bardnesses. 

Preheat and proper welding procedures are the appropriate measures for 
controlling hardnesses associated with welding ordinary carbon steels, since the 
hardness of their weldments is usually not a problem. Postweld heat treatment is 
usually not necessary unless other crack-inducing agents (such as amines) or 
other cathodic poisons (such as cyanide) are also present. In such cases, 
reduction of residual nress is usually necessary to reduce the susceptibility to 
stress cracking. For such severe SSCC services, postweld heat treatment is 
recommended. 

Hydrogen Induced Cracking (11/C) 

While HJC is technically not a fonn of stress corrosion cracking, it is related. 
One of its variants, stress oriented hydrogen induced cracking, is caused partly 
by residual stresses adjacent to the heat affected zone in thick section welds. 

Hydrogen induced cracking occurs primarily in plate and plate products 
made of "dirty" steels. Such steel plates contain excessive amounts of non­
metallic inclusions (primarily manganese sullides), flattened by the rolling 
process. The resulting flattened inclusions are parallel to the plate surface, 
although they are usually staggered in location with respect to the thickness of 
the plate. The naneoed inclusions are ordinarily less than one Dllll in length, but 
may be much smaller in clean steels and much larger in very dirty steels. 
Hydrogen induced cracking rarely occurs in product forms other than plate or 
plate produets. 

The tendency of a nee I to undergo HIC is agg;avated by a banded ferrite­
pearlite microstructUre (see Figure 3-13 for an Cl<atnple of banding). Banding is 
a relatively common microstructure in carbon steel plate rolled from ingots. As 
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Figure 3-13 A banded ferrite-pearlite microstructure in carbon steel 
plate. (Courtesy of Dr. E. V. Bravenec. Anderson & Assoc.) 

the ingot solidifies in its mold, it has a tendency to segregate into zones or 
regions of slightly different compositions. 11tese zones, of differing hardnesscs, 
separate into finely divided layers of ferrite and pearlite when hot rolled. Steel 
made from continuously east steels (steels that are poured through a chilled mold 
and solidify ns an elongated slnb) are typically less segregated. When hot rolled, 
these steels produce plate with minimal banding. The ASTM specifications used 
for purchasing conventional carbon steel plate do not address banding. 
Consequently, banding can be controlled only by specifying that the parent metal 
steel be continuously cast. This requirement is rarely specified by users. 

"Control rolled" plate is rolled at comparatively low-temperatures (1300 to 
1650"F (705 to 900"C)). It can be particularly susceptible to HI C. At these rolling 
temperarures, the manganese sulfide inclusions arc appreciably softer than the steel 
and easily 113tten to form the crack init.iation sites cbaracteristic of HI C. 

Hydrogen-induced cracking is essentially a eraek initiation mechanism. As 
wet hydrogen sulfide corrodes the surface of the steel, corrosion-induced nascent 
hydrogen diffuses into the steel. Non-metallic inclusions serve as catalyst sites 
for the recombination of the diffusing hydrogen into hydrogen gas (H,). As the 
gas accumulates adjacent to the inclusions. pressure builds up, causing the 
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Figure 3-14 Hydrogen induced cracking in carbon steel plate. (Courtesy 
of Mr. M. S. AI-Omairy and Or. E. M. Moore, Jr.) 

Figure 3-15 Hydrogen surface blisters in steel pipe, caused by H2S 
service. 
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Figure 3-16 Splitting and bulging in carton steel plate, caused by the 
growth of an embedded blister. (Courtesy of Mr. M. S. AI-Omairy and Or. 
E. M. Moore, Jr.) 

inclusion-matrix interface to split This separation initiates an HIC crack (Figure 
3-14). If the-initiation site is near a free surface, the RIC crack results in a blister 
(Figure 3-15). If the plate contains multiple initiation sites that are intemally 
embedded and the plate is relatively thin (less than about Y," (12.5 mrn)), a split 
can develop parallel to the surfaces of the steel plate. The effect is often viewed 
as a very latge blister. {See Figure 3-1 6 for an example of an embedded blister.) 
If the plate is relatively thiclc, staggered internal HlC cracks can link up, via 
cross-tearillg {sometimes called stepwise cracking). In extreme cases, stepwise 
cracking can cause through-thickness cracks. {See Figure 3-17 for an example of 
stepwise cracking.) 

Hydrogen induced cracking occurs in the temperature range of 32 to about 
I30°F {0 to ss•C). Above 130°F {55•C), HlC damage proceeds slowly, if at all. 
Note, however, that HIC damage can occur during cooldown in systems that 
nonnally operate at temperatures above 130°F {55°C). Depending on whether 
the syStem can be kept from cracking by purging, lowering the H,S partial 
pressure, etc., such cooldowns should be regarded as crack-inducing upset 
conditions, which should be noted on the materials selection template. 
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Flguro 3-17 Hydrogen induced cracking lhat has developed into 
stepwise cracking. (Courtesy of Mr. M. S. Al-Ornairy and Or. E. M. 
Moore, Jr.) 

Conventional carbon steel fabrication utilizes carbon steel plate chemistries 
and welding pra<:edures that produce relatively soft welds and heat affected 
zones. Under these circumstances, HIC is much more likely to occur than 
sulfide stress corrosion cracking. Older plants in wet sour service, built before 
the common availability of clean steels, usually show evidence of HIC activity. 
Cracking ranges from gross indications such as blistm or stepwise cracks 
emerging at a surfuce to dte characteristic ultrasonic inspection signals from 
cracked multiple staggered inclusions, at various depths in the plate. 

HIC initiation is not significantly inOuenced by either lwdness or beat 
!Jeatmcnts such as oonnalizing or postweld beat tJeatment Propagation of 
ct1ldcs initiated by HIC c;m be inhibited by the inc~ased fractu~ tougbnesil that 
results from such beat !Jeatments. HIC is minimized in plate and plate products 
by specifying a clean steel and a requirement for inclusion shape control. For a 
discussion of HIC mistant carbon steel, refer to the section "Wet Sour Service" 
(p. 196); also see Appendix 7. Forgings, castings and seamless pipe~ con· 
side~d to be essentially immune to HlC, since they normally do not contain the 
Oattencd non-metallic inclusions necessary to generate ILIC cracks. 

Plate made from continuous cnst strand can be particularly susceptible to 
HIC If measures are not specified to ensure n clean steel. This unusual 
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susceptibility is due to the segregation of tramp elements such as sulfur to the 
center line of the Slrand during continuous casting. Since this fact is widely 
known by plate and pipe manufactums, who routinely take appropriate 
countermeasures, problems ~ ~- However, ~ should be exercised when 
dealing with manufacturers of plate or welded pipe who ~ nOI experienced in 
HIC control. 

Strtss Oriented Hydrogen Induced Cracking (SOH/C) 

some fonns through-thickness cracks by linking up stacked small internal 
cracks. It usually occurs in heat affected zones associated with the residual 
stresses of wolds. (See Figure 3-18 for an example of this type of cracking.) 
Thick, restrained welds such as those of heavy nozzles nrc reported as being 
especially suJCeptible. The mechanism involves two components: 

I. HIC emcks form in a staeked m:mner, that is, they are stacked vertically. 
This fomu a cradc plane,wbicb is perpendicular to the surfaces of the plate. 
Tbc oompooent aada ~ usually very short but closely spaced. 

2. A through-thickness crnck forms by shearing the lipments between the 
stacked HIC cracks. 

The development of the through-thickness Jinbge (and perhaps the 
initiation of the stacked cracks) seem 10 be driven by the strong residual stress 
fields of adjacent welds. Consequently, postweld heat treatment and nonnalizing 
are usually recommended, as well as clean steel resistant to hydrogen induced 
cracking. 

Cross·tenring (also called stepwise cracking) of ILIC cracks has been seen 
with some frequency in pipelines but is not ns common in vessels, heat 
exchangers or tanks. Conversely, SOHIC has been seen in vessels and heat 
exchangers but Is not as common in pipelines (although both experience and 
research have shown that the common pipeline steels ~ susceptible to SOH I C). 
Explanation of these observations probably involves differences in desi,gn 
facton, maximum code-allowable stresses, steel making and environment. 

Merrory 

Liquid metallic mercury causes rapid intergranular cracking in copper alloys and 
both intergrnnular cracking and pitting corrosion in aluminum alloys. The 
mcking mechanism is called liquid meta/embrittlement. The result is virrually 
indistinguishable from intergranular stress corrosion cracking. 

Cryogenic natural gas systems can pose a special hazard. Large amounts of 
such gases are pra<:essed in Jiqui!ied natural gas (LNG) plants and in plants that 
toke feed from LNG. The problem is mercury in the feedstock. Even low 
concentrations of mercury in the feedstock gns, over n long period of time, can 
generate concentrated pOckets of mercury. Suc.h pockets have caused serious 
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Figure 3-18 Stress oriented hydrogen induced cracking in carbon steel. 
[(a) Courtesy of Dr. R. D. Kane, CLI International, Inc.; (b) oourtesy of Dr. 
R. D. Kane. Clllntemational, Inc.] 
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ctllcking problems in aluminum "cold boxes" during shutdowns, when the 
mercury liquifies as the cold box warms up. 

Zinc 

Zinc can cause liquid metal embrittlement in both iron and aluminum alloys. 
Galvanized carbon steel is not recommended for services in which the 
temperature exceeds 390'F (200'C). lntergranutar penetration of the steel 
substrate by zinc, from the galvanized surface, has been reponed for the 
temperature range 390 to 570'F (200 to 300'C). In addition, peeling of the 
galvanized layer has been observed at temperatures exceeding 390'F (200'C). 

Some users prefer not to have galvanized products adjacent to stainless steel 
piping, vessels and/or equipment. Under ecnain circumstances (usually 
involving a plant fire), zinc can rapidly destroy the pressure integrity of an 
austenitic stain.less steel. At least one major plant disaster is thought to have 
resulted from the phenomenon. 

A repon based on laboratory testiltg sheds some light on the problem of 
liquid metal attack by zinc on stainless steel [27]. Zinc melts at 787'F {420'C). 
At temperatures hotter than 1380'F {750'C), molten zinc will rapidly attack the 
grain boundaries of austenitic stainless steel, at rates on the order of inches per 
second. · 

This type of failure is very rare because: 

• The zinc must first melt, and 
• The molten zinc must be heated to at least 1380'F (750'C), without 

vaporizing or oxidizing, then come into contact with a hot austenitic 
stainless steel surface, or 
The molten zinc must come into contact with an austenitic stainless steel 
surface heated to a temperature of at least 1380'F (750'C). 

' 
The following situations are suspected of causing failures: 

Welding or cun·ing stainless steel components that have been coated with a 
zinc-rich product such as inorganic zinc paint. Usually, such contamination 
is inadvertent {e.g., by overspray). 
Welding a galvanized steel part to an austenitic stainless steel component 
without first thoroughly removing the galvanizing adjacent to the weld 
preparation. 
Secondary failures in which molten zinc drips onto stainless steel 
components during a plant fire. Some users are sensitive to this aspect of 
the problem and require materials selection and piping and structurnl 
configurations that avoid this situation. 

Higher alloys such as Alloy 20 Cb-3 {20Cr-35Ni-2.5Mo·Cb; UNS N08020) 
and Alloy C-276 (15Cr-54Ni-16Mo; UNS Nl0276) do not appear to be as 
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susceptible as the conventi()llal austenitic stainless steels. However, Jaboratoty 
test$ show that such alloys are structurally att:lckcd by liquid rinc at high­
temperatures. Accordingly, these materials should not be cont:lminated with 
zinc. 

. Zinc contamination of sminless steels can occur during consln•ction or 
mamrenance. The following mitigation measures are recommended: 

Avoid paint.ing or ovmprnying stainless steel witll zinc-containing 
products. Prior to culling or welding zinc.<cnlaminatcd stainless stec~ 1hc 
conlrutlinant must be tlloroughly mnovcd. 
NC\'er permit plv.~~~ized components to be welded to stainless steel unless 
lhc rinc coating has been adequately cut bacJc. 
See lhat stainless steel components in danger of colliding with galvanized 
structurals arc covered or padded, for example, when hoisting stainless steel 
or hJgh-alloy heater lubes or coils into a hearer lhat is surrounded by 
galvanized structural steel. 
Make sure d1at My markers used for marlc:ing or writing on stainless steel 
components do not conlllin more lhan a few pans per million rinc. Many 
users also place the same limit on load, cadmium and tin, wbich can also 
cause liquid mtlal embrinlement problems. 

D. WET SOUR SERVICE 

Wet s~ur services .are common in lho hydrocarbon producing and processing 
mdustr1cs. Tho mnJOr concern for such services is the various fonns of hydrogen 
cracking produced by wet hydrogen su.lfide corrosion. NACE MROI75 is useful 
in defming what is meant by a wet sour service and what can be done to 
minimize the risk of cracking. 

It should be noted that the use of NACE MROI7S for ~downstream" 
applications is the subject of some controversy. Many downstream users 
inc~uding so:me refmcries and gas plants, regard MROI7S as not applicable~ 
thetr operatiOns. Ytl, hydrogen cracking mechanisms do not respect the 
artificial division between ~pstream" (hydrocarbon production) and 
dow~~tream (hydrocarbon processing) operations. In fact, in many downstream 
fac1ht1es, the hydrogen cracking environment is more severo than in many 
upstream opc~~t!ons: ~ strong case can be made that if MRO 175 is applicable to 
upstream fac•hlles, 11 •• even more applicable to downstream facilities. Thus 
until a do~tream equivalent of MROJ75 is developed, the document provide~ 
useful gu•dance on fabrication practices designed to minimiu tlle risk of 
hydrogen cracking in all facilities exposed to this type of environmental 
crnc:king. 
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For a wet gas system. NACE MR017S [8] specifies all of the following for 
M-"et sour servtcc: 

Liquid water is present 
The total· pressure is at least 65 psia (0.45 MPa) 
The hyd!ogen sulfide partial pressure in the vapor exceeds 0.05 psia (0.34 
kPa) 

NACE MROJ7S docs not defme a threshold for sour water. A widely 
accepted defmition is that sour water is a ,.,., sour service if it contains at least 
SO Jl!ICIIW dissolved H,S. To be consistent with MROI7S, sour water should be 
regarded as a wet sour service only if its maximum pressure is at least 65 psia 
(0.45 MPa). 

While the O.OS psia (0.34 kPa) H2S partial pressure threshold has been found 
useful for the majority of applications involving wet sour service, it should be 
noted that cracking can occur at lower partial pressures. Such cracking usually 
occurs in systems with unusually low pH, or with materials having hardness 
exceeding HRC 30. 

The 6S psia (0.4S MPa) total pressure threshold cited in the def1llitions of 
wet sour service has nothing to do with the initiation of sulfide stress corrosion 
cracts. The 65 psia (0.4S MPa) tllreshold essentially addresses the ten percent 
rule. In practice, these low-pressure systems have such low stresses that they do 
not proJl'l&ate a brittle, catastrophic crack. Excessively hard steels can suffer 
sulfide stress corrosion crack propagation at pressures less than 65 psia (0.4S 
MPa) if the hydrogen sulfide partial pressure is high enough and the surface is 
water-wetted. Indeed, residual stresses alone are sometimes sufficient to 
propagate sulfide stress corrosion cracks. In pmctico, however, such crack 
propagation is not catastrophic. Leak-before-break governs. Thus, such low­
pressure systems are considered "safe," and mitigation measures such as 
hardness controls may be unnecessary. Exceptions should be made for thin­
ligament componentS such as tube·tCHUbesheet welds or for facilities in which 
leakages are unacceptable. Other corrosion control measures may be considered, 
but rarely are. Wet hydrogen sulfide corrosion is usually not a serious problem 
unless the system contains oxygen, cyanides or ammonia. 

Even transient wet sour service can quickly crack lin excessively bard weld 
or heat affected zone. Hardnesses in excess of about HRC 45 can crack· in 
minutes. Consequently, relevant upset conditions including startup and 
shutdown, presulfiding, catalyst regeneration, etc., should be included in wet 
sour service evaluations. Note that most "dty" sour overhead services become 
wet sour upon shutdown. If upset conditions can produce a wet sour service, the 
upset condition should be regarded as governing for the purposes of materials 
selection. The materials selection template should contain a note to the efTec1 
thai the u~t condition is governing. 
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A number of otlte.r services such as hydrofluoric acid can generate lhe 
nascent hydrogen that causes hydrogen embrittlement, hydrogen stress cracking, 
hydrogen induced craclcing (HlC) and/or stress oriented hydrogen induted 
cracking (SOHIC) in catbon steels. Such services should be treated as wet SOUr 
for the purposes of materials seleetion. 

As discussed earlier in lhis chapter (p. 114), carbon and low-alloy steels in 
wet sour service can be exposed to the combined risk of hydrogen cmbrittlement 
and hydrogen stress cracking. The combined risk is acceptable for most 
applications of conventional low- to medium-strength (70 ksi (480 MPa) 
specified minimum tensile strength) carl>on steels in simple wet sour services. 
Consequently, only minimal mitigation measures are justified for simple wet 
sour services. However, the air-hardening low-alloy steels (e.g., Cr-Mo steels) 
can be sensitive to the combination of hydrogen embrittlement and hydrogen 
stress cracking, even in simple wet sour services. Air-hardening Sleels exposed 
to such conditions should not be pressurized at temperatures less than about 
250°F ( 120•C), the threshold for hydrogen embrittlement. 

Carbon steels in severe wet sour services also have a history of various types 
of cracking and embrittlement problems. For materials subject to such 
cmbrittlement and/or crucking. ~pcd:1l mitig:•tion measures should be lakcn. or 
materials resisumt to such problems should be selected. Given the potential 
complexity of dealing with the combined risks of hydrogen embrittlement and 
wet sour service, the following guidelines may be useful. 

1. Low-Risk Servlco 

Low-risk service applies to metals and alloys in wet sour services for which the 
maximum design pressure is less than 65 psia (0.45 MPa). No special 
metallurgical requirements are usually necessary except for: 

New equipment subject to local laws lhat mandate ;:onformance to an 
engineering code in which such measures are required. · 
Facilities in wh.icb leakages are unacceptable. 
Thin-ligament pressure-containing components where leaks could develop 
quickly and would require unscheduled maintenance. Examples include 
rube-to-tubesheet welds and thin-fillet welds used to anach tray support 
rings. Hardness controls are usually adequate in such cases. Pay particular 
anent ion to the potential hardness problems of dissimilar metal welds. 
Cases where through-lhickness cracks, even though stalile, would release a 
lethal substance. Such cases should be subject to the requirements of 
"simple" or even "severe" wet sour service (as defined on p. 199). 
New equipment and piping. where subsequent repairs after long-tenn 
service would be excessively expensive, for example, where congestion 
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woold make it very diiT~<:ult to mobilize equipment or where such activities 
would lead 10 unacceptably long plant shutdowns. Such cases should be 
regarded as "simple" or even "severe" wet sour services (as below). 

Note that there are some services with maximum design pressures less than 
65 psia (0.45 MPa) that are especially susceptible to hydrogen induced cracking 
(HlC). Examples include the overhead systems of fluid ~~lyt~c cracking •.•.its 
and delayed coker units. Such processes typically eontatn stgnificant quaonues 
of cyanides. These services should be regarded as "simple" services. In addition 
to the requirements indicated by "simple wet sour service," plate and plate 
products should be specified as HIC resistant. 

2. Simple Wet Sour Services 

Simple wet so11r services cootain no other crack-inducing agents or cathodic poisons 
and exist when lhe maxunum design pn:ssure is at least 65 psia {0.45 MPa). Such 
services require that all mealls and alloys conform to lhe hardness, manufaeturing and 
fabrication limitations of NA('E 1\i!RO 175 [8). It is impot1antlhat 

All weld metal, heat affected :zones and parent metal be hardness 
controlled. This r~quirement should be adopted even if lhe fabrication is 
posrweld heat treated. 
1l1e weldment hardnesses for carbon steels is limited in accordance with 
NACE RP0472 [7]. 

Postwcld heat treatment is usually not required for carbon steel construction. 
Note that postweld heat treatment rnay be used to soften welds determined to be 
excessively hard or may be specified for thin-ligament weldments (such as rube­
to-rubesheet welds), in which excessive hardness is probable. 

Postweld heat treatment should be mandatory for air-hardening low-alloy 
steels such as the Cr-Mo alloys. 

3. Sovere Wet Sour Servlcos 

This category includes wet sour processes in which the maximum design 
pressure is at least 65 psia (0.45 Mpa) and specifically includes systems known 
to be especially susceptible to vatious forms of wet H2S cracking. Examples 
inclu~e: 

Wet sour light hydrocarbons such as wet sour liquid petroleum gas or 
natural gas liquods 
High-pressure separation sySietnS doWIISIJ)2m of hydrotreaters and h)'dro­
crack.ing units 
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Refer to NACE Technical Comminee Repon 8XI94 "Materials and 
Fabriea~on Practices ~or New ~re Vessels ~sed in Wet H,S Refmery 
ServiCe (28] for a detaaled diSCU$$tOn of equ1pment m seven: wet sour S«Yice in 
refineries. 

Other severe wet sour services include: 

Processes that include other crack-inducing agents such as amines. 
Processes that tend to increase the concentrotion of nascent hydrogen 
dissolved in the carbon steel, for exnmple: 
• Processes that include other cAthodic poisons such as cyanides in 

excess of20 ppmw. 
• Processes that include salt·fonning cations tl1at pemtit high concen­

lrntions of aqueous sulfides. The most common such cation is am­
monia, which produces highly soluble NH,IIS. 

• Processes that interfere with the stability of the iron sulfide film that 
usuolly protectS carbon steel from active COITOSion by wet hydrogen 
sulfide. Examples include chemical cleanins and erosion due to 
impiJl&emcnt or excessive stream velocities. 

Systems in cyclic service. 

Severe wet sour service mitigation m<asu~ include all of lhe requirements 
that apply to simple wet sour service. In addition, the following requirements 
should be specified for carbon steel plate and plate produciS. 

· • Killed carbon steel. Carbon steel plote ond plate products (e.g., welded 
pipe) should be made of fully killed plate mode to fute groin proctice (e.g., 
ASTMAS I6). 
HIC resistance. Carbon steel plate and plate products in severe wet sour 
service should be made of HIC·resistont plnte. 
• Sulfur concenlrntion should not exceed 0.002 wt. percent. 
• 111e steel should be treated wiU1 calcium or rare earth metal for 

inclusion shape control. Calcium treauncnt is lhe most common and is 
preferred because it is less likely to cause welding problems. 

• If purchased in heat quantities, each heat may be economically tested 
per NACE TM0284 [29), using the low pH sohdion of NACE 
TMOin [30]. This requirement is normally reslridod to ctOSHOUDay 
pipelines made of welded pipe. Acc:eptance criterioo s.bould be that 
lhc crack length ratio (CLR.) s.bould not exccod 15 percent. Modenn 
steel making practice can reliably produce welded pipe with CLR.s of S 
pen:ent or less. 

• For cross.oounay pipelines, IUCresislnnt plate should be required for 
welded pipe intended for either simple or severe wet sour services. Note 
thnt scrunless pipe, castings and forgings nrc exempt from HIC concerns. 
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Heat treatments. 
• Except for cross.counay pipelines, HIC..resislllnt carbon steel plate 

should be nonnalizod. 
• Welded pipe intended for plant service should have the longitudinal 

weld serun nonnali2cd. 
• Postweld heattreaunent should be mandatory for all carbon and low· 

alloy steels. 

Many simple or severe wet sour services, for which it can be shown that the 
moximum dcsi8J1 pressure hoop stresS is less thnn the ten percent rule. may be 
regarded ns a low-risk service. Note, however, Utnt blistering eon still occur. Som: 
usen nrc upset by bliseringp, even lhough blisters usually represent an aesthetrc 
probl~'ID ratlter U1tu1 a drreat to pressure integrity. Low-pres~ systet~s that ~· 
especially susceptible to HIC, such as the overhead systems of Outd catalytiC cracking 
units 1111dl0r delayed cokcr units, should be regarded as "simple" services. HIC· 
JtSislllnt plate and plate products should be specified for sueh services. 

E. CORROSION ALLOWANCE 

Corrosion allowance is nonnally provided for vessels and piping. Most end 
u.scn require on1y an intcmaJ corrosion allowance. flowcver, some companies 
also require an external corrosion allowance for special cin:umstances such as 
external insulation or buried piping. 

For many applications, corrosion allowance is a waste of money. 
Experience shows that almost all corrosion damage is due to locali~ed 
mcchnnisms such as pilling. In areas subject to localized metal loss, corros1on 
allowance may provide a few years oflife extension. However, the vastmaJOflty 
of the corrosion allowance paid for is never used. Further. a net present worth 
analysis quickly shows that such extended life, unless taken advantage of in the 
first few yCJ~rs of equipment life, cannot pay for itself. Note that early payoff 
also implies early failure. Finally, the whole concept of corrosion allowance can 
be difficult to ju.stify on technical grounds: 

The real yield and tensile strengths of a material ~ usually I 0-50 percent 
higher than the minimum values in specifocatiOOJ such as those of ASTM. 
The section thickness of vessel pressure plate and pipe wall thickness is 
de1enmined by the maximum code-alloWAble stress. The latter is 
detennined by the specified minimum yield or tensile strength. 
Accordingly, lhe section thickness as detcrminod by the engineering code 
onen has an inhcrentcorrosion allowance of 10-50 pen:ent. 
The calculated section lhickness is based on the maximum design pressure. 
The maximum design pressure is sometimes A good deal greater than the 
maximum opcmting pressure. 



202 ChaptcrJ 

ASTM specifications allow for mill under-tolerance on section thickness. 
For plate and plilte products, uoder-toleranoe is usually 0.010" (2.5 mm). 
For many pipe specifJC:ations, the under-tolernnce on d!iekness is 12.5 
percent The common piping codes require that thiclcness, as determined 
by the maximum allowable SlreSS and the maximum design pressure, be 
adjllSied upwards by the mill under tolerance. 
The wall tbidcness selected is usually the next staJ!danl tbictness (i.e, 
schedule) available lbove the calculated thiclmcss. This provides even 
more inherent c:onosion allowance. 
In low-pressure applications, section d!ickncss is often clelermined by 
welding consideralions. Section thicknesses less than about 02" (5 rom) 
can genernte problems with lineup, distOrtion or bum-throughs. Section 
thickness may also be diclated by availability. The thidcness used therefore 
b:>S an inherent eonosion allowance. In many such cases, virtuallY the 
entire thickness is eonosioo allowance. 

Criticism of the concept of corrosion allowance notwitlistanding, it must be 
recognized that the concept is widely accepted in industry. Indeed, in some 
cases corrosion allowance can be justified-usually for the moderate extension 
of an otherwise short expected operating life. For example, in pilot plant worlc, 
the design life of carbon steel equipment in a corrosive service may be extended 
by a year or tWO by specifying a large corrosion allowance. If such life 
extension is needed to complete the plant performance objectives, the cost of the 
corrosion allowance is usually substantially less than a material upgrade. In 
some services such as sheet piling in seawater, an abundant corrosion allowance 
may be the only cost eiTective ultcmative. 

The requirement for corrosion allowance is spelled out in many user design 
standards and purchosing specifications. In the absence of user or process 
licensor guidance, the following guidelines nre offered: 

1. Design Lifo 

The corrosion allowance for vessels, heat exchangers and tanks should provide 
for 20 years of corrosion. For piping. 10 years of corrosion allowance should be 
required, based on the easier replaceability of piping. 

2. Vessels, Heat Exchangers and Tanks 

A minimum of 1/a" (3 mm) eorrosioo allowance should be provided for carboo 
steel and low-alloy vessels, heal exchangers and tan1cs. unless the service is 
deemed non-corrosive. 
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For high alloys, some users require a nominal corrosion allowance of about 
'1,; (1.5 mm). In the absence of a user requirement, ~ro corrosion allowance 
may be specified for high alloys. These recommendations a,pply to alloy plate, 
the clad layer of clad plate and the overlay of overlayed plate. 

1n some cases, service rtqUiremeots encourage different corrosion allowances for 
different pans of the same vcsse~ heal exchanger or lank. For example, the lo•~·er 
course Md boltom of a aude oil SIOfa&C lank may have 118" (3 mm) COITOSJOO 

~ for W8ler corrosion. The upper courses, which are llO( exposed to water 
cxw1®on, may have only 1116• (1.5 mm) or even mo corrosioo allowance. 

The alloy layer of clad or overlayed plate will normally be specified to be a 
minimum of 0.125• (3 mm) thick. For heal exchangers, greater thickness. or 
special designs may be required to prevent, or compensate for, damage dunng 
bundle insertion and removal. If overlaying, consider whether a two-layer 
ovetlay should be required, to accommodate weld dilution in the first layer. 

3. Piping 

The following corrosion allowances are usually ade~uate for carbon steel piping: 

Corrosivity 

Non- Mild Moderate Severe 

corrosive 

Corrosion 0" (0 mm) 1/16" (I .S nun) 1/a"(3 mm) '!."(6.4 mm) 

allowance 

£xamplcs Air. nitroacn, Treated cooling Wet sour gos, Aerated water. rich 
dry bydrc>- wat.er, Slearn, sourwalcr, amines. ambient tern-
eotbonJ wet hydn>- utility pc:rature wet ~ hot 

carbons water, lean sulfur or sulfide 
ami~ (>500"F (260"C}), wet 
caustics salts, corrosive 

deadlegs. hot steam 
(> 1 OOO'F (>540'C)) 
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CORROSION TESTING 

A. INTRODUCTION 

Corrosion testing is a brood discipline that includes topics such as corrosion 
monitoring, invclligating the nature of threshold conditions, evaluating materials 
durability and understanding corrosion mechanisms. While all of these activities 
produce information that can affect materials selection, it is corrosion testing for 
materiab durability that is of primary interest to personnel responsible for 
materials selection. 

In this chapter, the primary emphasis is on the factors that affect the design 
of corrosion testing prop.rtuns developed for the purpose of evaluating materials . 
'111e objectives nrc (I) to explain what corrosion-testing programs can 
accomplish and (2) to provide guidance that will be useful in developing such 
programs. The user enn then tum to dte literature [I, 2) and/or to specialists in 
the area of testing for assistance in developing appropriate programs. When 
corrosion resting is necessary, reference to these •sources is strongly 
recommended. 

Corrosion testing is not widely practiced when designing plants for mature 
technologies such as most hydrocarnon and chemical process plants. However, 
even mature technologies arc being constantly upgraded. Occasionally, up­
grades result in unexpected corrosion problems. For example, over the years, it 
has become necessary to use titanium for the condenser tubing in many sour 
water stripper overhead systems, primarily due to the increasing presence of 
dissolved ecid salts. Wben corrosion testing is necessary for these plants, the test 
program is normally relatively stnlightforward, since the test objective(s) arc 
well defined by the problem itself. Corrosion testing for these rypcs of problems 
may swt with some laboratory testing. but usually the most favored materials 
under consideration arc tested in an operating plant Piloc plant testing is 
desinlble for screening tests, if such a facility is ava.ilable. 
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For technologies that are new or for "improved" technologies, corrosion 
testing may be a significant activity. Test objectives may vary from being well 
defmed because of previous testing or operating experience to ill defmed for a 
prolotype process. The objectives usually involve evaluating the durability of 
materials, but may also include the effects, if any, of materials of construction on 
the process itself. An example of the Iauer objective is product contamination 
by the material of construction. 

Unlike refiOcries ond most petrocbemical plants, where (()Olpatties often ha'e 
similar equipment, many industrial chemical units are OOC>Of·a-kind. This often 
means that there is no opeming hislooy to usc as the basis for selecting materials. 
Also, it may be only a few yeors before t«hrrooocY acMnces malce the process 
obsolete. A third consideration is that the equipment may be called on to make more 
than one product Sometimes this multi-product usc is pan of the original design but 
sometimes it is the result of changing conditicos ancVor technology. These factors 
tend to cmue conflictina objectives between selecting (I) materials that will give 
long. reliable service and (2) materials of lesser reliability but also of lower cost. 
There is no uniquely correct answer BS to what strategy to use. However, whatever 
strategy i.s chosen, it is always important that the tests conducted provide reliable 
results so that materials selection choices arc made on the basis of accurate and 
meaningful d;uu.. 

There arc two key elements in a corrosion testing program designed to 
provide data suitable for selecting materials of construction. The testing 
program must he designed ro necommodmc both of the following: 

Test variables: the effects of temperature, pressure, pH, etc. 
Test methods: specimen immersion, electrochemical methods, types of 
specimens, etc. 

In the following sections, these elements will be discussed in detail. 

B. IMPORTANT VARIABLES 

The v.uiables affecting corrosion depend, to some extent, on whether the process 
is a batch or continuous operation. 

1. Continuous Processes 

In a continuous process, the variables arc often regarded as relatively constant, 
since the usual goal is to maintain a constant process environment However, 
even continuous opentions are subject to upset conditions such as S1311Up and 
shutdown and to differences betwea~ swt-of·run and end-of-run. 
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In many cases, continuous processes are easier to characterize because, 
when tbe process is opemting under contro~ the environment in any part of the 
process is f.1irly constanl Care must be taken 10 ensure that the effects of process 
stamJps, shutdowns and other upsets are considered. since the most damaging 
conditions may oeeur during these times. 

Another charaatristic of continuous processes is that eac:b unit supplies raw 
materials 10 the following uniL Thus, it any piece of process equipment or 
piping fails, the entire process must be shut down until the equipment can be 
repaired. This adds a premium for reliability of continuous process equipment 
and piping. and 10 an ability to predict the remaining life of equipment 
components. 

2. Batch Processes 

In batch processes. the 'piping and equipment see continual changes in process 
conditions throughout the batch cycle. This often results in requiring the 
materials of consii'Uction 10 resist a broad range of operating environments. In 
common with continuous processes, the corrosivity of a batch process can be 
affected by upset conditions such as starrup and shutdown and differences 
between start-of-run and end-of-run. 

One approach to testing material! for a batch process is to expose samples of 
the candidate malcriab of cootSII'Uction in a nuntber of batch cycles in a plan~ 
pilot plant or research laborncory. However, when this option is not available, 
the problem of creating meaningful test environments is difficult and the results 
are subject to considerable error. A good understanding of the process chcmislry 
nnd the behavior of candidote m'ucrinls in various chemical environments is very 
helpful in improving the validity of these tests. 

Industrial chemical processes include both batch and continuous operations, 
and some can include a combination of the two. As discussed above, each 
operational mode presents its own set or requirements for the tests needed 10 

charncterize materials requirements. 
In Chapter 3, it became opparent that there are many variables that can 

affect !he corrosivity of a system. These variables are also important in testing 
for materials dumbility. 

3. Temperature 

Plastics. coatings. linings, elaslomers and the like have rather severe tempen1rure 
limits and can be used successfully only within these limits. Table 2-4 (p. 61) 
lists the maximum opemting temperature for a number of plastics and coatings. 
A word of caution is in order aboullhe lcmperntures lisled in this !able. These 
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temperatures are for non-corrosive applications. The maximum temperaru:e for 
a specific applicalion may be much different. For e~ample, !he. maxunu~ 
tempelllture for vinyl ester- reinforced thermosetting resm eonstrucbon, fo~ rur 
service, is 3ss•p (ISO•C) and for steam it is 220"F (1040C). For detono:ztd 
waler the maximum recommended tempen~ture is IBO•F (820C) and for 
dicltlc:roetbane it is only 80"F (27°C). To be safe, the person selecting a plastic 
for chemical service must oblain da1a on the behavior of that material in the 
specifte environment.' The literarure [3) and manufacturer's dala are often very 
useful in de:tmnining maximum service tempellltures or in helping to define the 
temperature range to use in a corrosion testing program. 

For many corrosive environments, the n11e of corrosion of melals and aUoys 
increases with increasing temperarure. However, there are exceptions, sucb as 
the corrosion of carbon steel by wet COt. discussed in Chapter 3. Another 
notable exception is the corrosion of carbon steel by water in an open system, 
discussed in the following section. 

Some forms of corrosion. such as stress corrosion cracking, crevice corrosion 
and pitting can be especially sensitive 10 temperature. In some cases, threshold 
tcrnpemrures exist, below which the risk of such corrosion is insignificant 
Temperature changes may also affect the polarity of galvanic couples. An example 
is the iron-zinc couple (e.g., galvanized steel). In some domestic waters, iron may 
become anodic to zinc at temperatures over 180"F (&2•C). 

The effects of heat transfer on corrosion rate depends on the system. Jf 
corrosion is under activation control, the presence of heat transfer might not 
have much effect On tho other hand, if corrosion is controlled by diffusion 
(e.g., oxygen), !hen heat transfer may greatly change the corrosion rale. There 
are three possible causes. 

1. A tempernturc difference between ~1c wall and bulk solution may affect the 
solubility and diffusion coefr.cienl of the diffusing species. 

2. Boiling at the surface can increase turbulence or increase diffusion. 
3. Heat 1n1nsfer in the absence of fluid flow, as in a stagnant tank, can cause 

natuml convection currents that enhance mass transfer. 

4. Pressure 

In most cases pressure does not have a large influence on corrosion behavior. A 
significant exception is when the concentration of a corrodent is detennined by 
its vapor pressure (e.g., wet co,). A classic example is the difference in 
conosion behavior· of carbon steel in water in open and closed vessels (see 
Figure 4-1). Dissolved oxygen is a major source of corrosion of steel by water. 
As the temperarure increases. the conosion mte increases until about 175•f 
(80"C). In this tempemture range the waler vapor pressure increases mpidly, 
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Figure 4-1 Retaining <fiSSOived oxygen in a closed system boosts the 
corrosion rate. (OCopyright ASTM. Reprinted with permission (1, p. 345).) 

thereby reducing the oxygen partial pressure. This results in essentially zero 
oxygen in the open system at the boiling point. However, if the system is closed, 
the oxygen cannot escape and the corrosion rate continues to increase as the 
temperature rises. This is why it is so importunt lO remove dissolved oxygen 
from boiler feed water. 

5. pH 

In strong acids and bases, pH is a valid measure of total acidity or alkalinity, 
because of the total ionization of the electrolyte. For weaker acids and alkalis, 
which are less completely ioniud, total acidity (or alkalinity) is a better 
indication of corrosivity than is pH. With these acids (or alkalis), the un-ionized 
material serves as a reservoir of potential protons available for corrosion. 
Corrosion data are more reliable than either pH or total acidity (or alkalinity) for 
indicating corrosivity in complex process mixtures. Nevertheless, pH and total 
acidity (or alkalinity) are useful indicators of potential corrosion behavior and 
should be identified whenever possible. 

Carbon steel is a good exantple of a material being sensitive to pH. In the 
pH range of 4.5 to 9, the corrosion rate is governed by dissolved oxygen. Below 
pH 4.5, the corrosion rate is conlrollcd by hydrogen evolution. Above about pH 
9, the rate is suppressed by an insoluble film of ferric hydroxide. At very high 
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pH levels. especially at elevated temperatures, steel becomes susceptible to slrcss 
corrosion cracking. 

6. Velocity 

The influence of fluid flow rate on corrosion depends on the alloy, the fluid 
chemistry, the physical properties of the fluid and the geometry of the 
equipmer.!lpiping system, and can depend on the corrosion mechanism. In some 
cases, the dependence is fairly direct. l'or example, the rate of corrosion of 
caroon steel in water in the near·neu!ral pH range is governed by dissolved 
oxygen acting as a cathodic dcpolarizcr. The overall rate of reaction is governed 
by the rate of mass ttansfer of dissolved oxygen from the bulk fluid to the 
surface. The rate of mass ttansfer is, in tum, governed by either the diffusion 
rate of the dissolved oxygen or by factors such as turbulence . 

The pnscnce of fluid flow can sometimes be beneficial in preventing or 
decreasing localized attack, such as pitting and crevice corrosion. For example, 
oxide-stlbiliud alloys, such as Types 304 and J 16 stJinless steel and 111any 
oickekllromium alloys. will pit in stagnant seawa~r more readily than in 
flowing seawater. When water is stagnant, the mass ttansfer rate of oxygen is 
insuffocient to maintain a completely passive surface and pitting can result Low 
flow velocities of seawater also contrioo~ to the formation of deposits and 
marine growth such as mollusks and barnacles, both of which promote crevice 
corrosion attack. 

Under other circumstances, fluid flow may cause erosion of the surface 
through the mechanical force of the fluid itself. When solids are present in the 
liquid, they can accelerate wear or solid particle erosion. In either case, the rate 
of atta<:k can be accelerated by the combined effects of erosion and corrosion. 
Erosion corrosion results when the passive films that form on alloys are removed 
and the underlying metal is anacked. Erosion corrosion rates can be very rapid. 

7. Process Chemistry 

The composition of lhe process stm1m is usually the most important of the 
variables affecting corrosivity. A sound undcntanding of the process is required in 
order to select the proper environments for corrosion tests in a continuous process. 
In some equipment such as distillation towen, there is a continuous change in 
process conditions through the unit. It is not always practical to conduct tests at all 
of lhese conditions, yet the raw material or product streams may not represent the 
most severe conditions. The use of a good process simulation model with good 
physical property data can go a long way in helping to identify the range of 
conditions present and therefore in helping to select 01e best test conditions. 
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The presence of small quantities of chemicals as contruninants is frequently 
overlooked in designing tests for selecting materials for industrial chemical 
applications. Often, such contaminants are chemicals that are present 
unintentionally, and usually they have no effect on corrosion behavior and can 
be safely ignored. llowever, sometimes this is not the case. Consider, for 
example, the effect of a few drops of water in an otherwise all-«&anic 
environment. This water may have no effect oo the process, but it can 
completely change the corrosion environment. 

Whereas carbon steel might have been satisfactory if water wen: not 
presen~ stainless steel may be required to avoid contaminating the 
process with the corrosion products of iron. lf lbe organic chemicals 
include a halogenated compound, higher alloys or a lining (e.g., glass) 
may be required to avoid pitting. crevice CO<Tosion and/or stress 
corrosion cracking. 
If the vapor phase contains a ernek-inducing agent such as hydrogen 
sulfide, local damage from sulfide stress aacking. stress oriented hydrogen · 
induced crocking and hydrogen induced crocking may occur. 

In another example, a sn·all quantity of a contaminating compound resulted 
in equipment failure ot a chemical plant that used a fiber-reinforced plastic (FRP) 
tank for a process stream that was essentially dilute hydrochloric acid. This is a 
service where the FRP lank would nonnally be completely satisfactory. 
1-)owever, this process stream contained a small quantity of benzene. Over time, 
the benzene dissolved into the plastic resin, softening it to the point that the tank 
suddenly failed, sending a wave of I ICI into a nearby control room. Fortunately, 
no one was hurt, butt he process wns down until the tank was replaced. 

Perhaps the most common chemlc.'l contmninanl is the chloride ion. 
Chloride ions accelerate the corrosion of iron in acidic solutions. The most 
notable effects of the chloride ion are pitting and crevice corrosion of oxide­
stabilized alloys and stress corrosion crocking of austenitic staittless st<;els and 
related alloys. Most pittins and crevice corrosion is associated with chlorides. 
Bromides and hypochlorites can be similarly harmful. Fluorides and iodides 
have comparatively little pining tendencies. 

Crevice corrosion may occur under deposits, uuder gaskets or any other 
place where the opening is wide enough to pennit liquid entry but narrow 
enough to create a stagnant zone. While halides are not necessary for crevice 
corrosion to occur, their presence promotes the formation of more acidic 
conditions in the crevice and much more rapid corrosion. 

Oxidizins metal ions with chlorides are aggressive pitting agents. Even the 
most corrosion-resistant alloys can be pined by cupric chloride and ferric 
chloride. By comparison, chlorides of non-oxidizing metal ions such as sodium 
chloride and calcium chloride cause pitting to a much lesser degree. 
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Chloride stress corrosion cracking is a constaot concern when austenitic 
stainless steels are used at elevated temperatures. There is no true threshold of 
chloride concentration or temperature below which stress corrosion will not 
occur. However, experience has provided some guidelines where stainless steel 
can be used with confidence. The example of chlorides in cooling water was 
discussed earlier. Equipment designed to reduce opportunities for chlorides to 
concentrate is helpful. II is also desirable to reduce the presence of deposits that 
provide an opportunity fer chloride concentration. 

Tr.>ce amoonts of oxygen can also be a major cause of accelerated corrosion 
and can contribute to stress corrosion cracking, as discussed in Chapter 3. 

C. TEST METHODS 

1. Real-Time Versus Accelerated Tests 

Both real-time and aeceleroted test methods are used to evaluate the sus· 
ceptibility of materials to CO<Tosion and other degradation damage. The 
advantage of real-time lest data is that they are predictive of the behavior of 
materials of construction, to the extent that the test environment and test 
specimen duplicate the anticipated operating conditions. 

Mnny real-time corrosion tests provide data on weight loss per unit time. 
Most testing' is based on coupon exposures, in laboratory or process streams. 
Other n:al·time coupon tests are used to produce data on the efficacy of 
chemical clcani.ng programs, inhibitors, etc. 
Many of the electrochemical tests perfonned in the laboratory are real-time 
tests, providing dutn on phenomena such as passivation, galvanic conosion 
and the threshold temperatures for pitting and crevice corrosion in oxide­
stabilized alloys. 
Some re.11-iimc coupon tests provide data requiring long·term exposure. 
Examples iitclude creep tests, paint panel tests (both immersion and 
atmospheric) and tests for sc11sitizotion and embrittlement. 

Aeceleroted test methods are usually employed to provide data on failure 
mechanisms such as stress corrosion cracking, disbonding of cladding or overlays 
due to exposure to hydrogen gas, deterioration of paint coatings, etc. Accelerated 
testing uses seven: test conditions to produce dalll that are indicat.ive of the 
resistance of the test material to the test medium. To produce a sufficiently severe 
environmcn~ one or more of the test variables is made de~berately far more severe 
than will be seen in actual service. Examples include tests for hydrogen induced 
cracking (HIC) n::sislance, salt sprny tests for materials exposed 10 marine 
environments and autoclave tests for varioos types of disbanding. 
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In some cases, aocelcraled 1es1 dam can be used 10 judge lbe probability of 
success of a malerial in a particular service. This abilily is usually based on 
being able 10 rclalc operatin& history to accelerated test data [4]. However in 
most cases, accelerated tesling is not predictive of what is to be 'expected in 
service. The losts are primarily intended to rank the resistance of materials to !he 
test medium. In practice, even the best ranked material may fail in actual 
service. In other cases. the poorest ranked material may prove to be suitable for 
lhe in!<'llded service. Unlc"' one has access to historical opera1ing dala that 
relate accelerated test data to operating SUC()OSS, it is besl to usc accelerated tCSI 
dati only for ranking moterials. 

Occasionally, one hears the argument that accelerated tosting is too severe, 
that it does not realistically represent long-term operating c-onditions. It must be 
kept in mind that the purpose of the accelerated test is to produce fuil:tre data, in 
a shon rime, for failure phenomena that usually take a long term of service to 
develop. Reducing the severity of accelerated tests would simply produce a 
longer list of materials showing resistance to the test medium, without improving 
1he ability to rank materials. 

2. Metals and Alloys 

Corrosion test me1hods for me1als and alloys can be grou~d into two categories: 
electrochemical and non-electrochemical. Among the electrochemical tech­
niques that have been used successfully for corrosion prediction are poten­
liodynamic polarization scans, electrochemical impedance, conosion current 
monitoring, controlled potcnlial tests for cathodic and anodic protection, and d1e 
rotating cylinder electrode for studies of velocity effects [ I; in particular, refer to 
Chapters 7 and 9]. 11>ough not literally a test, potential-pH (Pourbaix) diagrams 
[5) have been used as road maps to help understand the results of other tests. 

The non-electrochemical techniques primarily involve coupon testing in a 
test fluid, in eilher the laboratory or the plant. The test program should include, 
as applicable: 

Vapor phase coupons and partially submerged coupons in addition to 
nonmal immersion testing 
Weld melal, heat affected :rone and deliberately sensiti.z.ed specimens 
Appropriate coupons if fabrication or construction will include cold worl<, 
sii'CSS relief and/or postweld heat treatment 
Creviccd samples, usually made with artificial crevices created wilh a 
serrated washer 
Test samplos exposed to the corrodent on one side and heated or cooled on 
the other side in order to evaluate beat tr.msfer effects 
StnSSCCI samples to evaluate =ss corrosion cracking tendencies 
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3. Plastics and Elastomers 

Test Environment 
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When the process Ouid is a mixture or solution with more than one component, 
which is mOSt often the case. it is likely that each of the components will react 
with the polymeric material differemly. Therefore, it is critical that the volume 
of test fluid be sufficicn1ly large for all of 1hc components to react with the 
polymeric ma1erial being tested and that the lest Ouid be refreshed frequently. 
The ideal situation is to conduct the lest in an actual process stream so that even 
the chemicals present in trace quantities are continually refreshed. 

When a process stream is not available, laboratory tests are necessary. In 
this case it is imponan1 that: 

The test fluid represents the service conditions as closely as possible. 
All organic chemicah. contained in the process: stream are present, even if in 
trace qwmtities. 
Any inorgnnic acids that can act as catalysts be indicated if they are present 
in the process stream. 
The tesl fluid be changed frequently to ensure that components consumed 
by the reaction wilh the polymeric material are replaced. When trace 
quantities of organic compounds are present, this requirement is especially 
important. 
When liquid nnd vapor exposure will oc~ur in service, test samples are 
present in both the li~ ;id and vapor phases ofthe test fluid. 

Test Samples 

The nnnli'C oflhc test sample depends on the application. If the polymeric material 
is to be used as a stmctural shape, a sheet sample is usually used. On the other 
hand, if the polymeric material is to be used as a lining, a coated sample might be 
considered. This is panicularly appropriate if penmeation that could lead to 
disbonding of the coating is a concen1. At this time, there is no universally 
accepted test sample size, shape or fonn. Sheet samples are most frequently used, 
since they are the least expensive and are the easiest to work with. 

Standard Tests 

Current test methods for chemical resistance include the following ASTM procedures. 
There are a number of other tests for polymeric materials that are used to evaluate 
properties other than chemical resistance; these are n01 included in this list. 

ASTM C 581: "Standard Practice for Determining Chemical Resistance of 
ThermOSdting Resins Used in Gbss-Fiber Reinforced Saucrures Intended 
for Liquid Service." 
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ASTM D 570: "Standan:l Test Method for Water Absorption of Plastics." 
ASTM D 3681: "Standard Test Method for Chemical Resistance or 
Reinforced Thermosetting Resin Pipe in a DeOected Condition." 
ASTM D 471: "Slandard Test Method for Rubber Property-Effect of 
Liquids." 
ASTM 0 4398: "Slandard Test Method for Detennining the Olemical 
Resistance of Fiberglass-Reinforted Thennosetting Resins by One-Side 
Pllllcl Exposure." 

A test method based on a test described by Fisher and Carpenter in 1981 [6] 
has been proposed by Niesse [7). lltis method is being evaluated by NACE 
Technical Committee T-3L-19, "Chemical resistance of Polymeric Materials by 
Periodic Evaluation." llte test involves periodic evaluation of samples exposed 
in a rest fluid. The initial test periods are typically short and increase in duration 
as the test progresses. This procedure pennits more effective monitoring of 
changes in properties over time, since the initial changes are often rapid and 
become slowtr with time. 

Test observations may include changes in weigh~ hardness, color, dimensions 
and appeamnce. Of these, weight is the primary measurement since it is easy to 
obmin accurate values without damaging the speeimcn. 1)pically, a plot of weight 
change vs. time is prepared. This reveals rate-of-change infonnation and can be 
used to make reliable predictions of polymer perfonnance. This test has been used 
for thennoplastics, thennoscts and elastome~. 

An important fearure of this test is the requirement of drying tlte samples at 
the end of the immersion test. One should also record the weight change vs. 
time curve for this process. Tit is drying or desorpt ion portion of the test is 
curried out at the same temperarure as the immersion portion. If the sample's 
ronal weight afcer drying is similar to the original weight, this is "" indication 
that there may not have been permanent damage to the sample material. A large 
weight loss is an indication of leaching of a component from the sample, while a 
large weight gain is an indication of possible damage by absorption or other 
chemical reactions. 

This test has a number of advantages over traditional test methods. The 
sequential observations allow determination of the rate of property change, 
which helps in predicting long-tenn behavior. Initial observations can quickly 
identify those materials that would perfonn poorly. This makes the selection 
process more efficient by early elimination of poor perfonnm. Drying 
(desorption) data can reveal leaching, a condition of concern. The testing can be 
done in process fluids and. in some cases, in an operating process. llte samples 
can be subjected to mechanical property tests ot the end of the test sequence. 

'Tltis test method does have some disadvantages. More testing effort is 
required. Oecause the samples are removed from the Ouid nnd rc·exposed, there 
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is more handling required than with conventional tests. This extra handling may 
be of speeial eoneem if the test fluids are toxic 0< othefwise hazardous. Also, 
the process of removing samples, handling them and reinserting them into the 
process may affect the results. This is especially critical with elastomers, for 
which the results may be biased by excessive pressure when drying the samples 
for weight observations. Obviously, this is of concern only if some of the 
absomed Ouid can be squeezed out of the sample. Differences in the size or 
thickness of samples may affect comparison of results. For example, a thin 
sample would s•trurate earlier than a thicker sample. Finally, criteria for 
nceeptable performance of different materials in this test have not been 
established. The guidelines developed in other tests do provide a basis for 
evaluating the results. These will be discussed later in this section. 

The concerns about handling and reinserting samples into ~te test environment 
can be overcome by starting with enough samples of each material to be tested, so 
that a new sample is examined at each time interval. This greatly increases the 
number of samples involved but is otherwise an accepcable alternative. 

Cnteria 

The acceptance criteria for selecting a polymeric material depend on the 
opplication. lltere is almost always some absorption of the process Ouid into the 
polymeric material With elastomers, and to a lesser extent with other polymeric 
materials, penneation may occur. Permeation is caused by diffusion of one or 
more of the components of the process Ouid through tlte wall of the polymeric 
tnaterinl. In many cases, this is not hann ful but it can result in disbanding of 
linings or loss of product. The following criteria are typical for many applica· 
tions but do not lit all cases. 

Weight changes of 5 to 10 percent arc often acceptable. Volume increase 
(swelling) usually occ~ with weight increases. lltere is no exact limit to the amount 
of swelling that can be tolerated. For many elastomer applications. a volume increase 
of &Je:ttt:r that I 0 percent can be accepted. Lalge changes in hardness are a cause for 
concern, since this may be an indication of chemical attad<. Again, speeific limits 
will depend on the application. A tO-point change in hnrdness is often cited as a 
reasonable limit Viswll changes in surf""" texture or color are indioltiolls of anack, 
as is a change in color of the test lluid. These viswll changes can be cause for 
rejection, especially if they are nO<ed early in the test prognun. 

0. DESIGNING A CORROSION TESTING PROGRAM 

lltc selected test program must adequately simulate the limiting conditions of the 
process. llowever, not all tests must closely shnulnte process conditions. One 
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strategy is to SIM the test program by sorting the promising from the less 
promlSmg matermls with simple tests such as immen;ion corrosion tests · 

. th '" enwo?Jnents at crudely simulate the process conditions. There is the problem 
that tins approach could exclude a material that would in fuct be satisfactory in the 
proc~, because the test environment did not properly simulate the process 
condmons. ~owevcr, unless one alneady bas good estimate of the type of materials 
that an: candodates, some sort of sorting process is I1CCe$Sal)' before detailed testing 
is conducted. ~erwise, m-: test program would be too cumbersome to m3113ge. 

Once th~ hst of c:an~odate materials has been ncduced to a manageable 
number, testu\g can begon. The first objective in the test program is to 
und~rand how each material behaves within the expected range of process 
cond.mons. The specific testing program for a process must be based on the 
rcquorements or. thnt pr~cess, and each progmm will bo different. A typical 
progmm n11ght ~nclude unmersion and electrochemicul tests in process fluids; 
The process Ouods required for testing are eilher simulated or obtained from 
opemting units: ~e program might also include tests for sensitivity to velocity 
and for s~ptobohty to crevice corrosion. pitting and stress corrosion cracking. 

If plastiCS, elastomers, coatings, linings. etc., are being considered, it is 
necessary to conduct the teSts long enough for degradation to be measured. 

1. Existing Processes 

Plant and laboratory tests each have a place for exploring materials for a new 
unit of an existing process. 

Plant tests can be used to explore the behavior of new materials under 
current o~rating conditio~s far better than can laboratory tests. When possible, 
plant ~mg IS. fav?red, sonce laboratory test simulations are always imperfect. 
Also, m most sotuatoons, plant tests c:an be conducted with more materials at 8 far 
low~ c~st than is possible with laboratory tests. One drawback to in-plant 
testLDg IS that ot may be necessary to time the start and end of the test with 
scheduled equipment outages, which may postpone the data collection. An 
advanrage of labo~tory testing is that it permits exploring the effects of process 
changes on corroston behavior without putting plant equipment at risk. . 

Some of the more sophisticated corrosion tests nrc suitable for use in a 
laboratory setting only. These tests can give more information about a material's 
tendencies toward localized corrosion, velocity-influenced corrosion and the 
like, than can conventional plant tests. 

When loca!iud COtTOSion is a concern, 8 combinatioo of plant and 
laboratory tests IS probably the best choice. The following is an example of bow 
complementary laboratory and plant tests were used to solve a complex chemical 
plant corrosoon problem. The problem was to determine bow to treat a waste 

Com>sA:on Testing 219 

stream from an entire chemical plant so that it coo\ld be handled in carbon steel 
equipment. One characteristic of waste streams is that their compositions vary 
widely over time. Tioerefore, a single sample from the stream might not be 
representative of ~te most corrosive conditions to be experienced. The fluid for 
IJJboratory testing was prepared from "typical" compositions of the various plant 
streams that are combined to create the waste producl This Ouid was used in the 
laboratory to evaluate the effects of 8 proprietary sultitoxontaining inhibitor, 
pH, and fluid velocity. Testing involved using a combination of electrochemical 
impedance and rocating cylinder electrode techniques. Plant tests included 
corrosion coupons and electrical resisrance probes. The laboratory tests 
indicated that the combination of inhibitor and pH control at pH 9 provided 
adequate protection to carbon steel. It also suggested that pH control was 
critical, with the corrosion rate increasing by an order of magnitude at pH 7. 
The piWlt test results supported the laboratory data but showed that extended 
exposure to pH 9 Ouid resulted in a steel surface that withstood short excursions 
to pH 7 without rapid corrosion. 

2. New Processes 

With a new process, there is no history of materials performance and no existing 
operating unit available for plant testing. Therefore, even if a pilot plant exists, 
laboratory testing is usually required to determine the relative performance or 
materials under the expected operating conditions. The exact conditions each 
unit will be exposed to onay not be known. However, modcnt process simulation 
models can provide fairly accurate estimates of ~te actual operating conditions. 
Simulating these conditions in the laboratory may be quite another matter. From 
a practical srandpoint, test media are usually restricted to raw materials, reaction 
products and various cuts from distillation processes. In some cases, one can test 
intermediate reaction products, but often these compounds are not srable. For 
more information on designing a test program for a new chemical process, see 
reference (8], which includes a list of corrosion testing standards by ASTM and 
other organizations. 
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I[]] 
THE PROCESS OF 
MllTERIIlLS SELECTION 

In this chapter, a mnterials selection process is described, in which the materials 
selection template and its Notes addendum form the centerpiece. The process 
proceeds in three steps. In the first step, information about basic melallurgy, 
corrosion and degrndation phenomena are collected and used to design 
templates and Notes addenda tailored to the specific needs of a plant. ln the 
second step, materials of eonstmction are selected. In the third step, the 
materials selection diagram is used to check for materials selection consistency 
and to document any special measures used for corrosion or degradation control. 

A. DESIGNING A TEMPLATE 

1. Introduction 

A template should be as simple as possible. Creating an unnecessarily elaborate 
template is costly and will slow the process of materials selection. It is bener to 
decide what infonnation is necessary, then format the template to highlight the 
required information: After the template has been developed, it is good practice 
to ask that all requested infonnation be provided, even if the answer is ' Trace 
Amoun~" "Not Applicable," "per Code," etc. 

Before designing a template, one should ftrSI identify any special 
requirements that will affect materials selection. Examples of such special 
requirements include unusual design life, product contamination concerns and 
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use of operating conditions rather than design conditions for materials selection. 
It is helpful to include suth n-.tuirements in the Notes section of the template 
addendum. 

To help deeide what information should be requested in a templat~, review the 
discussions in Olapter I regarding template infonnation. The threshold infonna­
tion nocessary for developing the Notes section of the template addendum is 
available in Chapters 2 through 4, or from previous experience; plant or pilot plant 
testing, proc~ss licensors, the published literature or material manufacturers. 

2. Customizing a Template 

For small or uncomplicated jobs, using a simple template may be preferable to 
designing a customized template. For example, it is not worthwhile to develop a 
customized template for a job or project involving replacing or revamping a 
couple of vessels or a small piping system, or for a unit involving only a few, if 
any, corrodents. For such jobs, i1 is often adequate to use a rubber stamp 
template with a process now diagram, to quickly aeatc a materials selection 
diagram. This approach is illustrated in Example #I. at the end of the chapter 
(p. 235). 

For jobs involving complex combinations of corrodents, crack-inducing 
agents, upset conditions and/or design conditions, a detailed template is usually 
required. Detailed templates, suitable for a refinery, are shown in Examples #2 
and 113 at the end of the chapter (pp. 236 and 238). 111e template shown in 
Example #2 would be useful for a small job, while the spreadsheet template 
shown in Example #3 would be useful for larger jobs. 

Many jobs will benefit from a job-specific custom ized template. The 
customized template should request information only about corrodents, crack· 
inducing agents and upset conditions known to be characteristic of the job. 
Example N4 (p. 240) is a template customized for an ammonia planl Example 
NS (p. 241) is a template that could be customized for a chemical plant that 
operates batch processes. 

B. MATERIALS SELECTION STEPS 

There are probably as many ways of using a material selection template to select 
materials as there are people charged with doing the job. What follows is one 
logical and efficient approach, using first n template, then the materials selection 
diagram for a consistency check. 

As noted in Chapter I, this book uses design conditions for materials 
selection. This pmctice has been adopted in the following discussions. In the 
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event that the neader uses operating conditions as the basis for materials 
selection, please substitute uoperaring" for "design," as appropriate. 

The recommended procedure for selecting a material of constn!Clioo is • 
two-Sta&e, relatively straightforward procCS$. In the first stllge, a template is 
used to select a material of construction. The minimum design temperature is 
used to choose a material of adequate toughness. Then. the maximum design 
temperature is used to modify the selection, if necessary, to obtain satisfactory 
resistance to corrosion or to thennal degradation. 

If an upgrade is necessary, one must iterate to ensure that the upgmde 
material has adequate toughness at the minimum design temperature. ln many 
cases in which an upgrade becomes necessary, the upgrade candidates may 
actually consist of one or more families of materials such as high alloys or non· 
metallir.s. In such cases, it is necessary to evaluate alternatives before 
proceeding. 1'he criteria used to evaluate alternatives will depend to a large 
extent on job or project objectives and constraints. Minimal cost, minimal 
maintenance, short schedule, extended design life and consequences of a leak or 
rupture are rypienl job objectives or consuaints. ' 

A ch~st is then used to determine if special requirements such as 
postweld heat treatment, hardness controls, external coating, etc., are necessary. 
The f10al step is to ensure that the template is properly filled out and that the 
template contains all necessary spocial notes. 

In the second stage, the materials selection infonnation on the various 
templates is entered on a simplified process now diagram (PFO), creating a 
materials selection diagram (MSO). 111e MSO is then reviewed for consistency. 
A checklist is used to determine if factors such as excessive pressure drop must 
be addressed. 

C. MATERIALS SELECTION CRITERIA 

While the normal criteria for materials selection address design life, there are 
other instances when other criteria govern. It is helpful to indicate these 
exceptions on the MSO and to provide notes to explain each exception. These 
notes should refer to items in the Notes section of the template addendum. 
Examples include product contamination and rcliabiliry. 

1. Product Contamination 

Many food, drug, polymer and fine chemical manufacturing processes are 
sensitive to corrosion-induced contamination. Such contamination may include 
flaking of scales such as mill scale. While carbon steels may have acceptably 
low corrosion rates, they often cannot be used because of concerns about iron 



224 Chapters 

cootlminatioo. If product contamination is a materials seleclion criterion, 
indicate the an:as of concem on the MSD. 

A closely related consideration is corrosion debris in processes that are not 
otherwise sensitive to such debris. In some processes, downstream catalysts can 
be damaged by reactions with corrosion debris. Excessive debris can affect 
flow or heat transfer efficiencies or cause mechanical problems. The production 
of excessive corTOsion debris depends primarily on the amount of surface area 
exposed to the process. Accordingly. components such as packed beds and the 
heat transfer surfaces of heat exchangers are the primary sources of such 
corrosion products. Even though the corrosjon rate of the exposed material may 
be acceptably low from the stllldpoint of design life, the extensive exposed 
surface area is capable of rapidly generating a very large volume of co:TOSioo 
products. 

2. · Reliability 

Some systems are expected to have unusual reliability. An example is fire water 
systems, which must be capable of fast response and operation under severe 
conditions, including hydraulic surges and fire exposure. Tire latter is often 
cited as the reason for not using plastic or fibetglass piping in corrosive fire 
water systems. In other cases, reliability may not be very importlllt, permitting 
the choice of less expensive materials of conslruction, for example, drain valves 
in low "'Pressure service. 

Some users have design standards and materials selection limitations that 
may override materials selected in accordance with a template. Recall that some 
users forbid the use of galvanized steel where a plant fire could cause liquid zinc 
to drip onto austenitic stainless steel hydrocarbon piping, vessels or equipment 
The recommendations of process licensors usually override selections made in 
accordance with a template. Normally, such recommendations are more 
conservative than those made in accordance with the template. Nevertheless, 
process licensor recommendations an: subject to review for compliance with 
design life and safety ~uirements. 

In selecting a material, it is often helpful to keep in mind what might be 
called the "common sense" of materials selection. 

Ease of maintenance, replacement and/or repairability of components 
should be evaluated. For example, consider a design that calls for I 00 
percent spares (e.g., one pump running, one on standby). In this case, 
ease of maintenance or replacement may permit the use of less 
expensive, or even nonrepairable, materials sueh as cast iron pump 
internals. In some eases, repairability may inOuence selection, such as 
the use of cast steel, which is repairable by welding. instead of cast iron. 
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Plant experieoc:e is particularly useful in choosing appropriate materials 
of construction for processes for which there is no broad base of 
experience. Plant experience is also useful for selecting materials for 
water services. In some cases, plant experience may indicate that a 
lower grade of material is adequate in a service for which the available 
nomographs and corTOsion charts indicate otherwise, for example, some 
high-temperature sulfur services in chemical and hydrocarbon plants. 

For pilot plants or for plants utilizing new processes, materials selection may 
~uire a testing program. Refer to Chapter 4, "Corrosion Testing," for a 
discussion of this topic. 

D. MATERIALS SELECTION PROCEDURE: EXCEPTIONS 

The procedure useii for materials selection is, for d>e most part, independent of the 
component The primary exceptions nrc piping. pumps and fabricated equipment 

1. Piping 

Materials selected for piping in mild to moderately corrosive services are 
sometimes less eonservative than those for vessels, heat exchangers, tanks and 
pumps in the same services. In this case, piping materials may be chosen on the 
basis of a shorter Uesign life. This is usually justified because piping is easier to 
inspect, both on line and otT line. Also, piping is usually easier to replace and 
does not have the problem of long lead time often associated with fabricated 
equipment, vessels. etc. 

2. Pumps 

API St111dard 610 "Centrifugal Pumps for General Refinery Service" (I] is a 
widely used guide for sel~ting materials for pumps. This standard provides 
guidance on materials sel~tion for pumps in various hydrocarbon, cbemical 
process and utility services. ASME B73.1M, "Specification for Horizontal End 
Suction Centrifugal Pumps for Chemical Processes." (2) and ASME B73.2M, 
"Specification for Venicalln-Line Centrifugal Pumps for Chemical Processes," 
(3) are nonnally used to specify pumps in chemical process plants. Neither of 
the latter specifications provides guidance on materials selection. However, 
some manufacturers of such pumps provide materials sel~tion literature. 

In processes expected to be mildly to moderately corrosive, it is not unusual to 
choose a pump metallurgy more conservative than the mating piping. This practice 
takes into account thai high velocities and twbuleoce may aecelente corrosion rates. 

; 
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Wben selecting materials for pumps, fust determine if the pwnp will be 
operating continuously or intermittently and whether or not it will be spared. Less 
expensive materials can sometimes be specified for pumps that will be spared, 
because they can be withdrawn from service for repaUs. Pumps expected to operate 
after being stagnant for long periods of time may require either upgraded materials or 
special layup procedures that control COITOSion. 

3. Fabricated Equipment 

Fabricated equipment such as blowers, tmbines, lube oil skids, etc. is usually 
ordered as "Manufacturer's Standard" for the intended service. Other "stmdard 
equipment," such as valves and pwnps, is also usually supplied with "off-the· 
shelf' materials of construction. Most often, any deviations in materials 
proposed by the fabricator or supplier will exceed the minimum ·material of 
construction selected in accordance with the template. However, the proposed 
materials should be reviewed for compliance with template requirements, 
including any special fabrication specifications such as NACE MROI7S [4] and 
safety and design life requirements. 

In reviewing a proposed materials lis~ it is normal to make sme that the 
proposed materials will be suitable for the corrodcnts and crack-inducing agents 
present in the process. However, do not forget to check for suitability for low· 
and/or high-temperature service, including excursions, if applicable. 

Some pieces of equipment such as separators, distillation towers and heat 
exchangers can be characterized by two or more sets of process conditions. In 
such cases, it is useful to use more than one template for the piece of equipment. 

For shell and tube heat exchangers, use one template for the shell side 
and another for the tube side. 
For separators and distillation towers, use one template for the overhead 
section and another for the bottoms section. For distillation towers with 
multiple feeds and/or draws, multiple remplatcs are usually necesswy. 

E. MATERIALS SELECTION PROCEDURE 

The fLTSt step in the normal procedure of materials selection is to consider the 
effect of the design temperatures. 

1. Low-Temperature Toughness 

Consider the minimum design temperature. Be sure that the upset conditions 
listed in the template have been considered in establishing the minimum design 
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temperature. Use Figure Al·l and Table Al·l (pp. 297 and 298, respectively) 
to help select the preliminwy mininlUm acceptable marerial. Keep in mind the 
minimum code requirements for Charpy impact tesring. As the template 
information is subsequently reviewed for the effects of corrosion, crack· 
inducing agents, embriUiement, etc., make sure that any changes made will 
retain compliance with the low-temperature requirements. 

There is no good rule of thUIDb to use in determining "low-temperature" 
service for vessels, heat exchangers, etc., since the impact testing rules of 
ASME Secrion Vlll, for both Divisions I and 2, (5] are complicated. If there is 
any indication that "low-temperature" service may require impact testing, 
probably the most effective procedure is to make notes on the template and the 
MSD to that effect This will help to alert design engineers, via equipment data 
sheets, that low-temperature requirements wiJI have to be addressed. 

The piping Code, ASME 831.3 [6], specifies low-temperature toughness 
requirements that are more inflexible than those of the conventional vessel 
codes (ASME Section VIII, Div. I and 2 [5D. The Iauer codes are a good deal 
more complex and flexible than is the piping code. This ean lead to odd 
combinations of materials selected for a plant that is exposed to low-rem perature 
operation. For example, in a gas plant subject to autorefrigeration, ASME 
Section VIII, Div. I carbon steel vessels may be permitted at temperatures as 
low as ..:.ISO"F (-IOO"C), without impact testing. The associated piping, chosen 
to conform to the impact testing requirements of the piping code, will probably 
be specified to be an austenitic stainless steel. 

2. High-Temperature Degradation 

111e preliminary material of construction should be checked against the 
maximum design temperature for the risk ofthermally induced degradation: 

ls it susceptible to thermally induced embrittlement or thermal 
degradation which could cause failure during high-temperature ser· 
vice? Examples: creep embrittlement and spheroidization or graphiti· 
zation. 
Will sustained operation at the maximum design temperature cause the 
material to be brittle at lower operating temperatures? Example: sigma 
phase embrittlement of stainless steels. 
Will sustained operation at the maximum design temperature cause the 
material to be susceptible to corrosion at lower temperatures? Example: 
polythionic acid attack of stainless steels. 

Upgrade the material as necesswy, making sure that the upgraded material 
has adequate toughness at the minimum design temperature. The suitability of 
the upgraded material for the anticipated corrosion/degradation environment 
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will be evaluated later. If sustained operation at the maximum design will cause 
the materia.! to be brittle at lower operating temperarures, the design engineer 
should be advised to prepare appropriate operating instructions. 

At this point, one should ensure lhat lhe candidate material of construction is 
adequate for lhe an•.icipated external environment For example, external chloride 
stress corrosion cracking, induced by a matine atmosphere, may be a concern. 

3: Grouping Process Regions 

When different sections of the process stream are exposed to essentially the same 
environment, it is possible to save some time by grouping them together for the 
purpose of materials selection. It is expected that piping and equipment items in 
each of these sections should have similar materials requirements, when 
allowances are made for the specific requirements of each type of equipment. 
Care should be taken to ensure tl1at common materials selection criteria are 
uniform with respect to upset and transient conditions. In the following 
example, which is for a refmery, the process stream templates are divided into 
four types of commodities: 

Hydrogen and hydrogen mixrures: either pure hydrogen gas or com­
modities that are mixtures of hydrogen gas with other components, such 
as hydrocarbons. 
Hydrocarbons: commodities that are hydrocarbons or mixtures of 
hydrocarbons with other materials such as water, hydrogen, or steam. 
Non-co"osive gases: commodities such as nitrogen and dry plant air at 
ambient temperature. 
Other servlces: commodities such as amines, cooling water, fire water 
and chemicals such as sulfur. caustics, acids, and oxidants. 

4. Corrosion 

The ma.ximum design temperarure should be used as follows for assuring corrosion 
resistance. 

Hydrogen and Hydrogen lylixtures 

Check all hydrogen services, including any mixtures of hydrogen with other 
commodities, against the Nelson curves [7] (see Appendix 4}. Establish the 
minimum acceptable material, using the maximum design temperature or the 
maximum operating pressure plus a design margin (usually 25 or 50°F (14 or 
28•C)). The material selected will be the minimum acceptable material for 
pressure containment. '11le hydrogen partial pressure, needed for using the 
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Nelson curves, should be based on the maximum anticipated hydrogen mole 
fraction in the vapor phase. 

Hydrocarbons 

Consider all streams containing either sulfur and/or hydrogen sulfide. If tho 
maximum temperature exceeds 500°F (260•C), use either the McConomy [8] 
(see Appendix 5) or Couper·Gonnan [9] (see Appendix 6) curves to select the 
minimum aeeepiJ!blc material. Wl1en using the Couper-Gorman curves, 
remember to choose the curve (either naphtha or gas oil diluent) most similar to 
lhe process stream hydrocarbon. 

In the event that an 18Cr-8Ni SS is indicated, select a stabilized grade (e.g., 
Type 321 SS} if the design temperature exceeds 800°F (425°C}. 

Ifnaphtheoic acid attack is probable, Type 316 SS or Type 317 SS (L grade if 
it is to be welded) or Type 3 16Ti (for plate and plate products) should be selected. 
In the Notes section of the template, ensure that the Mo content of the Type 316 
grades is not less than 2.5 wt. percent. Also, include a note to ensure that: 

For Types 316 and 316L, tl1e design includes provision to exclude air 
and/or liquid water during shutdown or 
The operating manual includes instructions regarding a neutralizing 
wash during the front end of a shutdown. Refer to NACE RPO 170, 
"Protection of Austenitic Stainless Steel from Polythionic Acid Stress 
Corrosion Cracking During Shutdown of Refinery Equipment," [ l OJ. 

If hydrogen is involved in the process, tl1e material selected for resistance to 
sulfur must also meet the minimum requirements for hydrogen service, in 
accordance with the Nelson curves. In many cases, combined hydrogen-sulfur 
or hydroge!Hlydrogen sulfide service will require cladding or overlays, to 
provide combined corrosion/hydrogen resistance at an affordable cost. 

Review the remainder of the hydrocarbon services. Carbon steel will be 
selected in most cases, with the major exception being for services with 
maximum design temperatures exceeding 800•F (425°C). 

For low-pressure applications such as decoking, it is not unusual to use carbon 
steel up to 1000°F (540°C) despite il< tendency to graphitize at temperarures 
exceeding soo•f (42s•q. Recall that killed carbon steel has a larger ma.ximum 
code-allowable stress at temperarures above 9000F (4800C) and that silicon-killed 
carbon steels are preferred for temperatures above 800•F (425°C}. 

Jn some low-pressure services with intermittent excursions to temperarures 
exceeding IOOQ•p (540°C}, carbon steel is chosen, usually with the expectation 
of early replacoment. 

For hig)ler pressure applications, the minimum acceptable material is I V.Cr­
Y.Mo. For temperatures in excess of about 1050°F (565°C}, a higher chromium 
alloy is required. 
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Recall the beneficialeiTCCIS of cxlcmal insulation and jacketing and internal n> 

frac!ory lining in using Slccl and alloys above their oxidation threshold remperarurcs. 

Non-Corrosive Gases 

Carbon Slecl is the nonnal material of construction for non-corrosive gases. 

Other SeiVices 

Chemicals. Refer to Chapter 3, "Failure Modes," for guidance on 
marerials selection for the commonly encountered chemicals. For other 
chemicals, refer to the available literature and: 
• Proprietary tecbnologies: follow the guidance of the process 

licensor. Such guidance should always be subjecl to review for 
compliance with safely and design life requirements. 

• Plant experience: in some cases, the user will specify materials 
based on plant experience or pilot plant testing. 

Water services. There is extensive literature available on various water 
services. Whenever possible, it is best to start with plant history, 
utilizing lhe same or similar water chemistries. Note that for maximum 
design remperarurcs up 10 about 2oo•F (93°C), paint coatings may be 
useful in the control of corrosion in immersion service. 

If corrosion concerns require a material upgrade, make sure that the upgraded 
material has ndcqunrc toug)tncss at the minimum design rempcraturc. If the 
upgrade involves evaluating one or more families of marerials, make sure that Ute 
job or project objectives and constminL' are considered. As mentioned previously, 
these considernrions may include minimal cos~ minimal maintenance, shon 
schedule, exrended design life, or coos:cquences of a leak or rupture. Complete the 
evaluarion and choose a candidate material before proceeding. 

5. Upset Conditions 

Finally, check the remplatc for upset conditions, to make sure that all relevant 
upset condirions have been evaluated. 

6. Review 

Several items of concern should then be reviewed, as follows: 

Review all material selections for high-temperature services in order 10 
avoid ox idution, scaling or spalling problems for temperatures greater 
than IOOO"F (S400C). Figure Al-l (p. 297) in Appendix I is useful for 
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evaluaring such problems. This figure is also useful for evaluating 
various forms of thennally induced embrittlement for temperatures 
exceeding 700°F (370°C). 
For carbon steel in hydrogen stress cracking services, determine if heavy 
section/sharp thickness gradients such as thick nozzles will be required. 
These gradients may indicate a need for HIC-resiSiant plate and postweld 
heal trealment to prevent SOHIC. Detenoine where HIC-resistant plate 
is to be used for vessels. beat exchaogeJS aodlor piping. Determine if 
normalizing and postweld heat treatment should be specified. 
Review all carbon steel templates for which postweld beat treatment was 
indicalcd Consider the maximwn operaliog pressure. If it is less than 65 
psia (0.45 MPa) or if the combined stress in lalSioo is lc$s than that indicated 
by the len percent rule, postweld beat trealmelll may be unnecessary. 

Corrosion allowance is probably unnecessary for pressures less than 
65 psia (0.45 MPa), particularly for piping. 

• Consider recommending the use of"l.." grades if non-stabiliud austenitic 
stainless srecls have been recommended and they require weld.ing as P.art 
of the fabrication process. This will minim itt potential problems caused 
by sensitization; in nddirion,the "L" grades are easier to weld. 
For fired heaters, make sure that the f~r.,..side tube metal temperature was 
considered in marerials selection. In the absence of better information, 
assume chat the fi.re-side tube meral tempcmture is I oo•F (38°C) higher 
chan the process temperature. If necessary, make a note on the template 
to ensure that creep is acconullodared during design of heater tubes, in 
accordance wirh API 530 [ II J. Recall that process stream temperatures, 
not tube metal temperatures, are used for heater evaluation per the 
McConomy curves. 
For all heal exchangers, evaluate the effect of leaks thai penn it mixing of 
the non-process side with the process side. In some processes, leaks will 
require an immediate shutdown. In such cases, an upgrade in materials 
may be justified. In addition, evaluate the potential effects of a loss of 
now on both the non-process and process sides. If such events are 
regarded as likely, an upgrade in materials may be required. 

For shell-and-tube heal exchangers, make sure that the front· and 
backside melallurgies and cOCTosion allowances of the tubesheet(s} are 
consistent with the ehaMel and shell processes, respectively. 
Compile the appropriare corrosion notes in the Notes section of the 
template: 
• Where galvanic couples or alloy crcvias are exposed to electrolytic 

corrosion, consider the need 10 provide cathodic protection, for 
example, attube-to-tubcshectjoints in heal exchangers. 
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• For austenitic stninless steels exposed to chloride-bearing external 
environments, consider the need to require external coatings to 
prevent stress corrosion cracking or heat affected zone pitting. as 
ncc:essary. 

• Where an alternate process may provide better or more CCOilOIIIical 
service, indicate the alternative, for example, steam tracing to keep 
water from condensing in a carbon steel line containing CO, versus 
using austenitic stainless steel as the material of consuuction. Such 
notes should be discussed with process engineers or designers 
during subsequent revicw(s) of the materials selection diagram. 

• For processes in which hydrogen stress aacking may occur, 
conJider such coneems as weld joints having significantly mis­
matched component thicknesses. Joints sucb as tnly attaebment 
welds and rube-to-tubcsbeet welds could have excessive weld metal 
and HAZ hardnesscs. 

• Indicate special corrosion· based requirements such as: 
Hardness limits in accordance with NACE MROI7S (4) and 
NACE RP0472 (12) for hydrogen stress cracking services. 
Paint/coating requirements for insulated piping and equipment 
or buried piping. 
Paint/coating nnd cathodic protection for submerged or buried 
structures or pi'ping. 
Coatings/cathodic protection for the internal surfaces of tanks 
or vessel,s in cOrTosivc service. 

Complete tho finAl steps in tho materials selection process: 
• For each template, make sure that the metallurgy, valve trim, 

postweld heat treatment and corrosion allowance requirements are 
filled in. Recall that the specific.11ion of valve trim is usually 
required only for piping. 

• Use the Notes section on the template to indicate special require· 
ments such as inspection categories, positive material identification, 
special nange-face machined ftnishes, etc. 

• Specify postweld heat treatment in the template only if required by 
the process, for example, for carbon steel in amine service. If 
postwcld heat treatment is not required for process reasons, indicate 
"per Code." 

F. MATERIALS SELECTION DIAGRAM 

Obtain a simplified process now diagram (PFD). It need not contain detailed 
process dota: however, all popong and equipment for which templates have been 
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generated, should be indicated on the simplified PFD, using the same stream 
numbers and equipment designation.s utilized on the respective templates. It is 
helpful if the simplified PFO shows design temperatUres and pre.~sures for all 
piping and equipment. It is also helpful if the simplified PFO incorporates the 
templates or includes them as attachments. 

Enter the preliminary material selections on the simplified PFD, along with 
corrosion allowances. Use arrows with legends. color codes or some other 
method to identify the materiaVcorrosion allowance for each pipe run and piece 
of equipment. Refer to Examples 16 through 19 (pp. 259-262) in the 
Supplement for an iiJUStnltion of a materials selection diagram and how it is 
generated. This generates the materials selection diagram. The MSD is useful 
for several activities, including the following; 

Compare the metallurgics and corrosion allowances of the incoming and 
outgoing lines for each piece of equipment versus the equipment 
metallurgy and its corrosion allowance. This is done as a consistency 
check. Highlight any inconsistencies for later resolution. 
If materials selection depends on corrosion control by chemical treatment 
or wash water injection, indicate the position of the injection points and the 
type of chemical to be injected. Examples include corrosion inhibitors, 
scale inhibitors, bioeides, and pH contrOl chemicals. Also indicate the 
location of proposed corrosion monitoring and sampling sites. 
If degradation processes such as high temperature embrittlement or 
autorefrigeration will affect operating procedures such as pressuri· 
zation during startup, indicate such limitations as general notes to the 
MSD. ' 
Check fot· large pressure drops such ns can occur nt control valves. 
• Dctemoine if pressure drops will induce corrosive flashing. Flash 

spools (usually about 10' long, of a corrosion resistant alloy) should 
be specified downstream of the affected control valve. 

• W11en the pressure drop is directly into a vessel, a corrosion­
resistant alloy impingement plate (sometimes called a splash plate) 
may be. necessary. 

Indicate convenient speciOcatioo breaks. Specification breaks are points 
where the materials of construction change from one type to another. 
Indicate the need for cheek valves, to protect upstream piping and 
equipment from damage by corrosive reverse nows. Note that, in most 
cases. an upgrade of the upstream piping is less expensive than a 
corrosion-resistant alloy check valve. 

If review of the MSD causes any changes in the templates, make sure that 
the changes arc documented 

' ' 
' ' 
• 
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G. CONCLUSIONS 

The procedure we have discussed should not be viewed as a "cookbook" 
process. Heavy reliWJce on prior piWlt experience should always be pan of the 
process of materials selection. Common sense should always play a role in 
evaluating various candidate materials. This meWJs that time must be taken to 
determine the leeway provided by ease of maintenance, repairability and 
sparing. In some cases, these considerations may require upgrading of the 
materials or fabrication procedures (e.g. postweld heat treaanent). In other 
cases, it may make sense to recommend changes in the design conditions or in 
!he process itself, in order to specify a lower-cost or more reliable material. 
Finally, unusual project conditions, such as an anticipated short desigo life or 
concern about product contamination, will often lead to non-conventional 
material selections. 

Sometimes the user will want to pursue a more conservative course and will 
demand a more expensive material or material processing that exceeds the 
minimum requirements, for example, postweld heat treaanent when it is not 
otherwise required by the construction code and is not justified by !he process. 
Once !he user understands the reasons for the recommended material or material 
processing, the issue becomes a management decision. 

Occasionally, the user will demand !he use of a material that will not meet 
!he minimum requirements. In this situation, safety and desigo life requirements 
as well as potential consequences should be reviewed and the results 
documented to the user. 

Finally, new materials and materials technologies are continually coming 
into the market. In some cases, conditions will encourage their use on a 
prototype basis. However, experience with prototype technologies strongly 
suggests that it is best to let someone else be the first to try them out. Correcting 
mistakes is difficult and costly. The best approach is always to take the time to 
do it right lhe firs/t ime. 

. ' 
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Epmnle #!·Simplified Templa!J: 

Operating Temperature (Minimum/Maximum):. _________ _ 

Operating Pressure (Minimum/Maximum): __________ _ 

Commodity: _ _ _ Phases: ___ Liquid Water (YIN): ___ _ 

Corrodenu: ___________________________________ __ 

Crack-Inducing Agenu:. _______________________________ _ 

1\tetalluriP':. _________________________ _ 

PWHT (Y/N): ___ Valve Trim: ___ Corrosion Allowance: __ _ 
• 

Notes: ______________________ _ 
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.Elample 112: Gcncrnl Template (or a Refinery 

Stnam or Equipmtnl Numbtr: 

Design Temperoture (Minlmom/Mulmum): 

Design Pr<Ssun (Minimum/111ulmum): 

Commodily: Phnses: Liquid Water (YIN): 

Corrodenrs: 1 

Crntk-lnduting At:enls: 1 

Upset Condillons: 
Liquid Water (YIN): 
Corrodenls: 1 

Crack-inducing Agenls: 
Aulorefrigeralion (YIN): 
If Yes, inditale minimum temperature: 
Other: . 

Wei Sour Service (YIN): 
If Yes, Indicate sevcrily: 

Metallu rgy: 

PWUT (YIN): __ Vnlve Trim: ___ Corl'osion Allownncc: 

Noles: 

1Conodcncs. tndiC'Ite~ 
Concentrations or acidic componcncs (only if liquid water or odttr electrolyte is 
"'"'ent): 
• lnorpnic or OtJanic acids: in \\t. percent (indi"te Total Acid Number if 

napbthcnk Kid is Jlf"'tDI). 
• Acid pscs such u 111S, NO, SO, and CO,: in mole pcrccnl if in vapor ond "'­

percent if dissolved in WI!«. 
• Add AJts sudt as nmonium bisulfide « 1mm0nium cblorid~ if present at 

IJ'Citcr lhan 2 wt. pc:r«nl: in "1. paum. 
• Anticipated pH. 
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Oxidants tuch u oxycc.n and chlorine: in "'1. percent. 
Other corrodenlS suspected or be ina sianificant.. such as dissolved oxygen content in 
wattr or mic:robtoloiia-1 •cenu. 
Total sulfur: 
• As W1.. pctccnl sulfur, only if T > SOO"F (260'C) and the hydrogen portio! 

p,...u,. is lcsslhan s<l psio (0.34 Ml'o). 
• !I> mole pctecnl II,S. only if T > SOO"F (260'C) and the hydrogen portia! 

praourc S() psia (0.)4 Mh) or .,.-. 
1Craek-iuducin' _,. (list only if li<l"id -cr or Olbct elccttoly1C is Jlf"'tDl (except for 

H,)); indicalc coac:cnlnlioe or the follo\<inc ogcnu, if present abo•-e their lhrdhokl 
-lntious): 

Amines: -Ill lftllct Ibm 2 "1. pctecnc in "'-pctetnl 
Caobonalcs ond bi~ wbco the conccnlrllion of cilbcr or both {combined) 
c:xcccds I "'- pcouut: in "'- pctecnl 
Hydropl, wbco por1ill pousun: is 100 psia (0.69 Mh) or goatcr: in either mole 
pctecnl or ponill.,........ in psio (Mh « kl'o~ 
ChJorides. in In)' conocntndon: in ppnw. 
Cyooidcs; If pmcnlll peater thM 20 wmw: in wmw. 
N.Oii, i.n ony coo<:enlrltion lrT> I U'F (46'C): in WI. pctecnL 
Hydrogen sui fide: 
• OilS phase. if the partiol prcssuro of H,S exceeds 0.05 p<ia (0.34 kl'a): in either 

mole pcrcenl or partial pressure in psia (MP• or kPI). 
Sour water. if the conceuntion of H,S dissolved in water is at lce:st SO ppmw: 
inppmw. 

Other known crod<-induein& "'cnts (e.g .. HF). 

4 

( 

, 
• 
, 
• 
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Example H3: General Template Cor • Refinery 

Sueam tumber 

Stteam De$c:riJxion Uni1s ReJe.rencc I 2 Ell:. 

C<lcnmodil)' 

"""" li'lfV op(Salou UVJS 

Dc:sip T eq~r-,_re Mu¥'Mu "F 

Da;pl'rm= Muv'Mu psi: 
Ope,.... Temp NonNJ/Mon/Mu 'F 
~Pressure NomW/Mln/Max psig 

Auid Velocicy ftlsec 

Free Water YesfNo NoccS 

Cnck. ·lodocirtg A genu "'""' 
Cblori:le ppmw NOIC4 

Cyuo;de ppmw -· R~a (panial pmsuro) psoo NOOt4 

H~S'clfl<k Noce4 N0104 

AlWoe WL \l Noce4 

NaOH or Other Cau.srics Wl. , Nott:4 

Olher Nocc4 

C.rtoderu No1e 3 

S'clfior Noces 1&2 Noccsl&l 

Ac<ls \\1. t. 

Acid Cues mole\l 

Acid Sllu wt!l 

pH 

Odler Noce3 

UpSet Conditions Noce6 

W e.t Sour Sc rvice yes/oo 

-If Yes, Simple or Severe 

M.wturgy No« 7 

Corrosicm AJJowance inch 

Va!Ye Trim 

N-
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1lodicate in Ylt. percent. only ifT > SOOoF and the hydtosen partial pressure is less than SO 

psia (0.34 MPa). 
11ndieate in mo1e pc.rccnL, only ifT :> S00°F and the hydrogen partial pressure is 3t least 50 

psia (0.34 MPa). 
3Corrodents. lndicate: 

MoJe percent of acidic corrodent.S such as ii'IOI"gM!iC or orpnjc acids and add gases 
sucl! as H,S, NOb 501 ood CO,. Indicate Tout Acid Numbcf if napbthenit acid is 

pmeriL 
Wt. percent of IICtd sal\s., if pn:scnt at ~ d\!D 2 \\1. pcrcml such as ammonium 
bisulfide or ~mmonium caklridc. 
WL percent or oxkbnts such as oxygen <md chlorine. 
Olher corrodents suspecced of being. significant sueh as dissolved oxygen content io 
watet or rnicroMologicol agents. 

4Crack-inducing agents (li.sl only if liquid 'vater or other electrolyte is present (except for 
HJ); indicate concentrntion of the roltowing a,gcnts, if present above their threshold 
concentrations): 

Hydrogen. if partial pressure exceeds 100 psja: in either mole percent or pan.ial 

~inpsiL 
Amincs, i( pocseat 11 putcr than 2 \\1. peroent in "'- percer>L 
Cul>or»lcs ood ~ "1>en the conccnlnlion cilbcr or both (eoo>bined} 
exreeds I wt. pen:c:a&: in "t. peroent. 
Chlolides, in any coocentntion: in ppmw. 
Cyanides, if prcoo:nt II ~?<"let thM 10 ppmw: in ppmw. 
Na.OH, in any concentration, ifT > t ISOF: in wt. pt't'CCPL 

Hydrogen suiOdo:: 
• Gas phase, If the ~ial pressure of H1S e)(cecds O.OS p.sin: in either mole 

percent or p:~rtial prc.o;J.'Ute in psia. 
• Sour wnler, iflhe concentration ofH1S dissolved In water is at Jeast 50 ppmw: 

inppmw. 
Other Jcnov.n crodc·indocing agents (e.g .. HF). 

'tnclude indication ofliqWd V~'llcr. for nonnsl opention. 
'f.,. upset conditions, ind~ a~to«l'rigeration. liquid w.>ter, wet sour ..me.:. catr)'O\"« o( 

crack·induc:ing agents or corrodcnts.. eu:. Coosider startups.. sl::u&dov.'Tl$. regener.uion~ 
presulfiding. loss or now ..... 

7Provide metollurgy in generic fonn (e.g.. CS, 18Cr-8Ni SS, 3C,.,.!Mo, etc.). 
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Exam ole #4: Ammonia Pilot 1J:mplatc 

StrHm or Equipment Number: 

Design Temperature (Minimum/Maximum): 

Design Pressure (Minimum/Maximum): 

Commodity: Phases: Liquid Water (YIN): 

Corrodents1
: 

Craek-lndudng Agents': 

Upset Conditions: 
Uquid Water (YIN): 
Corrodents1

: 

Cruk-lnduting Agents': 
Autorefrigeration (YJl',1: 

If Yes, indieale minimum temperature: 
Other: 

Mel211urgy: 

l'WIIT (YIN): __ VniYe Trim: Corrosion Allowance: 

Notes: 

1Corrodents (only irliquid wotcr or other elcetrolytc is present). 
Indicate wt. percent for any acids.. 
Indicate pMial press= for wtt CO,. 

Chapters 

• 0. ol<rt to the danger of mdlll dusting in ho4, h~·ollny stteoms witlo CO/CO, ntios 
pt*ct th3n o..s. 

1
Cnct-indocin& qents (list only if liquid Wlkf (or other eleetrolytc) is pn:sent (<l<cepl 'fur 

NH, ond Hz): indiem eoncenltalion of the folto";"' q<nts. if pn:sent above their duesbold 
eonoentrotions). 

Anhydrous ammonia: v.-ater c:ontent in "'t. pcrcc:nl 0.1 \\1, pcrunt waler is required 
to inhibit stress corrosion c:radcing in carbon steel. Note that inhibition \\ill be 
ineffediVt in vapor spaces.. 
llydtogen. ifthe pania1 pressure is 100 psi a or greater. 
In lines and equipment in the col recovery unic in W\, peroenL caustic or \\1. percent 
amitM.'S. 
Chlorides. ouly concc:nlrntion: in ppmw. 

l 

I 
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Stream or Equipment Number: - --- - -------

Step:''------- ---------

M~hankal Design Qooditions: 

Operating Design 

Low High Low High 

Tempemture: --
Pressure: --
Proct!3S Chemistry: 

• Chemicals Present:• - -------------
• Ph!UCS Present: -..,.-- - ----- -----
• Corrodents Present:' - ----,;---------
• Crock-Inducing Agents Present:• ___ _ ____ _ 

Upset Condilions:'--- --- ---------

Material of Construction: - - - - - ----------

PWHT: __ _ Corrosion Allowance: ----
Vatve Trirn: _ _ 

Notes:------- -----------

• For botch processes, a template must be prepared for eaeh Slcp in the process. Indicate the 

Slcp for which the templ>te is intended. . .. • . 
• 1. List all chemicals prtS<IlL lndude contamin:lnts and ompurttoes es well as the ma;or 

eonstitucnts. . 
2. lndiCIIA: if the pn]«SS fluid is an da:trolytc. If noc, on: odlcf eleclrolytes p<esent? 

~ lndicllt '''hich c:.heMic:als are knoY."D corrodcots. 
•tndicate which chemicals are known crack-inducingagents. . . "---"er 
• Describe the MIUf'< and duration of possible onticip>led upoel eond11oons. ._.,~_ 

whether the upsd conditions are for start-of-run. end-of-run or both. or whether they Wlll 
occur during the run. For each upset condition. indicate the presence o~ ~rrodents, crack­
inducing ngents or ele<ttOI)1CS introduced because of upset eondotoons. For auto­
rerrigeration. indicate the anticipated minimum temperature. 
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SUPPLEMENT 
Examples 

The following examples are offered to illustnue how the materials selection 
process works. Recall that the process is aimed at specifying the minimum cost 
material that will meet all of the requirements of the template. 

A. HYDROCARBON PROCESSES 

The ftrst ten examples involve hydrocarbon processes. The template shown in 
Example No. 2 in Chapter 5 (p. 236) will be used to illustrate bow to use 
templates for hydrocarbon processes. It is wonhwhile to review this template 
example in Chapler 5, including the notes to the template. 

Example#1 

Process Data 

This piping run is in sour wash water service. It cootains no other crack· 
inducing agents and has no upset conditions. These data, as well as des1gn data, 
are listed in Template #I (p. 265). 
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Materials Selection 

While the H,S concenltation exceeds the threshold for sour water service, the 
maximum design pressure is less than the 65 psia threshold set by NACE 
MRO 175. Thus, this is a low·risk service. Carbon steel is the recommended 
material of construction, with 12 Cr valve trim. The service is moderately 
corrosive, so the recommended corrosion allowance is 1/a". 
Question: What would change if the maximum design pressure were 75 psig? 
Answ11r. Refer to Template lila (p. 266). 

Wet Sour Service: Yes (Simple Wet Sour Service) 
• Notes: NAC£ MROJ75/RP0472 

Example#2 

Process Data 

This is a horizontal gas/oil separator vessel. The commodity is sour crude oil along 
with associated gas. The gas phase contains 3 mole percent each of CO, and H,S. 
The oil phase contains ernulsifted water, which is about 25 percent salt. The 
system contains no other comxlents or crack-inducing agents. Shutdown, when 
water can condense from the vapor pltilSe, is an upset condition. These data along 
with the design pressures and temperatures are indicated in Template U2 (p. 267). 

Materials Selection 

During operation. the system is essentially noncorro;ive because of: 

The water being tied up in an emulsion, with the oil phase an effective 
corrosion inhibitor. Accordingly, Template 112 does not show water as a 
sepan!le phase during normal operation. 
The hydrogen sulftde quickly developing a protective sulfide fihn on 
exposed carbon steel. 

However, during shutdown, water will condense from t1te vapor phase, creating a 
simple wet sour service. Therefore, the indicated material of construction is kiUed 
carbon steel. The service is moderately corrosive, so the recommended corrosion 
allowance is 1

/ 0". NACEMRO I75 ond RP0472 apply. 

Example#3 

Process Data 

This line is in rich diethanolamine (DEA) service, having absorbed H,S. It 
contains no other crack-inducing agents and has n~ upset conditions. These 
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data, as well as the design pressures and lcmperatures, are listed in Template 
li3 (p. 268). 

Materials Seleclioo 

This line is in severe wet sour service. It contains an additional cracking agent 
which alone would require postwcld heat treatmenL The recommended material of 
construCtion is carbon steel. In accordance with MR0175, the material must be 
either hoi rolled or otherwise heat treated. Normalizing is the ton\'entional heat 
trtaunenl Postweld hear treatment is required. NAC£ MROI75 and RP0472 
should be required. If the pipe to be used is made from welded plate, the plate 
shoold be resistant to hydrogen induced cracking (HIC). Recall that velocities 
should be limited to 6 fVsec (2 rnfs) for carbon steel in rich amine services. Rich 
amine is nroDally considered to be a corrosive service, with a recommended 
cormsion allowwce ·Of '/.". If inhibitors are used, consider recommending a 
corrosion allowance of1

/ 0". 

The recommended valve trim is Type 316 SS, because of the amine service. 

Que$tion: What changes would occur for a maximum design pressure of I S psig? 
Am..-er. Refer to Template 113a (p. 269). 

This line would be classified as a low-risk service. NACE MR017SIRP0472 would 
no longer apply. ~lowever, because this is an amine service, i.e .• a crack .. inducing 
servjce, considerations other than wet sour service may govem. 

The pressure stresses are very likely too low to permit crack propagation, 
although crack initiation could still occur. This should result in a leak-before-break 
condition. If the combined stress in tension can be shown to be less than ten 
percent of the specifoed minimum tensile strength, hardness controls (NACE 
MR017S/RP0472), mill heat treaonent, postweld heat treatment and hydrogen 
induced cracking resistance should not be required If capital cost is a major 
criterion, the following changes should be discussed: 

Wet Sour Service: No (Low-Risk Service) 
Metallurgy: Carbon Steel 
Postweld Heat Treannent per Code. Note that API Publication No. 945, 
"Avoiding Environmental Cracking in Amine Units," does not cite a 
pressure threshold below which posl\veld heat treannent is UMe«ssary. 

Examplo#4 

Process Data 

This is a liquid petroleum gas line. It contains neither co.-rodents nor crack· 
inducing agents. It normally operates at 105°F {40°C) and is to be uninsulated. It 

• 

' ' 
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can autorefrigerate to -65°F (-54°C). TIICsc data and tltc design data are listed in 
Template 114 (p. 270). 

Materials Selection 

Carbon steel is the preferred material of construction, if it can be qualified by 
impact testing. The ASME 83 I .3 piping Code requires impact testing for catben 
steels intended for services colder than -50°1' (-46°C). However, such pipe would 
be special order, since standard ASTM grades of caroon steel pipe are not supplied 
with mill testing at temperarures colder than -50°1' (-46°C). Unless a long lead 
tinte is available, this option is probably not practical. 

Using Table Al-l (pp. 298-300), the conventional choice would be 3% Ni 
(see ASTM A333 Gr 3), which is mill impact tested at - 150°F (-10 1•q. Type 304 
SS is an alternative material, although more expensive, if schedule problems 
develop with the 3% Ni material. 

No corrosion allowance is necessary, as there are no process corrodcnts and 
there is no concem about corrosion under insulation. Occasional autorefrigeration 
episodes will not affect either internal or external corrosion. The recorrunended 
valve trim is Type 316 SS because of the low temperature toughness requirement. 
Type 304 SS, which is cheaper, would work as well but is usually not as readily 
available. 

Question: What would change if this were a vessel rather than a piping run? 
Answer. Refer to Template #4a. 

If Otis were an ASTM Section Vlll, Oiv. 1 vessel, caroon steel might be exempt 
from impact testing. The rules of this Code are a good deal more flexible than 
those of the piping Code. lf impact testing were to be required, s.uitable plate 
materials are readily available (see Table Al- l for recommendations). 

Example#S 

Process Data 

This is a furnace inlet line containing approximately 95 mole percent hydrogen and 
5 mole percent hydrocarbon. It contains no corrodents and no crack-inducing 
agents other than hydrogen. It has no upset conditions. Titcse data as well as the 
design pressures and temperatures arc listed in Template #5 (p. 272). 

Materials Selection 

Titis line is not subject to hydrogen damage, according to the Nelson curves (see 
Appendix 4) because the hydrogen partial pressure is too low. However, since Ole 
maximum design temperature exceeds the threshold for the sphcroidization and 
graphitizttion of carbon S1eel, l ~Cr-1/~fo is the recommended material of 
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construction. 12Cr valve trim is recommended. No corrosion allowance is 
necessary, since no corrodents are present. With n? risk of damage from the 
hydrogen gas, and in the absence of other crack-inducmg agents, the process does 
not require postweld heat treatment. . 

In view of the relatively low pressure in this service, carbon stee! IS a !ow-cost 
candidate material. lt will slowly deteriorate due to sphero1d1zatton and 
graphitization, but it will not creep, since the applied stresses can be kept below the 
stress rupture value. In this leak-before-break situation, carbon steel wou.ld 
probably be a safe choice. Extensive plant experience indicates virtually indefintte 
service life under such circumstances. This option sltould be presented to the user 
for consideration. 

Question: What changes would occur if the maximum desigJt temperantre 
were 1050°F (56SOC)? 

Answer: Refer to Template #Sa (p. 273). 

Carbon steel would not be a candidate, as the maximum design temperature 
exceeds the oxidation threshold. While external insulation may mitigate such 
oxidation, the service life could be quite short due to spheroidization and/or 
graphitization. 1 ~Cr-1-SMo has adequate oxidation resistance [S:C~ T~ble A 1-2 (p. 
301) in Appendix I) and is resistant to spheroidi2lltion and graphitization. 

Question: What changes would occur if Ole maximum design pressure was 
500 psig? 

Answer: Refer to Template #5b (p. 274). 

Metallurgy: Carbon steel would no longer be a candidate, as it would be 
ruled out by the Nelson curves (see Appendix 4). l ~Cr-Y,Mo ts permitted 
by tlte Nelson curves. 
Postweld Heat Treatment Yes (for all Cr-Mo alloys in hydrogen service). 
Notes: NACE MRO I 75; weld metal: 225 BHN, maximum, due to hydrogen 
service. 

Example#G 

Process Data 

This pwnp suction line conveys hot sulfur-wntaining liquid hycb'ocarbons. It has no 
other corrodents or crack-inducing agents. It has no upset conditions. These data and 
the design pressures and temperarures are indicated on Template #6 (p. 275). 

Materials Selection 

The MeConomy curves (see Appendix 5) indicate that 5Cr-Y.Mo is required. The 
indicated corrosion rate is about 8 mpy. For to-year life, a corrosion allowance of 
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't,• is appropriate. The recommended valve trim is 12 Cr. In the absence of cracJ<. 
inducin& a&ents, the process does not require postweld heat treatment. 

Note the low maximum desi&n pressure. The thickness of the line is 
essentially all COITOsion allowance. II is d011btful that a fonnal corrosion allowance 
would be&in to contribute 10 the life of lhe line until probably after 20 years of 
service. Even carbon Sleel in this service WO\Jid last a minimwn of S years without 
any formal corrosion allowance. 

Example tn 

Process Data 

This is a =«or feed line containing hydrocarbon gas, hydrogen (82 mole percent) 
and a small amount of hydrogen sulfide (0.82 mole percent). It has no other crack· 
inducing agents, The only upset condition is sbutdown, when liquid water can 
condense in lhe JnSCnCc of II,S. These data and lhe design pressures and 
temperatures are I <sled in Template #7 (p. 276). 

Materials Selection 

Alth01Jgh the Nelson curves (see Appendix 4) would penmit 2!/.Cr·IMo, lhe 
Coupcr-Gom10n curves indicate corrosion rates too high for carbon and low-alloy 
s1eels. Refer 10 Appendix 6 for use of 1he Couper-Gonnan curves; for this 
example, use the naphtha curves. 1l1ercfore, an 18Cr-8Ni slainless steel is 
required. Given the risk of polythionic acid allllcl<, a stabilized grade (either Type 
321 or Type 347 SS) is recommended. Valve trim i.s recommended in the same 
materials. 

11tis is a simple wei sour service. Because 1he service is wet sour, NACE 
MR0175 applies. Purging tltis line prior 10 sbuldown will avoid exposure to wet 
sour condilions. 

In general, poslwcld heal lrealmcnt is nol a process requiremenl for stainless 
Sleels. Componenu tltnt have been subslanrially cold worked should be subsc­
quenlly solution annealed. 

Corrosion allowance: the eslimaled corrosion rate is aboul 1.5 mpy. The 
smallest practical corrosion allowance is 1

/ 1(, far more than is necessary. Since 
piping usually has a lar&e inherent corrosion allowance, it is reasonable to 
recommend zero corrosion allowance. See lhe discussion of piping corrosion 
allowance in Chapter 3 (p. 20 I). 

Quesrion: 
Amwer. 

Whar changes WOIJid oo:ur if naphlhenie acid were present? 
Refer 10 Templale 117a (p. 277). 

Either Type 316 or Type 317 SS would be recommended. The notes section of the 
1emplate should indieale that Type 316 SS mUSI contain at leaSI 2.5 wt. percent . 

I 
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molybdenum. 'The noles musl also indicate !hat polylhionic acid attack will have to 
be prevented by operaling controls per NACE RJ'OI70. 

Example#8 

Process Data 

This vessel is a hydrotrealer reac~or. Feed is a hoc, light hydrocarbon mixed liquid­
vapor plus hydrogen g.u (76 mole percent in lhe vapor phase). The feed is sour, 
will! 2.85 mole pereau II,S in d~e vnpor phase. The process stream cootains no 
other auk-inducing agenu or corrodenu. Shutdown is an upset condition, as 
liquid water can coodense in the presence of hydrogen sulfide. These data as well 
as lhe design pre$$\lrtS and rempen~rures are I <sled in Templale #8 (p. 278) . 

Materials Selection 

The Nelson curves (see Appendix 4) indicate lhar lhe minimum material required 
for lhe pressure shell is I Y.Cr-~o. Creep embrittlemcnt should nol occur, since 
lhe maximum design remperature (SOO"F (425°C)) is less than the creep 
embrittlemcnt d1reshold tcmperalure. Hydrogen service indicates weld melal 
hardnt3s control.'~ and postweld heal trealmenl. Postweld heat treatmenl is 
recommended for all Cr-Mo sleels in hydrogen service. 

The exposure of the I V.Cr-V.Mo malerial to high-pressure, high-temperarure 
hydrogen could lend to hydrogen embrilllement. 11 is conventional in such cases to 
ensure that the operating manual stales 1ha1 dtc vessel will not be pressurized at 
temperatures less lhan about 250°F (120°C). Above !his tempernrure, hydrogen 
embriulement is no1 a coneem. 

1l1e Couper-Corman curves indicate that :Ul 18Cr·8Ni slainlcss sleel will be 
required for corrosion prolcction. Refer 10 Appendix 6 and no1e !hal the naphtha 
curves musl be used for dtis example. Because of ~1e risk of polythionic acid 
attack during shuldowns, 1he stainless steel should be either a Type 321 SS 
cladding or a Type 347 SS overlay. No corrosion allowance is necessary. 

Shutdown rcprcsenu a simple wei sour service. However, !his does not 
require anything additional, since NACE MR0175 hardness controls have already 
been specified because of ~1e hydrogen service. 

Question: What changes would occur if the maxin10m design temperarure 
were 900"F (480"C)? 

AM<w: Refer to Template NSa (p. 279). 

Although slill pennitted by lhe Nelson curves, I V.C.-~o would no longer be 
a good choice, since il w011ld be susceptible to cnoep embrittlement We don' 
know how 10 minimize or delay this form of degradation. 2!1.0-IMo would be a 

, 
' 

' 
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better choice, since we know how to deal witlt il< cmbrilllcment mcchanism,that is, 
temper embrittlement. 

Examplet19 

Process Data 

This is a reactor feed exchanger. As previously discussed, heat exchangers serve 
two processes, the shell side and the tube side. Use a separate template for each 
process. Refer to Templates #9a (P. 280) and #9b (P. 281) for this example. 

Shell Side 

The shell~side process is a mixture of sour heavy gas oil and hydrogen (82 mole 
percent in lhe vapor phase). ShutdOWJI is an upset condition, as liquid water can 
condense in lhe presence of hydrogen sulfide. Tite process contains no olher crack­
inducing agents or corrodents. These data as well as the design pressures and 
temperaaures are listed in Template #9a (p. 280). 

Tube Side 

The tube-side process is a sour mixture of hydrocarbon liquids and hydrogen gas. 
Shutdown is an upset condition, again because liquid water can condense in lhe 
presence of hydrogen sulfide. The tube-side process contains no other crack-inducing 
agents or corrodents. The tube-side process conditions and design pressures and 
temperaaures are listed in tl1e tube-side Template, #9b (p. 28 I). 

Materials Selection 

Shell Side 

The Nelson curves (see Appendix 4) indicate lhe use of 1 V.Cr-~o steel. The 
Couper-Gorman curves indicate a corrosion rate of about 30 mpy. Refer to 
Appendix 6 and note that the gas oil curves are to be used for lhis example. This 
rate is too corrosive for vessel walls. An I 8-8 stainless steel barrier layer is 
indicated. Because of ~1e risk of polythionic acid attack, Type 321 SS cladding or 
Type 347 SS overlay is recommended. Since this is a Cr-Mo alloy in hydrogen 
service, postweld heat treatment and weld metal hardness controls are 
recommended. Note that even though the maximum design temperature would 
permit a Type 304L SS overlay, the required postweld heat treat~lcnt would 
sensitize lhis material. 

The shell-side process is a simple wet sour service, since the system will be 
water-wet only during a shutdown, when water can condense. Compliance with 
NACE MR017S should be required. Hydrogen induced cracking resistance should 
not be necessary, since U1e substrate steel is protected by cladding. During shut· 
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down, the system will not be subject to lhe additional effects of hot, higl•·pressure 
hydrogen gas. 

Tube Side 

TI•e Nelson curves indicate Ute use of I V.Cr-V.Mo or better. The Couper·Gorrnan 
curves (see Appendix 6) for lhis material indicate a corrosion rate on the order of 
SO mpy (use the gas oil curves for this example). This suggests using an 18-8 
stainless steel. to withstand sulfur corrosion. Given lhe risk of polythionic acid 
attack, a stabilized grade should be specified. Either Type 321 or Type 347 SS is 
suitable. Cr-Mo alloys in hydrogen service are subject to both postweld heat 
treatment and hardness controls. Note that lhis is a simple wet sour service 
requiring compliance with NACE MR0175. 

Tubes: Either Type 321 or Type 347 SS. 
Tubesheet IV.Cr-~o cannot withstand the severe sulfur corrosion 
environments on either the tube side or lhe shell side of the tubesheet. 
TIIese surfaces should be either clad with Type 321 SS or overlaye<l with 
Type 347 SS. No corrosion allowance is necessary for either side of the 
tubesheet, because of the protection provided by the SS overlay or 
cladding. Note lhat it is sometimes more economical tO purchase a solid 
stainless '1ee1 tubesheet. 
Channel: The channel should be specified to be tl1e same as the tube side of 
the ntbesheet, i.e., I :!.Cr-~o. It should be either clad with Type 32 I SS 
or overlayed wilh Type 347 SS. No corrosion allowance is required 
because of lhe SS cladding or overlay. Postweld heat treatment and weld 
metal hardness control should be required. 

Example#10 

Process Data 

This is a low-pressure "syngas" transfer line. The source of the syngas is a coal 
gasification process that produces fuel gas with a large amount of impurities, 
including HaS (2.5 mole percent), C02 ( 15 mole percent), CO and variable 
quantities of chlorides. The gas is saturated with walet' vapor. Shutdown is an 
ups.:t condition, since liquid water will form from the vapor phase. Liquid water 
will probably form during normal operation as well, even in a well-insulated line, if 
the gas stream is truly saturated. Titese data as well as lhc design pressures and 
temperatures are listed in Template ff I 0 (p. 282). 

Materials Selection 

The ratio ofH2S to CO, is high enough that C02 corrosion is not a concern. The wet 
H,~ conditions during shutdown indicate a simple wet sour service. Carbon steel is 
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lhe recommended ma~erial of conslnlction. NACE MRO 175 and RP0472 apply. A 
c0<1'05ion allowance of 1/ 1" should be adeqUBie. Valve !rim should be 12 Cr. 

Question: 
Ans,..cr: 

What would change if !he H,S conccnb'ation were negligible? 
Refer to Template HIOa (p. 283). 

Wilhout sufftc:ienl H,S to provide a prolective iron sulfide scale, carbon steel 
w0<11d be subject to C02 corrosion. Using tbe de Waard·Milli3ms nomograph in 
Appendix 2, tbe estunated conosion rate for carbon steel is aboul 5 mm/yr (200 
mpy). However, C02 corrosiOn in !his ~ern would be expected to occur under 
condensing conditions. The maximum rnte WO<IId be expected to be about 20 ~ 
(0.5 mm/)'r) for non·t\llbulent, non-impingement service. Carbon stee~ with a 
conosion allowance of Y.", is !he ~mended material of construction for a 
design ~fe of 10 yean. Valve aim should be 12 Cr. A note should be made to tbe 
effect thai velocities should be kept to less !han 60 ftlso<: (20 mls) and thai long­
radius elbows should be used to avoid impingement. 

Question: What would change if !he syngas contained an appreciable 
quanlil)' (> 20 ppmw) of cyanides? 

AM4«r: Refer to Tcmpla1c NIOb (p. 284). 

This line would be i.n severe wei sour service. h contains a calhodic poison 
~tal will accelerale ~te various fonns of hydrogen induced tnlclcing damage. The 
recommended ma1erial of consll'uction is carbon steel. MRO 175 requires the 
carbon steel to be eilher hot rolled or to have a mill heat b'cnb'nent. Nonnnlizing is 
the tOttvcmional heat treaonem. Postweld hent treab'nent is required. NACE 
MR0175 and RP0472 should be required. If the pipe 10 be used is made from 
welded plait, the plote should be resistant to BIC. 

11te cyanides will tend to destabilize the sulfide film, making it less protective. 
11te additional measures used for C02 corrosion resistance, velocil)' limitation and 
long-radius elbows, should bo required (see Template H 1 Oa, p. 284). 

B. PETROCHEMICAL PROCESSES 

The next five examples nrc for petrochemical processes. The generalized ttniplate 
shown in Example No. I in Chapter 5 (p. 235) will be used to illusb'ate the use of 
templates for peb'OChentical proecs.ses. 

Example#11 

Process Data 

This vcs.sel is an monoethnnolamine (MEA) absori>cr tower, stripping C02 from a 
flue gas stream. Conosion control for !his vessel depend! on contact of inhibiled 
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MEA on all surfaces exposed to gaseous C02. The only upset condition is Joss of 
inhibitor, during which C02 corrosion will probably occur. The above data as well 
as the design pressures and temperatures are listed in Template #I 1 (p. 285). 
Materials selection should include the pressure-retaining components and internals, 
including the packing rings. 

Materials Selection 

Killed carbon steel is tbe normal recommended material of consb'Uction for amine 
services wilh design temperatures nor exceeding 3000F (1500C). Since MEA is a 
crack-inducing agent for allcaline stress corrosion clliCking, postweld beatll'Cab'nent 
is recommended for carbon steels. This is consistent wilh tbe recommendations of 
API 945. Normali1.ing is also usually recommended for carbon steels in an alkaline 
stress corrosion axking envirorunent Aceordin&Jy, tbe following would be the 
nonnal recommendations: 

Metallurgy: killed caroon steel 
• Pressure retaining components to be normalized 
• Postweld heat treatment required 

However, the maximum design pressure should be too low for crack propa· 
gation (i.e., IMk·before-break). If the combined stress in tension is less !han ten 
percent oftltc specified minimum tensile strength, nonnalizing and postweld heat 
b'cab'nent should not be necessary. The following minimum requirements should 
be recommended to the user, if capital cost is a major project criterion: 

Metallurgy: kUled carbon steel 
Postweld Heat Treatment: per Code. Nolo thai API Publication No. 945, 
"Avoiding Environmental Crncking in Amine Units," does not cite a 
pressure threshold belo'~ which postweld heat lrealmcnt is unnecessary. 

ln cithercosc, the recommended corrosion allowance is 1
/ 1N . This value should 

be adequale if ~tc inhibitor program is e1Tec1ive. Recall !hat velocities should be 
limited to 6 ftlsec (2 ntis) for rich nmine services. 

Two special concenu require consideration: 

Experience h:u shown that lhe vapor spaces at lhe bottom of lhe absorber 
may nor be cfTectively inhibited by wet MEA. Accordingly, consider either 
adding a spnrger or cladding or overlaying !he afTeCICd areas wilh a 
corrosion resistant alloy. Type 405 or Type 410 (Type 410S if welded) 
stainless steel would be adeqwlte. Solid stainless steel may be an 
economicalaltemalive for internals. 

Type 304L SS should be consideml. Tbe tow design pressure ind.ic2Ies 
that tbe ~ired shell thickness moy be economical for stainless steel con­
struction. If this lll3lcrial is used. bolh inhi>itors and the 5p(V&ercan be a'-oidcd. 

-
... ... 
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The p:w:king r~gs will have a huge tOial exposed surface area. At even 
very low con:os1on rates, they can generate excessive amounts of corrosion 
products, wh1ch may cause fouling and plugging problems downslrearn of 
the vessel. The rings should be made of a conosive resistant aUoy such 
Type 304 SS or a suitable non·melallic material sucb as polypropylene. as 

~Ole the -so•F (-46°C) minimum desip temperatwe. Impact tesling may be 
requited for pressure-rtlaining components. 

Examplo#12 

Procoss Data 

This example involves a neutrali:mtion sump. This unit functions as a vented, 
belo~·ground, temporary storage tank, used to collec:t and neutralize acidic and 
caust~ waste Slt'ea111S. The waste streams are usually heavily contaminated wi1h 
<blondes and other inorganic materials that are water soluble. The waste streams 
w1ll not be permitted to contain significant organic contaminants. 

The tank is used only periodically; on the average, once per week for a few 
hour$ at a time. Depending on the waste stream, the initial pH can be either acidic 
or caustic. It is neutralized with either 98 percent sulfuric acid or 20 percent caustic 
soda. These nnd Olhcrdata are shown in Template #12 (p. 286). 

Materials Selection 

None o! the common m~tcrials ~f construction will withstand the wide range of 
con~unru1ts an~ pH swmgs typtcal of this service. Consequently, it is common 
pract1cc to use e1ther carbon steel or concrete to provide for pressure stresses and 
strucrurol ~negrity, with a liner chosen for its resistance to hot, dilute solutions of 
sulfone ac1d an~ caustic soda. Neoprene appears to be a good liner candidate (1). 
The conccntrat~ons ~f ac1d and caustic, as well ns operating temperatures, may 
h~ve t~ ~ restrtcted m order to select a material with adequate resistance. Consult 
w1th hn.ng supplier$ for specific limits. 

Example#13 

Process Data 

This example .involves. the high-temperature shift converter in an ammooia planL 
The feed to thiS vessel IS a gas composed of hydrogen, nitrogen, carbon monoxide, 
carbon dioxide and steam. The catalyst in the vessel promotes tbe eoovetSion of 
carbon ~onoxide to carbon dioxide. Shutdown is an upset condition, since liquid 
water wtU condense, permitting corrosion by wet carbon dioxide. Refer to 

Ternplale NIJ (p. 287) for pertinent dalll. 
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Materials Selection 

Carbon dioxide is tbe only prOtO$$ component regarded ns a corrodent. Since there 
is no liquid water in the process stre:lm during nonnal operation, no electrolytic 
corrosion is anticipated. However, liquid water will form during shutdowns . . The 
wet CO, corrosion rates will be variable as the vessel cools during the shutdown. 
The de Waard-Milliams corrosion me (refer to Appendix 2), for a condensing 
system. will be as high as SO mpy (13 mmlyr) at I ss•F (6SOC\ However, this me 
must be prorated over the operating life of the vessel. When prorated, the 
corrosion rate is negligible. Nevertheless. it is conventional to specify a nominal 
corrosion allowance; 1/14• should be adequate. 

The hydrogen partial prtsSW'C exceeds I 00 psia, so this is a hydrogen seJVice. 
The Nelsoo cwves (see Appendix 4) indicate that the minimum aoccptable material 
is I l'oCr-%Mo. Recall that posl\''eld heat treaunent should be required of all Cr-Mo 
steels in hydrogen service. Hardness controls should also be required. I •t.Cr-%Mo 
should not be subject to creep embrinlement in this service. The relatively low 
minimum design temperature may require impact tested material. 

Examplo#14 

Process Data 

This line conveys supet11eated ammonia in a plastics plant. TI1e service involves 
no upset conditions. Alloy 800 has been used in the past but hns proved to be 
susceptible to rapid nitriding. All alternative material is desirable. Refer to 
Template #14 (p. 288) for relcvam data. 

Materials Selection 

Anhydrous liquid runmonia is known to be a crack-inducing agent for carbon steel. 
However, this service involves high-temperature, high-pressure ammonia gas. 
Ammonia gas is not regarded as a crack-inducing agent for carbon steel. 

Ignoring oitriding for the moment, IV.Cr-V.Mo would be Ute minimum 
material for this service, since the maximum design temperature exceeds that 
normally pennitted for carbon steel. At the maximum temperatures shown in the 
template, this material may be susceptible to creep embrittlernem. 2V.Cr-1Mo 
would be preferable. Since these materials would be even more susceptible to 
nitriding than nickel alloys, they would have to be protected by a material resistant 
to nitriding. Aluminum is knov.11 to be essentially immiscible with nitrogen. 

A low-Cr·Mo steel internally lined with vapor-<leposited aluminum would 
appear to be a better and cheaper alternative. The fabrication welds could be a 
problem, since the aluminum ooating must be cut back to make a good weld. To 
solve this problem, a short spool piece of a suitable nickel aUoy should be welded 
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to !he Cr·Mo pipe prior 10 the vapor dcposihon process. Ally subsequent welds 
woold !hen have much improved nitriding resistance. 

There are a number of nickel-based alloys much more resislam 10 nitriding 
!han is Alloy 800. Manufacturers of niclcel alloys should be consulted for 
ahc:mative materials. 

Examplo#15 

Process Data 

This cxrunple involves an acetic acid heat cxchrutger, hnvutg high purity acid on the 
tube side rutd cooling water on the shell side. The cooling water is regarded as being 
clerut and is chemically lre:lled to be benign 10 cnrbon steel. However, il con!ains a 
relatively large ooncenuation of chlorides. The exchrutger is expected to experience 
no signifteant upsecs. Refer 10 Template N IS (pp. 289-290) for relevant data. 

Materlals Selection 

Type 316L stainless steel is the conventional material of construction for pure 
acetic acid, for temperatures up 10 !he boiling point of !he acid. If we accept the 
template dlltl as stated, carbon steel IS the recommended material of consttuctioo 
for !he shell side. Type 316 SS (316L if welded) is !he recommended material for 
the tubes, with carbon stec~ overlayed or clad wilh Type 316L SS, recommended 
for the tubesheet and channel. 

This example illustrates one of ~~c pitfalls of mnterials selection. It would 
appear that a relevant upset condition may have been overlooked: loss of now on 
the shell side (cooling water). If this were to happen, 1he recommended tube·side 
metallurgy could become susceptible to chloride stress corrosion cracking. A 
cautionary note has been added to the template 10 address this concern. 
Alternatively, one could investigate this potential upset and ignore it if it is shown 
to be of no concern. 

C. CHEMICAL PROCESSES 

In this section live examples of chemical processes are discussed. The f>nt four 
examples involve a dilution system that uses sulfuric acid to adjust !he pH of 
cooling tower water. This is a continuous process and Figure S·l is used to 
generate the required templates. These examples are also used to generate a 
mn!eriols selection dingrnm. 

Tioe last example involves a batch process. Figure S·2 is used to generate 
tho tcmplntc for this example. 

Exemp/es 257 

Strum or Equipment Num~r. 

Mechank:al O<sign Conditions: 

Operating Design 

Low High Low High 

Tempcmture: -- -- -- - -
Pres.~ure: -- -- -- --
Proc:us Chemistry: . Chemicals Pr<S<nt:' . PbasaP~nt: . Corrodents Prtunt:• . Cruk·lnducingAgeots Present:' 

Upw! Conditions:• 

Material ofConstru<tion: 

I'WIIT: Corrosion Allowance: Valve Trim: --
No!CJ: 

• I Lost all chemicals p<eS<r~L Include contamin.'llll$ ond il11jlllritics as "ell as the maj« 
constituents. 

1. I~ of the process fluid is an dectn>lyte. If not, ore ochcrelcclroi)'ICS present? 
'lndk:ote which dtc:micals an: known corrodents. 
'lnd~ "hlch chemicals-mo..n cndc·inducina "&tnt$. 
• Ocscn'be the nii!Un: and dlltlltion of possoble antocopated upset conditooou. for each upset 
condition, indicalC the prc:sonce of comodcnts. cndc·indoein& agent$ or electrolytes 
incroctUC!C'd because or upset conditions. For autorefri,erntion. indicate the anticipa1cd 
minimum ternpcnuure. 

Flguro S·1 Templale to be used for continuous chemical processes. 

• 
a 
.l 
) 
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Stnam or Equipment Number: 

Step:' 

Mechanical llesign Conditions: 

Operating Design 

Low High Low High 

Tempcmture: -- -- -- --
Pressure: -- -- -- --
Prooess Chemistry: . Chemicals Present:• . Phases Present . Corrodents Present:' . Crack-lDducing Agents Pr<Stnt:' 

Upset Conditions:' 

Material or Construction: 

PWHT: Corrosion Allowance: Valve Trim: --

Noles: 

' Fe< botch I"OCCS>W, a template mwz be preporcd for each step in the process. Indicate the 
step fot which the tcmplaro is intended. 

'1. list all chemicals pi"CSCIIL locludc CCllltami,...ts and imporitd IS well IS the lll3j<Jr 
eoastiluents. 

2. Indicate if the proa:ss fluid is an dcarol)'te- I ( noL on: other elowolyteS presem'l 
'lndielle which chc:micals are lmown eom><lents. 
'Jndic:ote wllich chc:micals are lcnown c:rack·inducing aaents. 
• Describe the nature and duration or possible llllticipoced upset conditions. Consider 

whc:ther the upset conditions are for start-of-run, end-of-run ... bolh, or whelher they will 
occur during the run. For each upset condWon. indicntc the presence of ootroden~ crack-
inducing agents or electrolytes introduced because of upsel conditions. For aut()-
rei.Hgeralion. indicate the anticipated minimum temperature. 

Figure S·2 Template to be used for batch chemical processes. 
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EXAMPLES #16, 17,18 and 19 

Figure S.3 is a process flow diagram fOO' a sulfurie acid dilution system. 
eonccntraled acid (93 or 98 percent) is pumped fiom a storage tank (101) to a 
mixing pipe (5) where it is mixed with prooess water to produce dilute sulfuric acid 
(< 10 percent). Components in this system include the following: 

Storage tank for concentrated sulfuric acid (I 0 I) 
Transfer line to and from the strons acid !XUnp ( I) 
Strong acid pump (P I) 
F<'Cd water lines (2), (3) and (4) 
Feed water pump (P2) 
Acid dilution pipe (5) 
Dilute acid pipe (6) (this line has essentially the same prooess conditions as 
(5)) 

Temp13tes are developed for the sulfuric acid storage tank (101), the acid 
traosfer line (1), the SlrOllg acid pump (PI) and the acid dilution pipe (5) and the 
dilute acid pipe (6). Templates will not be nec:essary for lhe feed water pump (P2) 
and the feed water lines (2), (3) aod (4), since such feed water is assumed to be 
modetately corrosive. Catbon steel piping with 12 Cr valve trim and a corrosion 
allowance of 1/8'' is the normal selection fOO' such water services. The P2 pump is 
typically selected to be (I) cast iron with cast iron or catbon steel internals, (2) 
catbon steel with either cast iron or carbon steel internals or (3) 12 Cr with 12 Cr 
internals. The latter selection is usually made only if experience indicates lhat such 
metallurgy is necessal)l. 

Concentrated sulfuric acid has a strong nlfutity for water. If the system is 
drained and exposed to moist air, very cOITosivc weak acid wilt form. 
Accordingly, the materials selection diagram should include the following note, 
since it is applicable to all parts of the acid-handling system. 

All piping and equipment must he: prolCC!Cd from di=l expOSUre to air. 
The acid bandling po<tioo of the dilution system mwz be cb2ined under 
niuogcn purge. The niuogcn purge mUll be maintained until the system 
1m beat thoroughly washed. 

EXAMPLE#16: Sulfuric Acid Storago Tank (101) 

Process Data 

The tank contains concentrated sulfuric acid (93 to 98 percent), commercial gmde. 
The tank is blanketed with nitrogen, so it will contain non-aerated acid. Since the 
acid already contains some contaminants and it will be used only to adjust the pH 
of cooling water tower, acid contamination is not a concern. No significant upset 
conditions are anticipated. Refer to Templote #16 (p. 291) for relevant data. 
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Figure S-3 Simplified process flow diagram for a sulfuric acid dilution system. 
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Materials Selection 

Carbon steel is tlte preferred material of consuuction for concentrated sulfuric acid 
storage. tanks. Ho)vever, as discussed in Chapter 3, velocities must not be allowed 
to exceed 3 ft!sec (.0.9 m/s). For tl1is reason the tank should have top entry nozzles. 
The inlet tubes should be located near the center of the tank and should be oriented 
straight down to avoid turbulence and acid splashing against the tank side walls. 
The discharge nozzles should be made of Type 316 SS to resist erosion corrosion. 
Refer to reference (2] for design details. 

EXAMPLE #17: Acid Transfer Line (1) 

Process Data 

11us line lakes feed from lhe sulfuric acid storage tank, so it has the same process 
chemistry and operating temperanlfCS and pressures. The·only additional upset con­
dition would be reverse flow from tl1e acid dilution line. A check valve has been pro­
vided to address lhis pol entia! problem. Refer to Ternplale # 17 (p. 292) for relevanl data. 

Materials Selection 

As discussed in Chapter 3, carbon steel is sometimes used for piping concentrated 
sulfuric acid. However, Type 316 SS is becoming the standard metallic material of 
construction for this service (Type 316L SS for welded construction). Type 316L 
SS would be preferred if the upset conditions included occasional transient 
exposure to dilute sulfuric acid. for small-diameter piping systems (8" diameter 
and less), plastic lined carbon steel may be usefuL Polyvinylidene Ouoride (PVDF) 
is often recommended for this service. Both Alloy c-276 (15Cr-54Ni-16Mo, UNS 
NI0276) and Alloy'20 Cb-3 (20Cr-35Ni-2.5Mo, Cb stabilized (UNS N08020)) arc 
used for valve bodies, or valve body weld overlays, and trim. No corrosion 
allowance should be necessary. 

This line should enter the acid dilution line from the bottom, since the higller­
grnvity concentrated acid will tend to prevent back-Oow from the acid-mixing line. 

EXAMPLE #18: Strong Acid Pump (P1) 

Process Data 

11te process and operating conditions for this pump are tl1e same as those of the 
acid transfer line. Refer to Template #18 (p. 293) for relevant data. 

Materials Selection 

As discussed in Chapter J, recommended materials of constntction for pumps in this 
SelVice include 14 percent silicon cast iron or the cast version of Alloy 20 Cb-3. 

-

... ... 
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(From Appendix I, the cast v=ion of Alloy 20 Cb-3 is available as GrCN-7M und<r 
ASTM A3SI, A743 or A744.) Pump seals can be a problem. Chromiwn oxide seals 
are ~ly recommended. No c:orrosioo allowance should be necessary. 

EXAMPLE #19: Acid Dilution Line (5) 

Process Data 

This line is exposed to severe operating conditions. 11te heat of dilution can cause 
high temperatures, up to the boiling point of dte acid solution. Refer to figure 
AII-I (p. 398), which indicates that 98 percent acid has a boiling point of about 
600°F (31 s•C). No reasonably affordable materials :l!e available that can 
withsland sulfuric acid at these temperatures. Accordingly, operating procedures 
must provide restraints on mixing rates in order to limit mixing temperatures. 
Refer to Template #19 (p. 294) for relevant d31JL 

Materials Selection 

Rapid mixing can cause explosive local boil ina. This condition may 00( be totally 
avoidable, indicating that aU-polymer consauction is not feasible. 

As was discussed in Chapter 3, hot dilute sulfuric acid is very corrosive to 
most of the common materials of construction. Plastic-lined carbon steel (PVDF or 
PTFE) or Alloy 20 Cl>-3 is usually chosen for such services. 

Materials Selection Diagram for Examples #16-#19 

Figure S-4 is the materials selection diagram for the acid dilution system just 
described. The diagT:l!D contains no apparent materials selection discrepancies. 
Note that the diagram clearly indicates the noed for alloy check valves in some 
lines that, upstream, are made of materials thot will not withstand the corrosiveness 
of the downS~rtam process. 

Example#20 

Process Data 

This is a batch process for drying pentane which is to be sold as solvent 
Approximately lSOO gal. (5.7 m) is charged into a 2000 gal. (7.6 m) stirred 
reactor. Next, 200 gal. (0.8 m') of 93 to 98 wt. percent sulfuric acid is added and 
the two phases are thoroughly mLxed together. The agitator is then rumed off and 
the organic phases are allowed to sep3r3te. The acid phase is drained from the 
reactor and the dehydrated solvent is pumped to the next processing step. A "heel" 
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Figure S-4 Materials selection diagram for a sulfuric acid dilution system. 

of acid and sol,ent is lefi in the reac1or to avoid carrying drops of acid out with the 
solvent. The proc= is then repeated with the next batch. The acid is reused until 
ils concentration reaches 93 percent. All of the procezsing is done at ambient 
temperature. The process specification permits no contamination ofdle solvent by 
corrosion products. Refer to Template# 20 (p. 29S) for relevant data. 
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Materials Seleclion 

Since contamination of eilber the acid or the solvent is not pennitted, the reactor 
must be conslructed of materials that are resistant to 93 to 98 wt percent H,SO .. 
Candidate materials include austenitic stlinless steels, nickel· based high alloys and 
glass-lined carbon steel. The fonal choice will be based on the instilled cost In 
general, gloss-lined carbon steel, ofT-the-shelf, will be least costly for the reactor 
size needed. For larger reactors, alloy construction would probably be less 
expensive, since glass-lined equipment is not readily nvnilnble in larger sizes. 

Pumps, valves ond piping for 01e batch system would be similar to those 
indicated in Examples #17-18. Carbon steel should not be allowed for 01e acid 
storage tank, since it would generate unacceptable iron con~amination. Carbon 
steel lined with a resistant polymer such as PVDF should probably be selected for 
acid storage. 

l 

MATERIA!SSE!.ECIION TEMPLATE· EXAMPLE Ill 

Strenrn or E<1uipment Number: Sour Wn.1h Wntcr Line 

Ocsl~n Tcrnpcrnturc (Minimum/Maximum}: 3212IO•r 

Design l'rcssurc (Minimum/Maximum): -/45 psig 

Commodity: Sour Water Phases: Liquid Uquld Wnt<r (YIN): Yes 

£11Ch·Tcmperature Total Sulfur: NA 

Hich·Ttm))t'ralure Hydrogen Sulfide: NA 

CorrodtniS: H1S (2.3 wt. %} 

Crnck·lnducin~ AgeniS: H2S (2.3 \\1. %} 

Upset Condilions: None 
Liquid Walcr (YIN}: 
Cor·rodcnls: 
Crack·lnducing AgcniS: 
Aulorcfriger .. tion (Y/N}: 
Other: 

Wei Sour Service (YIN): No (Low-Risk Service) 

Me~allurcr: CS 

265 

PWJIT: PtrCode Valve Trim: 12 Cr Corrosion Allo"llnce: '1,-
Noles: None 

• 
~ 

I 
) 
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MATERIAlS SE!.EO'ION TEMPLATE: EXAMPLE lil a 

Sino• or Equipment Numbtr: Sour Wash Water Line 

!)cs;p Temperature (Minlmumlll1uimum): 3212!0"F 

Design Pres.ure (Minimumii\Jorimum): -175 psig 

Commodity: Sour Wller Phases: Liquid Liquid Water (YIN): Yes 

Higb-Tempcrature Toto! Sulfur: NA 

High-Temper:uure l!ydrogon Sulr.de: NA 

Corrodenu: H2S (2.3 WI. %) 

Crack-Inducing Agents: H2S (2.3 wt. %) 

Upset Conditions: None 
Liquid Water (YIN): 
CorrodeniS: 
Crack-Inducing Agents: 
Autorerri~emtlon (YIN): 
Other: 

Wet Sour Service (YIN): Yes 
lr Yes, indicate severity: Simple Wet Sour Service 

1\Jetallur&Y: CS 

PWHT: Per Code VatveTrim: 12 Cr Corrooion Alk>w:tnc:e: 111" 

Noles: NACE MR0!7SIRP0472 

Examples 267 

MATERIAl S SELECTION TEMPLATE: EXAMPLE /12 

Stream or Equipment Number: Gas/Oil Separator 

Design Temperature (Minimum/Maximum): -20050"F 

Design Pressure (MinimumiMoximum): 01125 psi& 

Commodity: Sour Crude Phases: Liq. +Yap. Liquid Water (YIN): No 

Hi~tb-Tcmperature Total Sulrur: NA 

High-Temperature Hydrogen Sulr.de: NA 

Corrodents: ~ (3 mole%)+ H,S (3 mole%) 

Crack-Inducing Agents: H,S (3 mole %) 

Upset Coudilions: Shutdown 
Liquid Water (YIN): Yes 
Corrodcnts: C02 (4.2 psia) + H2S (4.2 psia) 
Crack-Inducing Agents: H2S (4.2 psia) 
Autorerrigeratlon (YIN): No 
IrYcs, indicate minimum temperature: 
Other: 

Wet Sour Service (YIN): Yes 
U Yes,indicate severity: Simple Wet Sour Service 

Metallurgy: KCS 

PWUT (YIN): per Code Valve Trim: NA Corrosion Allowance: 11{ 

Notes: NACE MROI751RP0472 
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MATERIALS SELECf!ON TEMfLATE: EXAMrLE #3 

Stream or Equipment Number: Rich DEA Line 

Design Temperature (Minimum/Maximum): 32/210°F 

Design Pressure (Minimum/Maximum): -/1600 psig 

Commodity: DEA + H1S Phases: Liquid Liquid Water (YIN): Yes 

High-Tcmpcrnture Total Sulfur: NA 

lligh-Ternpernture Hydrogen Sulfide: NA 

Corrodents: H,S (3 wt. %) + DEA (23 wt. %) 

Crnck-Jnducing Agents: H1S (3 WI.%)+ DEA (23 wt. %) 

Upset Conditions: None 
Liquid Water (YIN): 
Corrodents: 
Crack-Inducing Agents: 
Autorefrigeration (Y/N): 
Other: 

Wet Sour Service (YIN): Yes 
If Yes, indicate severity: Severe Wet Sour Service 

Metallurgy: CS 

PWHT:Yes Valve Trim: Tp 316 SS Corrosion Allowance: v." 

Notes: NACE MR017SIRP0472. If welded pipe, require HIC-resistant plate and 
normalize tl1e weld. CA may be '1," if inhibitors are used. Limit tl1e velocity to 6 
lllsec (3 mls). 

Examples 

MATERIALS SELECTION TEMPLA IE: EXAMPLE #3a 

Stream or Equipment Number: Rich DEA Line 

Design Temperature (Minimum/Maximunl): 32/210°f 

Design Pressure (Minimum/Maximum): -/IS psig 

Commodity: DEA + H,S Phases: Liquid Liquid Water (YIN): Yes 

High-Temperature Total Sulfur: NA 

High-Temperature Hydrogen Sulfide: NA 

Corrodenls: H,S (3 wt %) + DEA (23 wt %) 

Crack-Inducing Agents: H2S (3 wt %) + DEA (23 wr. %) 

Upset Conditions: None 
Liquid Water (YIN): 
Corrodenls: 
Crack-Inducing Agents: 
Autorefrlgeration (YIN): 
Other: 

Wet Sour Service (YIN): No (Low-Risk Service) 

Metallurgy: CS 

PWHT! per Code Valve Trim: Tp 316 SS Corrosion Allowance: '!." 
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Notes: CA may be 1
/1" if inhibitors are used. API945 recommends PWHT. Limit 

the velocity to 6 lllsec. 
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MATERIAJ}l SELECTION TEMPLATE· EXAMPLE 114 

Stonm or Equipment Number: LPG Line 

Design Ttmperature (Minimum/Maximum): 32/155°F 

Design Prwure (Minimum/Muimum): 1001230 psig 

Commodity: LPG Phases: Liquid Liquid Water (YIN): No 

lligh-Ttmperature Total Su!rur: NA 

High-Temperature Hydrogen Sulnde: NA 

Corrodents: None 

Crnck-lnducing Agenl.l: None 

Upset Conditions: Autorefriger-Jtion 
Liquid Water (YIN): None 
Corrodcnts: None 
Cnock-lnduelng Agents: None 
Autorerrlgcrntlon (Y/N): Yes 
!rYes, indicnte minimum temperature: -65°F 
Other: 

Wet Sour Service (YIN): No 
lr Yes, indicate severity: 

Metallurgy: lmp:ICI tested catbon steel (may be a risky choice). 3l'i Ni or 18·8 SS 
are acceptnble alternatives . 

PWHT (YIN): per Code Valve Trim: Tp 316 SS Corrosion Allowance:()" 

Notes: Normally c>penltes at I OS•f; no insulation requined. 

Examples 

MATERIAI.'l SELECTION TEMPLATE· EXAMPLE 114a 

Stream or Equipment Number. LPG Vessel 

Design Ttmperature (Mioimum/111ulmum): 32/ISS•F 

Design Pressure (l\1inlmum/Muimum): 1001230 psig 

Commodity: LPG Phasa: Liquid Liquid Water (YIN): No 

Rlgb-Ttmpenture Total Sulrur. NA 

High-Temperature Hydrogen Sullide: NA 

Corrodenls: None 

Crntk·lnducing Agtnl.l: None 

Upset CondltlonJ: Autorcfrigcration 
LI<Jnid Water (Y /N): None 
Corrotlents: None 

• Croek-lnduclnc Agents: None 
Autordr!~;croUon (Y/N): Yes 
IrYes, indicate minimum Cemperatur<>: - 65°1' 
OCher: 

Wei Sour Servke (Y/N): No 
!rYes, indlcateuverily: 

271 

Mdollurgy: Carl>on steel will probably be a good choice; see the Code toughness 
rules. Alternatives; 3~ Ni or 18-8 SS. 

PWHT (YIN): per Code Valve Trim: NA Corrosion Allowance: None 

Noles: None 
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MATERIAI1i SELECT! ON TEMfLAIE: EXAMfLE 115 

Strtom or Equipment Number: Furnace Inlet Line 

Ocsign Temperature (Minimum/Maximum): -20/1000°1' 

Design Prmure (Minimum/Maximum): -185 psig 

Commodity: HC + H2 Phases: Vapor Liquid Water (YIN}: No 

High-Temperature Total Sulfur: None 

High-Temperature Hydrogc~ Sulfide: None 

Corrodcnts: None 

Crack-Inducing Agents: H2 {95 mole%) 

Upset Conditions: None 
Uquid Water (YIN}: 
Corrodents: 
Crnck-Inducing Agents: H2 {95 psin) 
Autor<frigeratlon (YIN): 
trYcs, indicate minimum temperature: 
Other: 

W<t Sour Sen-ice (YIN): No 
If Yes, indicate severity: 

Metallurgy: I ~Cr-Y,Mo 

p\VHT(YIN):perCode Vah·cTrim: 12Cr Corrosion Allowance: None 

Notes: CS is penmissible if "early rcplaccmem" is acceptable. Note that 1 V.Cr-
5-~Mo may be susceptible to creep embrinlement in this service. 

Examples 

l\1ATERIAI1i SELECTION TEMPLATE: EXAMPLE "'" 

Strtam or Equipment Number: Furnace Inlet Line 

DesiJ:n Ternpcrature{Minlmum/Maxirnum): - 20/1050°F 

Design Pressure (llfinimum/Maximum): -185 psig 

Commodity: HC + H2 Phases: Vapor Liquid Warer(YIN): No 

High-Temperature Total Sulfur: None 

High-Temperature Hydrogen Sulfide: None 

Corrodcnts: None 

Crack-Inducing Agents: 112 {95 mole%) 

Upset Conditions: None 
Uquid Water (YIN): 
Corrodents: 
Crnck-lndueing Agents: ~12 (95 psi a) 
Autorcfrigeration (YIN): 
lf Yes, indicate minirnum temperature: 
Other: ' 

Wet Sour Service (YIN): No 
IrYcs, indicate severity: 

Metallurgy: I ~Cr-~o 

PWHT (YIN): per Code Valve Trim: 12 Cr Corrosion Allowance: None 

273 

Notes: Note that IY.Cr-Y,Mo may be s~UCeptible to creep embrinlement in this 
service. 
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MATERIALS SELECTION TEMPLATE· EXAMPLE #Sb 

Slream or Equipmenl Number: Furnace Inlet Line 

Design Temptralure (Minimum/Muimum): -20/!000"F 

Design Prrssure (Minimum/Muimum): -ISOO psig 

Commodiry: HC + H2 Phases: Vapor Liquid Water (YIN): No 

fr~&h-Temptralure Tolal Sulfur: None 

Higb-Teraperalure Hydrogca Su!Ode: None 

Corrodeors: None 

Crack-Inducing Agenrs: H1 (95 mole%) 

Upsel Condition$: None 
Uquid Waler (YIN): 
Corrodents: 
Crack-Inducing Agenls: H1 (490 psia) 
Aulorefrigeration (YIN): 
IrVes, indical.e minimum lempernturc: 
Olher: 

Wei Sour Service (YIN): No 
If Yes, indicate s.:ve.riry: 

MeiJIIIurgy: I Y.Cr-'1\Mo 

PWirT (YIN): per Code Valve Trim: 12 Cr Corrosion Allowance: None 

Noles: NACE MR0175; weld metal: 225 BHN, maximum. Nore lhal JY.C.-~o 
may be suscepuble 10 creep embrittlcmenl in lhis S<:Nice. 

Examples 

MAIEBIAL'i SELECTION JEMPI.ATE: EXAMPLE 1!6 

Stream or Equipment Number: Pump Suction Line 

Design Temperalure (Minimum/Maximum): 32/620"F 

Design Pressure(Mioimum/Muimum): -175 psig 

Commodiry: HC PhaS<:S: Liquid Liquid Water (YIN): No 

High-Temperature Total Sulfur: 1.5 WI.% 

High-Temperalure Hydrogen Sulfide: NA 

CorrodeniS: High-temperniU!e sulfur ( 1.5 wt. %) 

Crack-lnducinc AgeniS: None 

Upset Condilions: None 
Liquid Water (YIN): 
Corrodents: 
Crack-Inducing Agenls: 
Autorefrigeration (YIN): 
If Yes, indicate minimum temperature: 
Other: 

Wet Sour Service (YIN): No 
lfY .. ,Indlcatescverity: 

Metallurgy: SCr-'1\Mo 

PW}IT (YIN): per Code Valve Trim: 12 Cr Corrosion Allowance: 
1/i' 

275 

Notes: carbon steel is acceptable on an ~early replacement" basis; note lhc low 
design prtS$UI"C (and probably much lower operating pressure). 
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MATER!AJS SE!.EOJON TEMP!.AIE• EXAMP!,E!fZ 

Strtam or Equipment Number: Re:lctor Feed Line 

O.Sien Temperature (Minimum/M'aximum): 321800°F 

Design Pr<ssure (Minimum/Maximum}: -/i870 psig 

Com modity: Sour HC + H
2 Phases: Vapor Liquid Water(YIN):No 

lligh-Tcmperature Total Sulfur: NA 

High-Temperature Hydrogen Sufrlde: 0.82 mole % 

Corrodents: High-temperarure ~I,S (0.82 mole %) 

Crack-Inducing Agents: H,S (0.82 mole %) + H
2 

(82 mole%) 

Upset Conditions: Shutdown 
Liquid Water (YIN): Yes 
Corrodents: H2S (IS psia) 
Crack-Inducing Agents: H,S (IS psia) + 11

2 
(I S45 psia) 

Autorefrigeration (YIN): No 
If Yes, indkate minimum temperature: 
Other: None 

Wet Sour Service (YIN): Yes 
If Yes, indicate severity: Simple Wet Sour Service 

Metallurgy: Tp 321 or 347 SS 

PWUT (YIN): per Code VawcTrim: Tp321 or347 SS 
Corrosion Allowance: None 

Notes: NACil MRO i75 

Examples zn 

MATERIAlS SELECTION TEM)>L.AT&; EXAMJ>!.& 117• 

Stream or Equipment Number: Re~or Feed Line 

Design Temperatun(Minimum/Maximuno): 321800°F 

Design Pressure (Minimum/M'aximum): - 11870 psig 

Com modlty: Sour HC + H2 Phases: Vapor Liquid Water (Y/N): No 

BIJ:h·Tcmperature Total Sulfur: NA 

High-Temperature Hydrogen Sullide: 0.82 mole % 

Corrodcnts: I ligh-temperarure H,S (0.82 mole %) + naplltl>cnic acid 

Crack-Inducing Agents: H,S (0.82 mole %)+ 111 (82 mole %) 

Upset Couditions: Shutdown 
Liquid Water (YIN): Yes 
Corrodents: H:rS (IS psia) 
Cnock-lnducing Agents: H2S (15 psia) + H2 (IS4S psio) 
Autorefrigeratlon (YIN): No 
JrYes, indicate minimum tcrnprraturc: 
Other: None 

Wtl Sour Service (YIN): Yes 
If Yes, indicate severity: Simple Wet Sour Service 

Metallurgy:Tp316T~ Tp 316or317SS 

PWHT (YIN): per Code Valve Trim: Tp316 or317 SS 
Corrosion Allowance: None 

Notes: NACE MROI75. Tp 316Ti is available in pllltc only. Tp 316 SS must have 
nt least 2.5 WI. percent Mo; check the mill certificntc(s). Operating instructions 
must cover prevention of polythionic acid attack by neutralizing washes per NACE 
RP0170. 

• 

• 
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MATERIALS SELECf!ON TEMPLATE; EXAMPJ.E H8 

Stream or Equipment Number; Hydrorrearer Reactor 

Design Temperature (Minimum/Maximum); 32/800°F 

Design Pressure (Minimum/Maximum); -II 560 psig 

Commodity; Sour HC + H, Phases; Liq. + Vap. Liquid Water (YIN); No 

High-Temperature Total Sulrur. NA 

High-Temperature Hydrogen Sulfide; 2.85 mole% 

Corrodents; High-temperature H2S (2.85 mole% H2S) 

Crack-Inducing Agents; H,S (2.85 mole%) + H, (76 mole%) 

Upset Conditions; Shutdown 
Liquid Water (YIN); Yes 
Corrodenls; H,S (45 psia) 
Crack-Inducing Agents; H2S (45 psia) + H2 (1200 psia) 
Autorerrigeratioa (YIN); No 
If Yes, indicate minJmum temperature: 
Other; None 

Wet Sour Service (YIN); Yes 
If Yes, indicate severity; Simple Wet Sour Service 

Metallurgy; I V.Cr-Y.Mo with 18-8 SS overlay 

PWHT (YIN); Yes Valve Trim; NA Corrosion Allowance: None 

Notes; NACE MR0175. Speeify the overlay to be Tp 347 weld overlay orTp 321 
cladding. The base metal should not be susceptible to creep embrittlemen~ since 
the maximum design temperature is colder than 850°F. l11e vessel should not be 
pressurized at temperatures colder Ul311 250°F. 
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MATERIAl.<; SEJ.ECf!ON TEMfLATE; EXAMf!.E #8a 

Stream or Equipment Number; Hydrotreater Reactor 

Deslgu Temperature (Minimum/Maximum); 32/900°F 

Design Pressure (Minimum/Maximum); -/1560 psig 

Commodity; SourHC + H2 Phases; Liq. + Vap. Liquid Water (YIN); No 

High-Temperature Total Sulfur; NA 

High-Temperature Hydrogen Sulfide; 2.85 mole% 

Corrodents; High-temperature H2S (2.85 mole% H2S) 

Crack-Inducing Agents; H,S (2.85 mole%)+ H2 (76 mole%) 

Upset Cooditions; Shutdown 
Liquid Water (YIN): Yes 
Corrodents; H2S (45 psia) 
Crack-Inducing Agents; H1S (45 psia) + H2 (1200 psia) 
Autore£rigeration (YIN); No 
IrYes, iodicate minimum temperature; 

• Other: None 

Wet Sour Service (YIN): Yes 
UYes, indicate severity; Simple Wet Sour Service 

Metallurgy; 2V.Cr-1 Mo with 18-8 SS overlay 

PWIIT (YIN); Yes Valve Trim; NA Corrosion Allowance; None 

Notes; NACE MRO 175. Overlay to be Tp 347 weld overlay or Tp 321 cladding. 
The vessel should not be pressurized at temperatures colder than 250°F. 
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MATERIAlS SEI.ECUON TEMPLATE: EXAMPI,E ll9a ISbell sjde) 

Stream or Equipment Number: Reactor Feed Exchanger 

Design Temperature (Minimum!Madmum): 32/650°F 

Design Pressure (Minimum/Maximum): - / 1870 p5ig 

Commodity: Sour HOO + H1 Phases: Liq, + Yap. Liquid Water (YIN): No 

High-Temperature Total Sulfur: NA 

High-Temperature Rydrogeu Sulfide: 0.82 mole % 

Corrodents: High-temperature H2S (0.82 mole%) 

Crack-Inducing Agents: H2S (0.82 mole%)+ H2 (82 mole%) 

Upset Conditions: Shutdown 
Liquid Water (YIN): Yes 
Corrodents: H2S (15 psia) 
Crack-Inducing Agents: H1S (15 psia) + H2 ( 1545 psia) 
Autorefrigeration (YIN): No 
If Yes, indicate minimum temperature: 
Other: None 

Wet Sour Service (YIN): Yes 
If Yes, indicate severity: Simple Wet Sour Service 

Metallurgy: I V.Cr-V.Mo with 18-8 SS overlay 

PWHT (YIN): Yes Valve Trim: NA Corrosion Allowance: None 

Notes: NACE MR0175; weld metal: 225 BHN, maximum. Specify the ov~rlay to 
be Tp 347 weld overlay or Tp 321 cladding. 

l 
I· 
•·· 

Examples 281 

MATERIALS SELECTION TEMPLATE: EXAMPLE# 9b ffi1be <ide) 

Stream or Equipment Number. Reactor Feed Exchanger 

.Design Temperature (Minimum/Maximum): 321675°1' 

Design Pressure (Minimum/Maximum): --11560 psig 

Commodity: Sour HGO + H2 Phases: Liq. +Yap. Liquid Water (YIN): No 

High-Temperature Total Sulfur: NA 

High-Temperature Hydrogen Sulfide: 2.85 mole% 

Corrodents: High-temperature H2S (2.85 mole%) 

Crack-Inducing Agents: H2S (2.85 mole%)+ H1 (76 mole%) 

Upset Conditions: Shutdown 
Liquid Water (YIN): Yes 
Corrodents: H2S (45 psia) 
Crack-Inducing Agents: H2S (45 psia) + H2 (1200 psia) 
Auto refrigeration (YIN): No 
If Yes, indicate minimum temperature: 
Other. None 

Wet Sour Serviw(YIN): Yes 
If Yes, indicate severity: Simple Wet Sour Service 

Metallurgy 
Tubes: Tp 321 SS. 
Tubesheet: I V.Cr-V.Mo, with Tp 321 cladding or Tp 347 overlay on both 
sides. 
Cbanncl: "I V.Cr·V.Mo, with Tp 321 cladding or Tp 347 overlay. 

PWIIT(YIN): Yes Valve Trim: NA Corrosion Allowance: None 

Notes: NACE MROJ75; weld metal: 225 BHN, maximum. 

I 

ll 
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MATERIALS SELECJlON TEMPLATE· t:XAMfl.E #10 

Stram or Equipment Number. Syngas Transfer Line 

Design Temperature (Minimum/Mulmum): 32/150°F 

Design Pressure (Mlnlmum/Maxlmum): -f/S psig 

Commodity: HC +acid gases Phases: Vapor Liquid Water (YIN): No 

lligb-Tem.peralure Total Sulfur. NA 

Hlgb-TemperatureHydrogen SuirKie: NA 

CorrodeniS: H,S(25mole%) + C0,(15 mole%) 

Craek-loducing Agents: H,s (2.5 mole %) + chlorides 

Upset Conditions: Shutdown 
Liquid W•ter(YIN): Yes 
Corrodeats: H2S (225 psia) + C02 ( 13.5 psia) 
Crack-Inducing Agents: H2S (2.25 psia) + chlorides 
Autordrigeration (YIN): No 
I£ Yes, indicate minimum temperature: 
Otbe.r. None 

Wet Sour Service (YIN): Yes 
If Yes, iudicateseveritr- Simple Wei Sour Service 

Meullurgy: cs 

PWHT (YIN): per Code Valve Trim: 12 Cr Corrosion Allowance: 1/1" 

Notes: NACE MROI75/RP0472 
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MATERIALS SE!tfCDON TEMPI .ATE; EXAMfi .E #lOa 

Stream or Equipment Null!~•r. Syngas Transfer Line 

Design Temperature (Mlolmum/Maxlmum): J2/IS0°F 

Design Pressure (MinimumJMaximum): -f/5 psig 

Commodity: HC +acid gases Phases: Vapor Liquid Water (YIN): No 

High-Temperature Total Sclfar. NA 

Hlgb-Temperatllrt Uy~n Sulfide: NA 

Corrodents: U,S (!race only) + CO. (IS mole%) 

Crack-Inducing Agents: chlorides 

Upset Conditions: Shutdown 
• Liquid Water (YIN): Yes 

Corrodcnts: H2S (trace only)+ CO. (13.5 psia) 
Crack-Inducing Agents: chlorides 
Autorefriger.ltion (YIN): No 
If Yes, indicate minimum temperature: 
Other. None 

Wet Sour Service (YIN): No 
rr Yes, indicate severity: 

MetaUurgy: CS 

PWHT (YIN): per Code Valve Trim: 12 Cr Corrosion Allowance: W 

Notes: Keep velocities to less than 60ft/see (20 m/s); use long-radius elbows. 
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MATERIALS SELECDON TEMrl.ATE: EXAMPLE IIIOb 

Streom or E<Juipment Number: Syngas Transfer Line 

Design Temperature (Minimum/Maximum): 32/150°F 

Design Pressure (Minimum/Maximum): -n5 psig 

Commodity: HC +acid gases Phases: Vapor Liquid Water (YIN): No 

High-Temperature Total Sulfur: NA 

High-Temperature Hydrogon SulfKie: NA 

Corrodonts: H1S (2.5 mole%)+ C01 (15 mole%) 

Crack-Inducing Agonts: H,S (2.5 mole%)+ chlorides 

Upset Conditions: Shutdown 
Liquid Water (YIN): Yes 
Corrodents: H1S (2.25 psia) +CO, (13.5 psia) 
Crack-Inducing Agonts: H,S (2.25 psia) +chlorides 
Autorefrigeration (YIN): No 
Other: Cyanides present at greater than 20 ppmw. 

Wet Sour Service (YIN): Yes 
If Yes, indicate severity: Severe Wet Sour Service 

Motallurgy: CS 

PWHT(YIN):Yes Valve Trim: 12 Cr Corrosion Allowance.: %'-' 

Notes: NACE MRO 1751RP0472. If welded pipe, require ll!C-resistant plate and 
normalize the weld. Keep velocities to less than 60 ftlsec (20 m/s); usc long-radius 
elbows. 

l 

!'' 
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MATERIALS SE!.ECT!ON TEMPLATE· EXAMPLE #II 

Stream or Equipment Number: MEA Absorber Tower 

Design Temperature (Minimum/Maximum): -50fi60°F 

Operating Temperature (Minimum/Maximum): -40/I25°F 

Design Pressnre(Minimum!Maximum): -/20 psig 

Operating Pressure (Minimum/Maximum): -15 psig 

Commodity: MEA + CO,+ Inlub. Pbases: L + V Liquid W~ter (YIN): Yes 

Corrodonts: C01 (3 mole% in vapor)+ MEA (30 wt. %) + 8 mole% 0 1 

Crack-Inducing Agents: MEA (30 wt. %) 

Upset Conditions: Loss of inhibitor 

Metallurgy: KCS; usc normalized plate. 

PWHT (YIN): Yes Valve Trim: NA Corrosion Allowanoo: 1/s" 

Notes: Use a spargcr to keep the vapor space metal surfaces wet with inhibitor; 
alternatively, use Tp 405 or 410 (410S if welded) SS as cladding or weld overlay 
for vapor space components. Solid stainless steel may be an economical alternative 
for internals. Use Tp 410 SS or a nonmetallic material (e.g., polypropylene) for 
packing rings. Limit the velocity to 6 ftlsec (2 mls). 

Consider construction of solid Type 304L SS, with deletion of inhibitors and 
the sparger. 

Note that the operating pressure is probably too low for aack propagation; 
leak-before-break will occur. If the combined stress in tension is less than ten 
percent of the specified minimum tensile strength, normalizing aod PWHT should 
not be necessary. These recommendations should be discussed if capital eost is a 
major criterion . 

4 
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MAJERIA[,S SELECTION TEMP!.ATE· EXAMJ>!.E 1112 

Strum or Equipment Number: Neutrnlizing Sump 

Design Temperature (Minimum/Maximum): 32/22S°F 

Operating Temperature (Minimum/Maximum): 50/212°F 

DesigJl Pressure (Minimum/Maximum):- /10 psig 

Operating Pressure (Minimum/Maximum):- 15 psig 

Commodity: Waste water. Pbasu: Liquid Liquid Water (YIN): Yes 

Corrodot~ts: NaOH and H,SO,; I <pH <12 

Craek-ladueing Agents: N:>OH, carbonates, bieartlonatcs, chlorides. etc. 

Upset Conditions: None 

Metallu'1:)': CS, internally lined (wilh external coating and cathodic protection) 

PWHT (YIN): per Code Valve Trim: NA Corrosion Allc-wance: None 

Notes: lntemally lined concrete is an acceptable altemative. Neoprene may be 
suitable as an internal lining. Acid and/or caustic concentrntions in the sump may 
have to be limited during operation. Consult with lining suppliers for specific 
limits. 
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MATERIA(.<; SELECTION TEMf!.ATE: &l(AIIf'PLE 1113 

Strum or Equipment Namber: High-temperature Shift Convener 

Design Temperature (M"mimum/Maximum): - 35/840°F 

Operating Temperatn.re (Minimum/Maximum): - 25/81 5°F 

Desig» Pressure (Minimum/Maximum): -/525 psig 

Operating Pressure (Minio111c::IMaximu m): -/475 psig 

Commodity: Reformer gas Pbases: Vapor Liquid Water (YIN): No 

Corrocleots: NA (no liquid water). CO, (8 mole,., 43 psia) corrosion is likely if 
liquid water forms. 

Craek-lodueing Agents: H2 (23 mole%); partial pressure is 124 psia 

Upset Conditions: Shutdown (liquid watct condenses) 

Metallu'1:)': I Y.Cr-Y.Mo (impact tested?) 

PWIIT (YiN): Yes Valve Trim: NA Corrosion Allowance: '1,6' 

Notes: NACE MR0175; weld metal: 225 BHN, maximum, due to hydrogen 

service. 
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MATERIALS SELECTION TEMPI.i\TE: EXAMPLE #14 

Stream or Equipment Number: Superheated Ammonia Line 

Design Temperature (Minimum/Maximum): 01950°F 

Operating Temperature (Minimum/Maximum): 10/900"F 

Design Pressure (Minimum/Maximum): -/3575 psig 

Operating Pressure (Minimum/Maximum): -13500 psjg 

Commodity: Ammonia Phases: Gas Liquid Water (YIN): No 

Corrodents: None 

Crack-Inducing Agents: None 

Upset Conditions: None 

Metallurgy: 2Y.Cr-1Mo, internally coated with vapor-deposited aluminum 

PWHT (YIN): per Code Valve Trim: Ni alloy Corrosion Allowance: None 

Notes: There are a number of nickel-based alloys much more resistant to nitriding 
than Alloy 800. Manufacturers of nickel alloys should be consulted for alternative 
materials. 
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MAIER!Al.S SELECTION TEMPI .ATE: EXAMFI.E #IS ISh ell side\ 

Stream or Equipment Number: Acetic Acid Heat Exchanger 

Design Temperature (Minimum/Maximum): 32/140"F 

Operating Temperature (Minimum/Maximum): 45/120"F 

Design Pre.-sure (Minimum/Maximum): -/175 psig 

Operating Pressure (Minimum/Maximum): -/125 psig 

Commodity: Clean cooling water Phases: Liquid Liquid Wale~ (YIN): Yes 

Corrodents: None 

Crack-Inducing Agents: Chlorides (300 ppm) 

Upset Condilions: Possible loss of shell-side flow 

Metallurgy: KCS 

PWHT (YIN): per Code Valve Trim: NA Corrosion Allowance: 1
/ 1" 

Notes: None 

4 
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MATERIAl.<; SEJ.ECIJON TEMPLATE: EXAMPLE.#! 5 !Tube <id<l !lfA TERIA!.<; SEI.EC'J'!ON TEMPLATE: EXAMPLE #16 

Str .. m or Equipment Number. Acetic Acid He3t Exchanger Stre2m or Equipment Number: Sulfuric Acid Storoge Tank {101) 

Design Temperature (Minimum/Maximum): 75/ISO"F Mecbanieal Design Conditions: 

Operating Temperature (Minimum/Maximum): 60/ 160°F Operating Design 

Design Pressure (Minimum/Maximum): --1200 psig Low High Low High 

Opera ling Pressure (Minimum/Maximum): -1150 psig 
Temperature: J2•F I04°F -20•F 120°F 

Pressure: Atm. Atm. Opsig 15 psig 

Commodily: Acetic acid Pbases: Liquid Uquid Water (YIN): No 
Proct:ss Chemistry. 

Corrodenl$: None Chemicals Present 93 10 98 WL percent H,SO., commerdal grade 
Pl=es Pnsent: liquid + vapor; liquid is an electrolyte 

Crack-Inducing Agents: None Corrodents Present: 93 10 98 wt. percent H,SO, 
Crack-Inducing Agents 'Present: none for carbon steel 

Upset Conditions: None 

Metallurgy: 
Tubes: Tp 316 SS (3 16L if welded) 
Tubes beet: KCS, overlayed or clad with 1

/," Tp 316L SS on the tube side 
Channel: KCS, overlayed or clad with 1/&' Tp 316L SS 

PWHT (YIN): per Code Valve Trim: NA Corrosion Allowance: None 

Notes: In lhe event of loss of flow on lhe shell side, the cooling water becomes 
susceptible 10 heating 10 te:mperarurt;s exceeding 140"F (60"C), above which 
chloride scress corrosion cracking of lhe rubes becomes possible. If sudl loss of 
cooling water Oow is to be reg;uded as a pountial upse1 condition, either the tube­
side metallwgy must be upgJ3ded or e>penlting guidelines, 10 shut off tube-side 
Oow during the upset. must be adopted 

Upset Conditions: The most likely upset condition is introduction of water vapor 
through the ven~ causing dilution of the acid. This will not significantly change 
the operating conditions. A plugged vent could result in a vacuum during tank 
drainage. This should be prevented via proper operation and maintenance and is 
not regarded as a governing condition. Higher than indicated design temperatures 
are possible in desert and tropical locations. TI1is can be mitigated by painting the 
tank white or providing it with shade. 

Matorlal of Construction: Carl>on Steel 

PWBT: paCode Corrosion AUowanee: W' Valve Trim: NA 

Notes: None 
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I\1ATER!AIS SE!.ECJJON TEMPI.AI£: EXAMPLE 1117 

Stream or Equipment Number: Acid Transfer Line ( I) 

Mochanical Design Conditions: 

Operating Design 

Low High Low High 
Ttmper:uure: 

Pressure: 

Pro.w Chemistry: 

32•F 

Ann. 
I04•F 
A on. 

-20°F 
Opsig 

120°F 
IS psig 

Chrmicals Present: 93 to 98 WI. pen:cnt H.SO,, commercial grade 
Phases Present: liquid; liquid is an electrolyte 
Corrodents Present: 93 to 98 Wl percent II.SO, 
Crack-Inducing Agents Present: none for the materials of construction 
under consideration 

Upset Conditions: Except for vacuum exposure, possible upsets are similar to 
those of Template# 16. To address an additional risk. the check valve on upstream 
of the acid dilution line is designed to prevent n poteollially damaging reverse flow. 

Moterlal or Construction: Type 3!6L for welded construction; also consider 
carbon steel lined with PVDF. 

PWHT: per Code Corrosion Allowance: Zero 

Valve and Vah•e Trim: Alloy C-276 or Alloy 20 Cb-3 for control valves; Type 
316L SS for shutoff valves. 

Notes: Consider plastic-lined carbon steel valves. 

1 Exsmp/os 

MATERIA!.'l SELECTION JEMP!.ATE: EXA!'tlP!.E 11 18 

Strum or Equipment Number: Strong Acid Pump (P I) 

Mecllanical Design Conditions: 

Operating Design 

Low High Low High 

Temperature: 

Pressure: 

Process Chemist')': 

J2•F 
Ann. 

104°F 
A on. 

- 20°F 
0 psig 

120•F 
IS psig 

- Chemicals Present: 93 to 98 WI. percent H.SO,, commercial grade 
Phases Jlresent: liquid; liquid is an eleetrolyte 
Corrodents Present: 93 to 98 Wl percent H.SO, 

293 

Crack-Inducing Agents Present: none for the materials of construction 
under consideration 

Upset Conditions: See description for Template H 17. 

Material or Coostruction: Gr CN-7M per ASTM A3S I, 743 or 744 

PWHT: per Code Corrosion Allowantt: Zero 

Valve and Valve Trim: NA 

Notes: Alternative materials include lined carbon stee~ (glass or pol>'."'er linings 
are available) and proprielary materials such as Lewmet SS (32Cr-33Nt-6Co-4Mo-
3Cu). 

1
Rqbtcml Tnodcmaol< or Charles S. Lewis .t Company,lnc. 
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MATERIALS SELECJ'ION TEMPLATE· EXAMPLE 1119 

strC-"" or Equipment Number: Acid Dilution Line (5) 

l"f""banical Design Conditions: 

Operating Design 

Low High Low 

'f•"'perarure: 32°F I04°F -20°F 

J'l"ssure: Atm. Atm. Opsig 

High 

I20°F 

IS psig 

yrocess Chemistry: · 
• Chemicals Present: 93 to 98 wt. percent H2SO,, commercial grade; 

dilution to less than I 0 percent acid is possible 
Phases Present: liquid+ vapor; liquid is an eleclrolyte 
Corrodents Present: H1SO,, from < 10 percent up to 98 percent 
Crack-Inducing Agents Present: none for the materials of constroction 
under consideration 

(}pSct Conditions: Temperatures in excess of212°f (I 00°C) must be avoided via 
perating controls. Materials selection to include concems about high pressures 

~101 can occur because of local violent boiling. 

l"foterial of Construction: Plastic-lined carbon steel (PTFE or PVDf). 

yWflT: No (would ruin plastic lining) 

corrosion Allowance: Zero 

VoiVt and Valve Trim: Same as pipe 

r~otcs: None 

Examples 

MATERIAl$ SF.!.ECJ'ION TEMPLATE: EXAMPLE U20 

Stream or Equipment Number: Batch Reactor 

Step: Drying pentane 

Mechanical Design Conditions: 

Operating 

Temperarure: 

Pressure: 

Process Chemistry: 

Low 

Am b. 

Atm. 

High 

Am b. 

Atm. 

Design 

Low 

70°F 

Opsig 

Hig)l 

1oo•F 

ISpsig 

Chemicals Present: pentane, water and 93to 98% H,SO, 
Phases Present: liquid+ vapor; liquid is electrolytic 

• CorroMnts Present: 93 to 98% H1SO, 

295 

Crack-inducing Agents Present: none for the materials being considered 

Upset Conditions; If the pentane is very wet, the temperature in the reactor at the 
start of tl1e run may rise above the design temperature. Accordingly, operational 
contrds must be provided to avoid excessive start-vf-run temperatures. 

Material of Construction: Glass-lined carbon steel 

PWHT: per Code Corrosion Allowance: Zero Valve Trim: NA 

Notes: Consider austenitic stainless steel for large vessels. Provide operational 
controls to avoid excessive start-of-run temperatures.· 

REFERENCES 

L Philip A. Schweil1.er, Ccrroslon &sistance Tables, MIVCCI Dekker, New York, 1991. 
2. Design. Fabrication. and Inspection ofTanksfw the SJoroge a/Concentrated Sulfuric 

Acid and Oleum 01 A.mbienl Temperatures, NACE RP0294, NACE International, 
Houston (latest edition). 
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APPENDIX 1 
Materials of Construction as a 
Function of Temperature 

This appendix should be used to help select materials suitable for the temperature 
range indicated by the design conditions. Other considerations, such as suitable 
corrosion resisl<lnce. are addressed elsewhere. 

Figure A 1· 1 displa)'1 the typical temperature ranges that may be used for the 
basic mnterials of construction. Note !hat ~1c indicated temperature ranges and !he 
thresholds for high·Cempemt\lrc domase phenomena (e.g., embritllcments) can vary 
because of specific olloy chemistry, fabrication practices such as cold work, etc. 
llms, this figure should be used only as a preliminary guide. Once candidate 
materials have been chosen, their suitabilicy fot higll temperature service should be 
confirmed. llte upper temperatures indicated in Figure A 1·1 are the highest 
temperatures for which ollowuble stresses are provided by the ASME pressure 
vessel and piping codes. 

Table A 1·1 shows the useful lower lion its for common materials of 
eonSlruction intended for low temperature service. In both Figure AI·! and Table 
Al·1, the indicated lower limits should be regarded as guidelines. In some cases, 
such as carbon and low-alloy steels, the lower limits may be influenced by f.lctors 
such as section thickness and heat treatment. 

Figure A 1·1 and Table A 1· 1 should be used to ensure thai the desired material 
of construction is a candidate for the intended range of design tempenturcs. If it 
appears that the material may be a marginal choiee, the user may need to eonsuh 
with vmdors or alloy specialists to eslablish suitability. 

Table AI·2 shows typical upper temperature limits for avoiding oxidation and 
scaling of the basic materials of COOSU1ICtion. NOIC thai these limits may be 
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Temperature 'f 
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Figure A1·1 Materials selecbon as a function of temperature. (The upper 
value of the temperature range represents the limit for which code­
allowable stresses are ava•lable.) 
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298 Materials of Construction as a Function of Temperature 

Table A1 -1 Materials for low temperatures 

Minimum Dcs;p Mc<al T....,...run:, "F 

c_.. -l0 .. -21 -tlO ... sJ 

Pbte and Pipe - A516u A1!JJ Gr Da.E T mu 10 , ........... -llO'I" 

"' A1!JJ Gr A.lll2" .... 10 
-100'1" ... 

A531 .. -1$"1"-' 

'N>c < 0 091" lloitk: A I'J'J or AJ:W Gr 3 t> -150"F 
A214. "' :tO.ooe- IM:t: AD4 Gr 1 or 6 Gr710 -IOO'F 

P,po A333 Gr 1 orGr 6 AD3Cr3 

w~klq: Fimr~~s M20 Cr WPl6 or WPL6W MlO Gr WPU or WPUW 

1'<>11<1111>. lnclud"'& ANSI AJlO Or 1..1'2 A350Gr LF3 
Aarcn. P'•ui.t.,, Valves, ,. ., 
Non-,cancbrd Pressure A76l Cr U A765Crm 
Vo<1tl anclllquipmcnt 
Componet¥s' 

C"'""', lncludi"' ANSI A3S2 Cr LCIJ A35l CrLCJ' 
fittings and Valves. Non-
:>lllldllrd Prusu~ Vessel 
Componcru. Pumps anc1 
Comprtsson 

S""""nl S~e<l Sbapcs and < \\" <hick: A36. 9Ni or 18Cr-8Ni 
Membcn' ~ \\": A36- S2 

"' A633 

P1ue Clips, ....... Sldlu. 
Saddle>.Lep.cl<.' 

Same as pressure sbcll maoerial 

Bolu/NUIJ Al93 Gr 87WAI94 or.,U A320 Gr L7/AJ94 Gr 1M 
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Table A1-1 (Continued) 

MWi:Jaan Dei¢&l M:.ul Tc:mptnture, 'F 

~ -n .. -m -42S 10-321 

"*Uldl'lpoF- A21f/J. A240'" , .......... or .,. 
A3D or A3D Tp I. T 8209 Alloy lOSYSI56 

rDlL,I0 -320"1' .,. 
A553 Tp 0 or A645 10 

-l1Y'F 
or 

8209 ADo!' ~56 

'N>c A2Ah< A213. A149 or A21310 

"' or 
A334 Cr 8 to -llO'F 11234 Alloy 6061 

"' 8209 ADo!' S083/SI56 

Pipe A3J8 Of A312" A)S8 or A312
10 

or or 
AJJ3Cr8 8241 Alloy 6061 

or 
8209 Alloy 508315456 

Wclditlc Fi11inp A420 Or Wl'l.8 

A40310 

"' 1)361 Alloy 6061 

Fo<zillp. lncklditlc ANSI Al8l10 Al8210 

~. Fi..,.s,VaiYCJ, "' or 
llo..-xtanl Pn:SSIIro A522 8247 Alloy 6061 

VI$! and llquipmcN or 
c..q,oncm' 8247 Alloy 6061 

~ lnclud"'&AIISI A352GrLC'I 
Raiols and Valves, lion-
Slllld&rlll'lualreVaKI 
Coay>w:aa. P\lmpO and 
CoocwCUOI1 

AJSI 

o- .. -w_,.a-..:r/ 



, 
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Tablo A1-1 (Continued) 

~-Dcsipl MeG! T._...,..,, "F 

C4mpoo:u -320 .. -Ul -t2S 10-321 

$lniCCUnl Slc<J Sb>pes m:l 9Ni or 1Cr-8Ni A666 Tp304, 3041.., 3t6. m:l 
Members' 3161.. 

Plalc Clips. l..u!$. Sltiru, 
Snddlcs,l..cgs, cor:.' 

Same :as pressure libetl material 

OoiiJ/NuiS A320 OrB$, CI21AI!M Or S A320 Or 08, a t/A194 Gr 
SA 

13% Ni steels have an intennittent hi:story of welding problems. AuSlenitic stainle:ss $lccl$ ate a 
lxlltt dooice. 

2Unleso acmpecd by l""'l!fl'l>b U~6 of ASME Section VIII, Oiv. I, this m•leri>l must be · 
impact I<Stcd ., the minimum design mcoall<mjlcrorun: and meet the r<qUimneniS of~ 
UG-84. 

'M•cria!sdesicoated in....., Dof ASMES<Qion Vlli,lliv I. roa. \JCS.U~ruloemotives. 
~ 60S Ooop llrC included. 
"The thida>csscs indiclled an: at the "~ld cods of the f"'5inP-
'Oost IIUStcnitie Slainless stccls for ASME SeQion VIU, Division I ond 2 opplicatioos sball be 

impoa tested ptt the oppropriote code. Foe ASME 031.3 ond other IIJ'Piications, impoa tesaing 
shill comply "ith p~ 323.3 of ASME 831.3. 

71bc maximum lhidmess of a sttucrutal shape welded directly to a pressure-ccmtainin,g: · 
component sh•ll be 3/4" (19 mm). When helMer thidcncsscs ore n:quircd or if plate or pipe 
mrucrials ~ used, the material ror the part shall be sdcdc:d from the 1able. 

1AI93 Or 137 bolting, with Al94 Gr 7 nuts, may be used for tc:mperntm-cs down to -t<rF 
(-40'C). ' 

9Scc ASMU 031 .3, Appendix A Tables, note 42: 
• A 194 Gr I &. 2 nuiS: - 20 to 900'F (- 29 to 482"C). 
• Al94 Gr2H&. 2HM nuts:-SOto IIOO'F (-46to S9J•C). 

'"ryp..i<;mdcs 304, 304L, 316, 316L and )47 an oeecptoble for tcmJl""tures of -425'F 
(-2S•I' C) and ,..,..., Ocher !)'pes and gJ>dcs, includin& Type 321, ore ococptable for 
tcmper>IUI'CS of -3'20"F (-196'C) ODd wann<r (see Tobie UHA·23 of ASME Section VIII, Div. 
I~ The low-=bon ODd subilizcd uadc$ an: pn:fcm:d for ""ldcd cof13tnJCtion. 

Appendix 1 

Tablo A1-2 OxidatiOn threshold temperatures lor 
commonly used materials of consb'UCiion 

MAXIMUM PROLONG tO 
TEMPERA TUR£ lN AIR OR 

MJ\TERJAL 
STE~1 \VITHOUT 

EXCESSIVE SCALING 

Carbon Steel IOOO'F (S38'C) 

I Y.Cr-1 Y,Mo IOSO'F (S66'C) 

2Y.Cr-1Mo l 07 s•r (579'C) 

3Cr-1Mo \IOO'F (S93'C) 

5Cr-Y.Mo 1\SO'F (62\'C) 

9Cr-1Mo 1200'F (649'C} 

3Y.Ni IOOO'F (S38'C) 

9Ni IOOO'F (S3S'C) 

12Cr ISOO'F (S 16"(;) 

Stainless Steels (18Cr- 1650'F (899'C) 

8Ni types) 

Type 309 and Type 2000°F (1093'C) 

310SS1 

1Sec NO<e 7 on p. 362. 

301 

exceeded in atm~pheres that are reducing or when insulation or refractory protects 

the metal from an oxidizing environment. . . 
Table A 1-3 is useful for selecliJJg bolting m111erials as a funcnon of the d~tgn 

tempentwe range. The indicalfd limits are consistent ~i~ c:ooe recommendanons. 
However, the user should always check specific code hmttauons, as lhese may vary 

somewhat among the eodes. 
Table Al-4 contains detailed infonnation on the lower and upper temperature 

limits for the commonly used ASME Soetion Vlll and ASME B3 L3 matenals. 
n1;5 table also includes the ASTM specifications available for the v:mous product 
fonns that may be required. Since code infonnation changes penodtcally, the user 
must always refer to tlte roost current code for conformation. Spectficatoons m 
Table A 1-4 thAI are indicated in italics do not have Code maxmtum allowable 

wcsses. 
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302 Matorials of ConstlliCtion as a FunctiOf! of Temperature 

Table A1-3 Temperature ra nges for common boiling materials ' 

ro!PEMA roRE 
IW\'CE MATERIAL BOLTS NUTS 

.JI) 10 l!OO'F Ct~lo-V Al93 At94 
(-29oom"Cl Gr016 Gr7 

-10 oo IOOCI'F 4 l<tX At93 1\194 
(-10 10 !3I'C) GrB7 Gr7 

. JO ooiOOCI'F 414X 1\193 At94 
(.-16 .. !3I'C) GrB7M Gr7 

- ll000700'F 4t4X 1\320 1\194 
(-t01 .. 37t'C) GrL7 Gr7M 

.41S" llOII'F TpJC.ISS AI93GrB&. 1\194 
j-1S400it6'C) Cit GrB& 

. JlS 10 IOIIO'F Tp304SS AJ20GrB&, Al94 
<-19Stom'CJ Cl2 Gr& 

.4lS " ISOO"F Tp304 SS AJ20GrB&, Al94 
t-25•" 816'C) Cll Gr&A 

IS~ ulso A4S3 (or sc:leclin.g high-strength, high-alloy boll$ for high-temperature service and 
the foUowing ASTM spcc:iliculions ror sel-:cting <" variety of bolting materials for usc in 
gcnen'll st""ioc: 

• i\307 "Cao1>oo Steellloll$ ond Studs, 60,000 psi Tensile S1r1:ngth" 
i\325 "lligh Skength llollll for Sto1Jelural Stcclloints" 
A3S4 "Quenched 011<1 Tempered Alloy Steel Alloy Boll$, Studs IUld Odter Excemally 
Threaded fasteners'• 
A449 4'Quencltcd and Tempered Stccl lk:llts and Stud" 
AS74 "Alloy Steel Socktl· lleod Cap Scn:wt" 
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Table A1-4 ASTM specifications for common 
materials of construction 

Material Ttlble Page 

Section I: Carbon and lAw-Alloy Steels 

Cast Iron Al-4.1 305 
CazbonSteel Al-4.2 306 
w.cr-~o Al-4.3 308 
2V.C..·IMo Al-4.4 309 
3Cr-1Mo Al-4.5 310 
5Cr-~o Al-4.6 311 
9Cr-1Mo Al-4.7 312 
3~Ni Al-4.8 313 
9Ni Al-4.9 314 ' 

Section 2: Stainless Steels 

12Cr Al-4.10 315 
Type304 Al-4. 11 3 16 
Type 304L Al-4.12 317 
Type304H Al-4.13 318 
Type309 Al-4.14 319 
Type3 10 A 1·'1.1 5 320 
Type 316 A l-~. 16 321 
Type 316L Al-4.17 322 
Type316H Al-4.18 323 
Types 316Ti and 316Cb Al-4.19 324 
Type 321 Al -4.20 325 
Type 32tH Al-4.21 326 
Type347 Al-4.22 327 
Type347H A 1-4.23 328 
Type348 Al-4.24 329 
Type348H Al-4.25 330 
Duplex Stainless Steels Al-4.26 331 

Section 3: Super Austenitic Stainless Steels 

Alloy 254 SMO Al-4.27 332 
AUoy20-Mod Al-4.28 333 
AUoyAL-6XN Al-4.29 334 
Alloy904L Al-4.30 335 
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Materials of C<Jnstruction as a Function of Temperature 

TableA1-4 (Continued) 

Mlllerial Table 

Section 4: Nickel Alloys 

Alloy200 Al-4.31 
Alloy201 Al-4.32 
Alloy400 Al-4.33 
Alloy X Al-4.34 
AlloyC-22 Al-4.35 
Alloy G-30 Al-4.36 
AlloyC-4 Al-4.37 
Alloy600 Al-4.38 
Alloy625 Al-4.J9 
AlloyG-3. Al-4.40 
Alloy 20 Cb-3 Al-4.41 
Alloy 800 Al-4.42 
Alloy82S Al-4.43 
AlloyC-276 A l-4.44 
Alloy S-2 Al-4.45 

Section 5: Copper Alloys 

lnhib. Admiralty Brass A l-4.46 
Naval Brass A 1-4.47 
Aluminum Bront.e Al-4.48 
Ni-Al Bronze Al-4.49 
90110 Cu/Ni Al-4.50 
70130Cu/Ni Al-4.51 

S~tion 6: Miscellaneous Alloys 

Page 

336 
337 
338 
339 
340 
341 
342 
343 
344 
345 
346 
347 
348 
349 
350 

351 
352 
353 
354 
355 
356 
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Tablo A 1-4.1 ASTM specifications for common materials of construction 

Mattrial: Castlroo (Gtneral Note 4, p. 362) 

Oxidation Scaling Threshold: I ()()()OF 

lYJlical Code Temperature Ranges 

vm, Oiv. 1 VIII, Oiv. 2 831.3 

-450 to 65()•p' No listings. -20 to 650°F1 

Produd Coons Cor wbkh code-nDo»jlbJr strmes nrc milahlc 

Cas1lngs: Vlll, Div. 1: A47', A27s', A66t & A74t'. 
831.3: A47', A483

, Al263
, A1972

, A27s' & A395' . 
Al2cf, A5327

, A536', A86J' & A87.f. 

Compatible There 'are oo Code or ASTM listings for east iroo bolts. Sec Table 
Bolting: Al-3 (p. 302). 

Note: Specifications tl>at are indicated in italics do not have Code maximum 
allowable stresses. 
1 

Upper tempera!Ure allowable may depend on the spceificarion. 
2 Malleable cast iron. 
3 Gray cast iron. 
4 

Dua.l-lnycr gray and wltite cast iron. 
5 Ductile cast iron. 
6 ~litic malleable iron. 
7 

White cast iron. 
1 High-silicon cast iron. 
9 Fcrritic duclile iron. 
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306 Appendix 1 

Table A1-4.2 ASTM specifications for common materials of construction 

Material: Carbon S1eel (General NOleS 1-4, p. 362) 

Oxidation Scaling Threshold: IOOO'F 

VIII, Div. I VID,Div.2 831.3 

-SO 10 IOOO'F -SO 10 1()()0F -SO 10 llOO"F 

Ptpdud Coons Cgr whj(h podt:allowablc $frtSSf:S arc pyailablc 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

A36; A283; A28S; 1\m; A4SS; ASIS1
; ASI61

; AS3f; AS62; 
AS10; A612; A662; A724; A737; A738. 

AS3 Gr A & B; AI06; API SL; AJ34; Al35· Al39· • • • 
A333 Gr I & 6; A369; A381; AS24; AS81; A671; A672; A691. 

Fort < 0.098", suitable 10 -SO"F: Al78, Al79, Al92, A210, 
A214, A226, ASS6 and AS57. Fort:!: 0.098", suitable to -SOOF: 

• A334 Gr I & 6. For gcncrru use: Al78, Al79, Al92, A210, 
A214, A226, ASS6 and AS57. 

A234 Gr WPB; A420' Gr WPL6 & WPL6W. 

A lOS'; AISJ ' ; A2666; A350'" Gr LF2; A37z6; ASOft·'; A5416; 
A727; A765•·6 

Bars: A36; A675; A695 

Castings: A216 Gr WCB; A3524 Gr LCB. 

Compatible Al93 Gr 87 (wilh Al94 Gr 87 nuts): to -400F; 
llolllng: Al93 Gr B7M (with A194 Gr B7M nuts): to -SO~F. 

Set the appropriate code for lht alloK·able temperolure ronger for bolling. 

1 Preferred for SUS!ained !emperatW'CS above 800°F . 
' Prefened for Sll5aincd temperatures less than SOO"F. 
1 Preferred for low-temperalllrC serviOC3100 severe for ASI6 (see Table Al.l5 of 

ASTMA20). 
'MUI qualified to - SO"F. 
> illle:ndc:d for piping . 
• lnlended for pressure YC$Stls. 
1 MUI qualified at ?OOF, 40"F, OOF or - 200F, depending on grade. 
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Table A1-4.2 (Continued) 

While not having code-lis1ed maximum allowable streSSeS, 1he following speeifi­
catioos 11te available for d\C indicaled product forms. 

Pbte: 1\m; A414; A56z'; A812. 

Pipe: A660: A691. 

Fltlio~: A758; A8S8. 

Focglop: A7fff>; Arrf; A8361
; API 60S'. 

Castings: A481. 

Ccmpatible See 1\XfT, A32S and A675 for carbon steel bolting Jru~terials suitable 
llolling: foe gcncrol construCtion in accordance with ASME 831.3. Al93 Gr 

87 and Gr B?M are usually prefened for pressure-retaining 
applications. 

1 Intended for glass-lined piping and vessels. 
1 Jmendcd for pipelines. 
3 Mill qualified at - lOOP, -SO"F or - too•F, depending on grade. 
' Intended for piping. 



Table Af-4.3 ASTM specir1C31lons for common materials of COOstrootion 

Material: I !4Cr-!hMo Steel (General Notes 2 & 4, p. 362) 

Oxidation Scaling Titreshold: IOS0°F 

Typical Code Temperature Ranges 

VIU, Div. I vm, Div. 2 B31.3 

-SO to 12()00F - .50 to !IOO"F -20 10 12()00F 

Produd forms Cor whish mdt=pJim-vnhft strtsse:z on: ayailable 

Plate: 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

B:u-s: 

A387 Gr II; A426 Gr CPII. 

A335 Gr PI I; A369 Gr FPII; A691 Gr I !4Cr. 

AI99GrTII ; A213GrTII. A200GrTil;A250GrT/J. 

Al82 Gr Fll, Cl I & 2; A234 Gr WP!I. 

A182
1 

Gr Fll, Cll &2; A3362 Gr Fll, Cl I &2. 
A54J' Or II a 4. 

A739 Gr Bll. 

Castings: A217 Gr WC6. 

Compatible Al93 Gr 816: to -20•F; 
Dolling: AJ93 Gr 87: to -400F; 

Al93 Gr D7M: to -S0°F. 

See also A508 Gr 4n & Gr 5; A540 Gr 821 & Gr 822. 

&e tht appropriate code for tht alloK·abie temptrrrturt ro11gu for bolling. 

1 Intended for piping. 
' Intended for pressure vessels. 
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Table Af-4.4 ASTM spedficalions for common materials of construction 

Material: 214Cr-1Mo Steel (General Notes 2 & 4, p. 362) 

Oxidation Scaling Threshold: 1075°F 

Typical Code Tempenrure Ranges 

VITI, Div. I VITI, Div. 2 831.3 

-SO to 12()00F -SO to !IOO"F -20 to l2000F 

Produd topns Cot whkb code:allow;Wie $li 7 au mibblc 

Plate: 

Pipe: 

Tubblg: 

Fittings: 

Forgings: 

A387 Gr 22 & 22L. A542 Tp A & B. 

A335 Gr P22; A369 Gr FP22; A426 Gr CP22; A691 Gr 2 !4Cr. 

Al99 Gr T22; A213 Gr T22. A200 Gr T22; A250 Gr T22. 

A182 Gr F22 Cl I & 3; A234 Gr WP22 Cl I. 

Al82
1 

Gr F22 Cl I & 3; A3361 Gr F22 Cl I & 3. 
Asotr Gr 22 a J; AS4i Gr 22 Q 3. 

A739Gr 822. 

Castings: A217 Gr WC9; A487 Gr 8, Cl A. 

Compatible 
Bolting: No Code or ASTM listings. See Table Al-3 (p. 302). 

N01e: Specifications that are indicated in italics do not have Code maximum 
allowable su-=. 
1 

lnlcoded for piping. 
1 Intended for pmsure vessels. 

' ' 
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Table A1-4.5 ASTM specifications for common materials of construction 

Material: 3Cr-1Mo Steel (General Noles 2 & 4, p. 362) 

Oxidation &aling Threshold: l tOO•f 

Typical Code Temperoture Ranges 

Vlll, Div. I Vlll, Div. 2 831.3 

-50 to 1200"F -50 to sso•p -20 10 12()()•p 

Product Coon$ for whjch code:allowablc stressrs are ayailnble 

Plate: 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

Bars: 

Castings: 

Compatible 

A387 Gr21 & 21L; A542 Tp C, CI4A; A832. 

A335 Gr P21; A369 Gr FP21; A426 Gr CP21; A691 Gr 3Cr. 

Al99 Gr T21: A213 Gr T21. A200 Gr Tll. 

Al82 Gr F21 & F3V. 

Al821 Gr F21 & FJV; A3362 Gr F21 Cll & 3 lllld FJV; 
A508' Gr 3V; A5411 Gr 3V. 

No Code or ASTM listings; use a forging specification. 

No Code or ASTM listings. 

Bolting: No Code or ASTM listings. See Table Al-3 (p. 302). 

Note: SpecificatiollS that are indicated in italics do not have Code maximum 
allowable stresses. 
1 Intended for piping. 
2 Intended for pressure vessels. 

l 
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Table A1-4.G ASTM specifications forcommo)'l materials of conslruction 

Material: 5Cr·llzMo (General Notes 2 & 4, p. 362) 

Oxidation Scaling Threshold: l l50°F 

Typical Code Temperature Ranges 

Vlll, Div. 1 VIII, Div. 2 831.3 

-50 tO 12000F -50 to 8500F -20 to 12000F 

Product Coons for which code:aUowahle stress(l:; are available 

Plate: A387 Gr 5 Cl I & 2. 

Pipe: A335 Gr PS, PSb & P5e; A369 Gr FP5: A426 Gr CPS; 
A691 Gr 5Cr. 

Tubing: Al99 Gr T5; A213 Gr T5, TSb & T5c. A200 Gr T5. 

Fittings: Al82 Gr F5 & F5a; A234 Gr WP5. 

Forgings: Al821 Gr F5 & F5a; A3362 Gr F5 & FSA. A473 Tp 501. 

Bars: No Code or ASTM listings; use a forging specification. 

Castit1gs: A217 Gr C5. 

Compatible 
Bolting: Al93 Gr 85: to -200F. See Al94 Gr 3 for compatible nuts. 

Set lht appropriflle code for the alwwable temperaJure ranges for bolting. . 

Note: Specifica1ions that are indicated in italics do not have Code maximum 
allowable stresses. 
1 Intended for piping . 
2 lntcoded for pressure vessels . 
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Table A1-4.7 ASTM specifications for common· materials of construction 

Material: 9Cr-1Mo (General Notes 2 & 4, p. 362) 

Oxidation Scaling Threshold: 1200•F 

Typical Code Temperature Ranges 

vm, Oiv. 1 Ylll, Oiv. 2 831.3 

-50 to t200•F - 50 tO 700°F -20 to 1200•F 

Product fonns for which code-allowable strcssc; an ayailable 

Plate: 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

8?11;: 

Casting$: 

Compatible 

A387 Gr 9, Cll & Gr 91, Cl 2. 

A335 Gr P9 & P9l ; A369 Gr FP9 & FP91; A426 Tp CP9. 
A691 Gr9CR. 

Al99 Gr T9; A213 Gr T9 & T91. A200 GrT9 & T91. 

Al82 Gr F9 & F91; A234 Gr WP9. A234 Gr WP91. 

Al82
1 

Gr F9 & F91; A3362 Gr F9 & F91. A473 Tp 5018. 

No Code or ASTM listings; use a forging specification. 

A217 GrC12. 

Bolting: No Code or ASl}-1 listings. See Table Al-3 (p. 302). 

Note: Specifications that are indicated in italics do not have Code maximum 
allowable stresses. 
1 

Intended for piping. 
2 Intended for pressure vessels. 
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Table A1-4.8 ASTM specifications for common materials of construction 

Material: 3lh Ni Steel (General Note 2, p. 362; Note I ofTablc Al-l , p. 298) 

Oxidation Scaling Threshold: IOOOOF 

Typical Code Temperature Ranges 

Ylll, Oiv. l Ylll, Oiv. 2 831.3 

- 150 to l000°F1 - I 50 to 300°F1 -150to il00°F1 

Product fonns for which code;alfow;)blg stresses are aygilable 

Plate: 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

Bars: 

Ca.~tlngs: 

Compatible 

A203 Gr 0, E, & F. 

A333
2 

Gr 3. 

A3342 Gr3. 

A42fi Gr WPL3 & WPL3W. 

A3502'~ Gr LF3; A76s'·• GrIll. A707'·6 Gr L7. 

No Code or ASTM listings; usc a forging specific."ion. 

A352' Gr LC3. 

Botting: No Code or ASTM listings. See Table Al-3 (p. 302). 

Note: Spccificatio!]S that are indicated in italics do not have Code maximum 
allowable stresses., 
1 The upper allowable temperature may depend on the product form. 
2 Mill qualified to - 1500F 
3 Intended for piping. 
4 Intended for pressure vessels. 
' Mill qualified to -too•r. 
6 Jmended for pipelines. 
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Table A1-4.9 ASTM specifications for c;ommon materials of con5truc:tioo 

Mattri:ll: 9" Ni Steel (General Noce 2, p. 362) 

Oxidation Seiling Threshold: tOOO"F 

Typical Code Temperature Ranges 

Vlll, Div. I VIII, Div. 2 831.3 

-320 to 2SO"F -320 to 2S0°F -320 to 2000F 

Product Coons Cor whi<;b rode=allow;,hlr £1rtS5c:s arc ayailable 

Plate: AJS31
; ASS31 Tp I. 

Pipe: A3331 Gr 8. 

Tubing: A3341 Gr 8. 

fjttings: A4W1 Gr WPL8 & WPL8W. 

F~injl..: AS221 Gr I. 

llars: No Code or ASTM listings; use a forging specification. 

Castings: No Code listings. Consider AJS2 Gr LC9'. 

Compatible 
Bolling: No Code or ASTM listings. See Table Al·3 (p. 302). 

Nore: Specifications !bat are indicated in italics do not have Code maximum 
allowable stresses. 
1 Mill qualified 10 -321l'F. 
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Table A 1-4.10 ASTM specifications for common materials of construction 

Material: 12 Cr S!ainless Sloe! (Genen! Noce 2, p. 362) 
Tp 405: (UNS S40SOO) 
Tp 410: (UNS S4J000) 
Tp 410S: (UNS S41008) 
UNS 5415001 

Oxidation Scaling Threshold: I soo•F 

Typical Code Temperature Ranges 

VJTI,Div.l VIII , Div, 2 831.3 

-W to 12000F' -20 toSOOOF -20 to 12oo•F' 

Product Conus Cor wbith mde:allowablc SJrmo are ayailgblc 

Plate: A2Mf Tp 405, Tp 410 & Tp 4 lOS. 

Pipe: 

Tubing: 

FiUIJ1gs: 

For&ings: 

llars: 

Ca.;1ings: 

AI76 Tp 405, Tp 4/0 & Tp 4/0S. 

No Code listings. Omsidtr A731 UNS S415W. 

A268 Tp 405 & Tp 410. A268 UNS S415W. 

At82GrF6a. A815Gr410& UNSS415W . 

At824 Gr F6~: A3363 Gr F6. A473 Tp 405. Tp 410 & Tp 4lOS. 

A479 Tp 405 & Tp 4 tO. 

A217 Gr CA- 15; A487 Gr CA-6NM (preferred). 
AJ52 Gr CA-6NAI; A743 Gr CA-6NM. 

Compatible Al93 Gr 867
; A437 Gr 84C. 

Bolting: A437 Gr 848 & Gr 840, F593 7)J 410; F594 TP 410. 

Stt tht appmpriott codt for tlrt allowable ltmpt/'OJJu'e rar1ges for bolting. 

Nou: SpecifiCations !hat are indicated in iwies do 001 have Code maximum 
allowable suesses. 
1 PbiC ...ersion of CA-6NM . 
2 Tile upper allowable lemper.uure may depend on !he alloy composition and !he 

product form. 
' See A263 for clad plate. 
4 intended for piping. 
' !mended for pressure vessels. 
' Mill qualified at -too•F. 
7 Equivalent to Tp 410 SS. 
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Table A 14.11 ASTM specifications for common materials of construction 

Mnte.rial: Type 304 Stainless Steel (General Ncxe 2. p. 362) 
UNS S30400 (18Cr-8Ni) 

Oxidation Sealing Threshold: 16SO"F 

Typical Code Temptr.llllrO Ranges 

VIII, Div. I VIII, Div. 2 831.3 

-425 10 I SOOOF -425 to SOO'F -425 to ISOOOF 

lDxlurt Coons Cor which rodt:-allow;}hlt strmcs arc arailablt 

Plnte: 

Pipe: 

Tubing: 

Fittin&-~: 

Forging.~: 

Bars: 

A240t Tp 304. 11666 Tp 304. 

A312 Tp 304: A358 Tp 304; A376 Tp 304; A409Tp 304; 
A430 Gr FP304. A688 Tp 304: ABIJ Tp 304; A814 Tp 304: A85/ 
Tp 304. 

A213 Tp 304; A249 Tp 304; A269 Tp 304; A688 Tp 304. 
A271 Tp 304; A632 Tp 304; A851 Tp 304. 

A182 Or F304; A403 Or 304. 

A 182
1 

Or F304; A3361 Gr F304. A473 Tp 304. 

A479 Tp 304. A666 Tp 304. 

Ca.'1tin&-~: A351' Or CF-8. A743 Gr CF-8; A744 Gr CF-8. 

Compntible 
Bolting: Al93 or A320, Or 88: to -425•F. F593 Tp 304; F594 Tp 304. 

See tile opproprlatt c()([• for the allowable temperature ra11ges for bolting. 

Note: Speeif.utions that are indicated in italics do not have Code maxinium 
allowable streSSCs. 
1 See A264 for clad plate. 
1 Intended for piping. 
' Intended for pressure vessels. 
' The lower temperature limit, without impact testing, may be -20"F. 
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Tablo A14.12 ASTM specifications for common materials of construction 

Material: Type 304L Stainless Steel (General Ncxe 2. p. 362) 
UNS S30403 (18Cr-8Ni, low carbon) 

Oxidation Sealing Threshold: 16SO"F 

Typical Code Temperature Ranges 

Vln.Div. l VIII, Div. 2 831.3 

-425 to SOO'F -425 to SOO'F -425 to !SOOOF 

Product fQ(Dlt Cor which codMIIownblc S(Cfi$SS!3 arc avajt1ble 

Plato: 

Pipe: 

1\tbing: 

Filtin&-~: 

Forgin&-~: 

Bars: 

Caslin&-~: 

A240t Tp 304L. A666 Tp 3041... 

A312 TP 304L; A3S8 Tp 304L. A409 7p J04L: A688 Tp 304L; 
A778 Tp 304L; A813 Tp 304L: A814 Tp J04L; A851 Tp 304L. 

A213 Tp 304L; A249 Tp 304L; A269 Tp 304L; 
A688 Tp 304L. A632 Tp 304L; A851 Tp 304L. 

A 182 Or F304L; A403 Or 304L. A774 Tp 304L. 

Al821 Gr F304L; A3361 Gr F304L. A473 Tp 304L. 

A479 Tp 304L. A2767'p 304L: A314 Tp 304L; A666 Tp 304L. 

A3514 Gr CP-3. A743 Gr CF-3: A744 Gr CF-1. 

Compatible The~ nre no Code or ASTM listings for Tp 304L bolts. 
Bolting: Machine from bar stock if compatibility is necessacy; otherwise, use 

Al93 or A320 Gr 88 & BSC: to -425•P. 

S•• tlrt approprlatt cod• for tht allo.-able temperafllrt ranges for bolti11g. 

Note: Specifications that are indicated in italics do not have Code maximum 
allowable stresSes. 
I See A264 for clad plate. 
1 Intended for piping. 
l Intended for pressure vessels . 
• The lower temperature limit, without impact testing. may be - WOP. 
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TableA1-4.13 ASTM specifications for common materials otconstl\lction 

Material: Type 304H Stainless Sceel {General Note 2, p. 362) 
UNS S30409 {18Cr-8Ni, high catboo) 

Oxidation Scaling Threshold: 16SO'F 

Typical Code Temperature Ranges 

Vlll, Div. I Vlll, Div. 2 831.3 

-320 to t500•F -32s to soo•F -325 10 ISOO•F 

Product Coons for which code=allownbJc dm-ses are aynilpble 

Pbte: 

Pipe: 

Tubing: 

Fittings: 

Fo~: 

Bars: 

Castings: 

A240 Tp 304H.1 

A312 Tp 304H; A376 Tp 304H: A430 Gr FP304H; A452 Tp 304H. 
A358 Tp 304H; A8/ 3 Tp J(HR; AB/4 Tp 304H. 

A213 Tp 304H; A249 Tp 304H. A271 Tp 304H. 

Al82 Gr F304H; A403 Gr 304H. 

Alsz2 Gr F304H; A336' Gr F304tl. 

A479 Tp 304H. 

A3514 Gr CF-10. 

Compatible There are no Code or ASTM listings for Tp 304H bolls. 
Bolting: Machine from bar stock if compatibility is necessary; otherwise, use 

Al93 or A320 Gr 88 & B8C: 10 -425°F. 

Stt tilt appropriDte C«k for the alwwob/e ltmperoJJJre rrmgts for bo/Jing, 

Nou: Specific3Iions that are indicated in italics do 001 have Code maximum 
allowable suesses. 
1 No liSiing for ASME Section VUJ, Oiv. 2 or ASME 831.3. 
1 

lnlcnded for piping. 
' lruendcd for pressure vessels. 
'The lower temperature limit, without impact testing, may be -ZOOF. 
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Table A1-4.14 ASTM specifications for common materials of construction 

l't1alerial: Type 309 Stainless Steel (Genetal Note 2, p. 362) 
Tp 309: UNS S30900 (23Cr-12Ni) 
Tp 3095: UNS S30908 (23Cr-12Ni, low carboo) 
Tp 309H: UNS $30909 (23Cr-12Ni, high carbon) 
Tp 309Cb: UNS 530940 (23Cr-12Ni, Cb stabilized) 
Tp 309HCb: UNS 530941 (23Cr· I2Ni, high carbon, Cb stabilized) 

Oxidation Scaling Threshold: ZOOOOF 

Typical Code Tempcrawre Ranges 

Vlll, Div. I VJU, Div. 2 831.3 

-320 10 1500'F -325 to 800"F -325 10 t500•F 

Tp 309 SS conkliRing carbon in excess of 0.1 wt. perr;enl is not pennitted in 
ASMB Stemm VlH, Div. I at ttmptroJJJrts Ius than -SOOF, or in Di•. 2 at 
ltmpeJ'rllllnS Ius tJum -200 F, without impoct t~g. 

Produ<:t Coons ror which codt:!lUowahlc SITtWS DR pailahle 

Pbt<: Al67 Tp 309; A2401 Tp 3095, 309H & 309Cb. A240 Tp 309HCb. 

Pipe: A312 Tp 309, 309S, 309H & 309Cb; A358 Tp 309S; 

Tubing: 

A813 Tp 309S & 309Cb; A814 Tp 309S & 309Cb. AJ/2 Tp 
309HCb; A358 Tp 309Cb; A409 Tp •309S & 309Cb. 

A213 Tp 309S & 309Cb; A249 Tp 309S, 309H & 309Cb. 
A249 Tp 309HCb. 

FiUIIIJIS: A403 Gr 309. 

Forgings: No Code listinJIS. A473 Tp 309 & 309S. 

Bars: A479 Tp 309S, 309H & 309Cb. 

C~: A35t' Gr CH.t, Gr CH-104 & Gr CH-20'. 

Compatible There are no Code or ASTM l.istiogs for Tp 309 bollS. 
Bolting: MacbiDe from bar Slock or see Table Al-3 (p. 302). 

N()(e: Specificalioos that are indic3!ed in italics do not have Code maximum 
allowable suesses. 
1 See A264 for clad plate. 
1 

The lower limit, without impact testing, is -200P. 
3 The CH-8 material is compatible with Tp 309S. 
4 

'O!e CH-10 material is compatible witl1 Tp 309H. 
'The CH·20 material is compatible with Tp 309. 
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Table A 14.15 ASTM specificalions for common materials of oonstruclion 

Material: Type 310 Stainless Steel (General Note 2, p. 362) 
Type 310: UNS S31000 (25Cr-20Ni) 
Type 310S: UNS S3!008 (25Cr-20Ni, low carbon) 
Type 310H: UNS S3!009 (25Cr-20Ni, high carbon) 
Type 3!0Cb: UNS S3~040 (25Cr-20Ni, Cb stabilized) 
Type 310HCb: UNS S31041 (25Cr-20Ni, high carbon, Cb stabilized) 

Oxidation Scaling Threshold: 2000'F 

Typical Code Tempcra!Ure Ranges 

Vlll, Div. I VTII, Div. 2 831.3 

-320 tO 1500'F - 325 to 800'F -325 to 1500'F 

1'p 310 SS containing carbon in excess of 0.1 wL percent is not permitJed in 
ASME Section VIII, Div. I at temperotllres less than -50'F, or in Div. 2 at 
temperatures less than -20'F, withOilt impact testing. 

Product forms for wbjcb cod<te'\llowabJe strcssey are ayailable 

Plate: Al67 Tp 310; A2401 Tp 310S, 310H & 310Cb. A240Tp 3/0HCb. 

Pipe: 

l\Jbing: 

FittinJ?,~: 

Forgings: 

Bars: 

Castings: 

A312 Tp 310, 310S, 310H & 310Cb; A358 Tp 3JOS; 
A813 Tp 310S & 310Cb; A814 Tp 310S & 310Cb. 
A312 Tp 3/0HCb; A358 Tp 310Cb: A409 Tp 3JOS & 310Cb. 

A213 Tp 310S, 31()H & 310Cb; A249 Tp 310S, 310H & 310Cb. 
A2491'p 310/ICb; A632 Tp 310. 

A182 Gr F310; A403 Gr 310. 

A1822 Gr F310; A3363 Gr F310. A473 Tp 310& 3/0S. 

A479 Tp 310S, 310H & 310Cb. 

A3514 Gr CK-20. 

Compatible There are no Code or ASTM listings for Tp 310 bolts. 
!lolling: Machine from bar stock or see Table Al-3 (p. 302). 

Note: Specifications that are indicated in italics do not have Code maximum 
allowable stresses. 
1 See A264 for clad plate. 
1 Intended for piping. 
l 
lntcn~cd for pressure vessels. 

'Tile lower temperature limit, without impact testing, may be -20'F. 
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Tablo A14.16 ASTM specifications for common materials of construction 

Material: Type 316 Sttu~css Steel (General Note 2, p. 362) 
UNS S31600 (16Cr-12Ni-2Mo) 

Oxidation Scaling Threshold: 1650'F 

Typical Code Tempcrarure Ranges 

vm, Div. 1 VIII, Div. 2 B31.3 

-425 to 1500'F -425 to 800'F -425 to !500' f 

Product forms for whjch code-allowable stres.'f$ arc ayaUahle 

Plate: 

Pipe: 

Tubing: 

A2401 Tp 316. A666 Tp 316. 

A312 Tp 316; A358 Tp 316; A376 Tp 316; A409 Tp 316; 
A430 Gr FP316. A688 Tp 316; A8J3 Tp 316; A814 Tp 316. 

A213 Tp 316; A249 Tp 316: A269 Tp 316; A688 Tp 316. 
A271 Tp 316; A632 Tp 316. 

Fittings: A182 Gr F316; A403 Gr 316. 

Forgings: A1821 Gr F316; A3361 Gr F3!6. A473 Tp 316. 

Bars: A479 Tp 316. A276 Tp 316; AJ/4 Tp 316; A6661'p 316. 

Castings: A3514 Gr CF-8M. A743 Gr CF-8M: A744 Gr CF-8M. 

Compatible 
Bolting: A193 & A320 Gr BSM: to -425°F. F593 Tp 316; F594 Tp 316. 

See the appropriate code for the allowable temperature ra11ger for bolti11g. 

Note: Specifications tllat are indicated in italics do not have Code maximum 
allowable stresses. 
1 See A264 for clad plate. 
2 Intended for piping. 
3 Intended for pressure vessels. 
'Tite lower temperature limit, without impact testing, may be - 20'F. 
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Table A 1-4.17 ASTM specifications for common materials of ronstruction 

Material: Type 316L Scainless Steel (General Note 2, p. 362} 
UNS S31603 ( IC>Cr-i2Ni·2Mo, low carbon) 

Oxidation Seallng Threshold: 1650"f 

Typical Code Temperature Ranges 

Vlll, Oiv. 1 Vlll, Oiv. 2 831.3 

-425 to 850'P -325 to SOO"P -4251 
to 1500"F 

Product fomJS for whith Mfk::allowahle stttSS" aa available 

Plate: 

Pipe: 

Tubing: 

A2402 Tp 316L. A666 Tp 316L. 

A312 Tp 316L; A358 Tp 316L. A409 Tp 316; A778 Tp 316L; 
A81 3 Tp 3164 A814 Tp 316L. 

A213 Tp 316L; A249 Tp 316L; A269 Tp 316L; A688 Tp 316L. 
A632Tp 3/61... 

Fitting;: Al82 Gr P316L; A403 Gr 316L. A774 Tp 3161... 

Forgings: Atsz' Gr F316L; A336' Gr 316L. A473 Tp 3161... 

Bars: A479Tp316L. A666Tp3/6L. 

Castings: A351s Gr CF-3M. A744 Gr CF-3M. 

Compatible There ore no Code or ASTM listings for Tp 316L bolts. 
Bolting: Machine from bar stock if compatibility is necessary; Olberwise, use 

Al93 or A320 Gr B8M: to -4ZSOF. 

Su tlrt appropriate cO<k fqr tht Q/JI)wable ltmJHroJJJrt mng•~ for lxJlting. 

Note: Specifications that are indicated in itali<:s do not have Code maximum 
allowable stresses. · 
I 
The lower allowable temperature depends on the product form. 

1 See A264 for clad plate. 
' Intended for piping. 
' ln!ended for pressure vessels. 
5 The lower temperature limit, without impact testing, may be -20"F. 
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Table A1-4.18 ASTM specifications for oommon materials of construction 

Material: Type 316H Stainless Steel (General Note 2, p. 362) 
UNS S31609 (16Cr-12Ni-2Mo. high carbon} 

Oxidation Scalbtg Threshold: 1650"P 

Typical Code Temperature Ranges 

Vlll, Oiv. I VIII, Oiv. 2 B31.3 

-320 to 1500"P -325 to SOO"F -325 to 1500"F 

Product forms Cor uhicb code=allowable stre$Ses are oynilahle 

Plate: A2401 Tp 316H. 

Pipe: A312 Tp 316H; A376 Tp 316H; A430 Gr FP316H; 
A452 Tp 316H. A358 Tp 316H; A813 Tp 316H; A814 Tp 316H. 

Tubing: A213 Tp 316H; A249 Tp 316H. A271 Tp 316H. 

F'lltings: Al82 Gr F316H; A403 Gr 316H. 

Forgings: AI821 Gr F316H; A336' Gr F316H. 

BarS: No Code listings. A479 Tp 316H. 

~ogs: No Code listings. A351 Gr CF- JOM. 

Compatible Then: are no Code or ASTM listings for Tp 316H boils. 
Bolting: Machine from bar stock if compatibility is necessary; otherwise, use 

Al93 or A320 Gr B8M: to -425°F. 

S.. tlrt appropriate codt for tht Q/JI)wable WnJHI'DIUrt rangts for lxJ/ting. 

Note: SpecifiCalions that are indicated in ilalics do 1101 have Code maximum 
allowable stresses. 
1 See A264 for clad plate 
1 Intended for piping. 
'lnlcnded for pressure vessels. 



324 Appendix 1 

Table A 1-4.19 ASTM specifications for common materials of construction . 

Material: Types 316Ti and 316Cb Stainless Steel (General Note 2. p. 362) 
UNS S31635 (16Cr-12Ni-2Mo. Ti stabilized) 
UNS S31640 (16Cr-12Ni-2Mo, Cb srabiliz.ed) 

Oxidation Sealing Threshold: 16SO"F 

Typical Code Tcmperarure Ranges 

Vlll, Div. t Vlll. Div. 2 B31.3 

-320 to 1SOOOF1 No listings. No listings. 

Product fOOll$ for wbjcb (QdMJIQ1!3blt S'l'SS" are available 

Plate: A2401 Tp316Ti & Tp316Cb. 

Pipe: No Code or 1\STM listings. 

1\obing: No Code or ASTM listings. 

Fillings: No Code or A!>'TM listings. 

Forgings: No Code or ASTM listings. 

Dnrs: No Code or ASTM listings. 

Castings: No Code or ASTM listuogs. 

Compatible 11~ere are no Code or ASTM listings for Types 316Ti or 316Cb 
Bolting: bolls. See Table Al-3 (p. 302). 

See ll1e appropriate code for tire allowable tempemtllrt 1TJ11ges for bol!ing. 

Nore: Specifications that are indicated in italics do 1101 have Code maximum 
allowable stresses. 
1 Code-allowable stresses are available for plate only. 
2 See A264 for clad plate. 
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Table A1-4.20 ASTM specifications for common materials of construction 

Material: Type 321 Srainless Steel (General Note 2, p. 362) 
UNS S32100 (18Cr-t0Ni, Ti srabiliz.ed) 

Oxldallon Seallhg Th~hold: t6SO'F 

Typical Code TcmperaiUre Ranges 

Vlll. Div. 1 vm. Div.2 B31.3 

-425 to tSOOOF -325 to 800"F - 325 to t500'F 

Product fonn1 fnr wbkb mdc:aJ!O'!ilbJ' ,Utrs&S are ll"ailabJe 

Plate: 

Pipe: 

A2401 Tp 321. 

A312 Tp 321; A358 Tp 321; A376 Tp 321; A409 Tp 321; 
A430 Gr fl>321. A778Tp 321; AB/3 Tp 321; AB/4 Tp 321. 

Tubing: A213 Tp 321; A249 Tp 321. A2691jJ321; A271 Tp 32/; 
A632 Tp 32/. 

Fitting<: AI82GrF321; A403Gr321. A774Tp32/. 

Fo1'gings: A t82' Or F32 t; A336' Or F321. A4731'p 321. 

Dnrs: A479 Tp 321. A276 Tp 321; AJ/4 Tp 32/. 

Castings: A351 Or CF-SC. A743 Gr CF-8C; A744 Gr CF-8C. 

Compatible 
Bolllng: A 193 or A320 Gr SST: to -425'F. F593 Tp 321; F594 Tp 321 . 

See tile appropriate cO<Ie for tile allowable tempel'tli1Ue range>· for bolting. 

N()(t: Specifications Oint arc indicated in italics do 1101 have Code maximum 
allowable stresses. 
1 See A264 for clad plote. 
1 Intended for piping. 
1 Intended for pressure vessels. 
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Table A1-4.21 ASTM specifications for common materials' of construction 

Material: TYJlC 321H Slainless Suel (General Nore 2, p. 362) 
UNS 532109 (18Cr-10Ni, bigh cacboo, Ti slabiliud) 

Oxidation Scaling TI~n:sbold: 1650'F 

Typical Code Temperature Rang~ 

vnr, Div. 1 Vlll, Div. 2 831.3 

-320 to ISOO"F -325 to SOO"F -325 to ISOO"F 

Product fom1s for wbich code-allowable :.1a:;ses are ayailnble 

Plate: 

Pipe: 

A2401 Tp 32tH.' 

A312 Tp 32lH; A376 T!> 321H; A430 Gr FP321H. 
A813 7p 321 H; A814 Tp 32/ H. 

'1\obing: A213 Tp 321 H; A249 Tp 321H. A271 7p 32/H. 

Fittings: Al82 Gr F32lH; A403 Gr 32tH. 

Forgings: AJ82' Gr F32lH. A.3J6' Gr F321H. 

Bars: No Code listings. A479 7p 32/H. 

Castings: No Code or ASTM listings. Consider A351 Gr CF-8C or Gr CF­
IOMC; see also A743 Gr CP-8C and A744 Gr CF-8C. 

Compatible There are no Code or ASTM Jisti.o&s for Tp 321H bollS. 
Bolting: Machine from bar stock if compatibility is oeceswy; otherwise, use 

A 193 or A320 Gr B8T: to -4~F. 

See tloe appropriJJJe code for tloe al/owD!Jie temperature ranges for bofting. 

Nott: Specificarioos tlut are indicated in italics do not have Code maximum 
allowable stresses. 
1 See A264 for clad plate. 
1 

No Code listing for ASME Section Vlll, Oiv. I or ASME 831.3. 
s Intended for piping . • Intended for pressure vessels. 
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Table A1-4.22 ASTM specifications for oomroon materials of construction 

Mattrial: Type 347 Stainless Steel (General Note 2, p. 362) 
UNS 534700 (J8Cr-J0Ni, 0> stabilized) 

Oxicbtion Scaling TI>resbold: 1650"F 

Typical Code Temperarure Ranges 

Vlll,Div.l VUI, Div. 2 8313 

-425 to 1500"F -425 to SOO"F -425 to 1500"F 

Product forms f()[ which code-allowable stresses are nynilnble 

Plate: 

Pipe: 

'1\obing: 

Fillings: 

For&iugs: 

Bars: 

A2401 Tp 347. 

A312 Tp 347; A358 Tp 347; A376 Tp 347; A409 Tp 347; 
A430 Tp 347. A778 7p 347; A813 Tp 347; A814 7p 347. 

A213 Tp 347; A249 Tp 347. A269 Tp 347; A271 7p 347; 
A6327p 347. 

Al82 Gr F347; A403 Gr 347. A774 Tp 347. 

AlsT Gr F347; A3363 Gr F347. A473 Tp 347. 

A479 Tp 347. A276 7p 347; A314 Tp 347. 

Cw.1lngs: A351 Or CF-SC. A743 Gr CF-8C; A744 Gr CP-8C. 

Compatible Al93 or A320 Gr B8C: to -425°F. F593 Tp 347; F594 Tp 347. 
Dolling: 

Sttthe appropriJJJe codt for IM aBowablt kmptrtJJUrt rangts for bofting. 

N01e: Specifications th~t are indicated in it;Uics do not have Code maximum 
allowable stresses. 
'See A264 for clad plate. 
1 Intended for piping. 
3 Intended for pressure vessels. 
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Table A 1-4.23 ASTM specifications for common materials of construction 

Material: Type 347H Stainless Steel (General Note 2. p. 362) 
UNS S34709 (18Cr-10Ni, high carbon, Cb stabilized) 

Oxidation Scaling Titreshold: !650'F 

Typical Code Temperature Ranges 

Vlll, Div. I vm, Div. 2 831.3 

-320 to 1500'F -325 to 800'F - 325 to 1500'F 

Product fonns for which rode-allowable stres5cS ~rc ayailablp 

Plate: A2401 Tp 347H.2 

Pipe: A312 Tp 347H; A376 Tp 347H; A430 Gr FP347H; A452 Tp 347H. 
A8131'p 3471f; A8141'p 34711. 

Tubing: A213 Tp 347H; A249 Tp 347H. A271 Tp 3478. 
' 

Fittings: Al82 Gr F347H; A403 Gr 347H. 

Forgings: Al821 Gr F347H; A336' Gr F347H. 

Bars: No Code listing,s. A479 Tp 34711. 

Castings: No Code or ASTM listings. Coruider A35J Gr CF-8C or Gr CF­
JOMC; see also A743 Gr CF-8C I11Jd A 744 Gr CF-8C. 

Compatible Tbere are no Code or ASTM listings for Tp 347H bolts. 
Bolting: Machine from bar stock if compatibility is necessary; otberwise, use 

Al93 or A320 Gr BSC: to -425' F. 

See the appropriare code for the allowable temperorure ranges for bolting. 

Note: Specifications tbat are indicated in italics do not have Code maximum 
allowable stresses. . 
I See A264 for clad plate. 
1 

No Code listing for ASME Section VIII, Div. I vr ASME 831.3. 
3 Intended for piping. 
' Imendcd for pressure vessels. 

Materials of Construction as a Function of Temperature 329 

Table A1-4.24 ASTM specifications for common materials of construction 

Material: Type 348 Stainless Steel (General Note 2, p. 362) 
UNS 534800 {18Cr-10Ni, Cb stabilized) 

Oxidation &ating Threshold: I 650' F 

Typical Code Temperature Ranges 

Vlll, Div. I VIII, Div. 2 831.3 

- 320 to 1500'F -325 to 800'F - 325 to 1500'F 

Product Coons for whjcb code~allowable stres..c;t$ are available 

Plate: 

Pipe: 

'1\Jbing: 

Fittings: 

Forgings: 

Bars: 

Castings: 

A2401 Tp 348. 

A312 Tp 348; A358 Tp 348; A376 Tp 348; A409 Tp 348. 
A8131'p 348; A814 Tp 348. 

A213 Tp 348; A249 Tp 348. A269 Tp 348; A6321'p 348. 

Al82 Gr F348; A403 Gr 348. 

A!82' Gr F348; A3361 Gr F348. A473 Tp 348. 

M79Tp348. 

No Code or ASTM listings. Coruidtr A351 Gr CF-8C, A743 Gr 
CF-8C or A 744 Gr CF-8C. 

Compatible Tbere are no Code or ASTM listings for Tp 348 bolts. 
Bolting: Machine from bar stock if compatibility is necessary; otherwise, use 

Al93 or A320 Gr 88C: to -125°F. 

See tire approprjote cocle for lire allowable temperature ra11ges for bolti11g. 

Note: Specifications tbat are indicated in italics do not have Code maximum 
allowable stresses. 
1 See A264 for clad plate. 
1 Intended for piping. 
3 Intended for pressure vessels. 

( 
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Table A1-4.25 ASTM specifications for common matelials of construction 

Materi:ll: Type 348H SWnless Steel (GeneraJ NOte 2, p. 362) 
UNS S34ro9 (18Cr-10Ni, high carton, Cb stabilized) 

Oxidation Scaling 'lllrtshold: 1650"F 

vm, Div. 1 VOl, Div. 2 831.3 

-320 10 I SOO'F -325 10 lro"F :-325 10 ISOO'F 

Prpdua Corms Cor which mdt=allowablc :sfrtSS11 art avajlahlc 

Plate: No Code lislings. A24d 1)> 34811: 

Pipe: 

Tubing: 

Fittin~: 

Forgln~: 

liars: 

Caslin~: 

A312 Tp 348H. A81 J 1)> J48H; A8141)> J48H. 

A213 Tp 348H: A249 Tp 348H. 

Al82 Or F34811; A403 Gr F348H. 

Al822 Or F348H; A336' Or F348H. 

No Code or ASTM listings; use a forging specification. 

No Code or ASTM listings. Consider A351 Gr CF-BC or Gr CF­
IOMC; set also A743 Gr CF-8C a1ul A744 Gr CF.IJC. 

Compatible nacre are no Code or ASTM listings for Tp 348H bolts. 
Bolting: Machine from bar stock if compatibility is necessary; otherwise, use 

Al93 or A320 Or B8C: to -42S"F. 

Set the approprWt co1/e for tile allowable temperature l'llllgts for lx>lting. 

Note: Speeifacations that arc indicated in italic$ do not have Code maximum 
allowable suesses. 
1 See A264 for clad plate. 
2 Intended for piping. 
, Intended for pressure vessels. 
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Table A 1-4.26 ASTM specifications for common materials of construction 

Material: Duplex Stainless Steel 
Alloy 2205 (22Cr-5Ni-3Mo-N): UNS 531803 
UNS S312SO: 25Cr-4Ni-3Mo-2CU 

Typical Code Temper.IIUI't Ranges 

vm. Div. 1 VIU, Div. 2 

-20 10 600"F1 No li.stinp. 

Prpdud fOI'TD$ Cor which rocfHJiowablc strr:sys 30:: avajlable 

Pble: A2Afi (bolh alloys). 

Pipe: 

Tubing: 

Fillings: 

Forgings: 

liars: 

A 790 (both alloys). A928 (OOth a/Jqys). 

A789 (both alloys). 

Al82 (Alloy 2205). A815 (Alloy 2205). 

Al824 (Alloy 2205). 

A479 {UNS S32S50). A276 (Alloy 2205). 

831.3 

Castings: A351 Gr CD·4MCu; A74J Gr CD-4ii1Cu; A744 Gr CD-4MCu; 
A890 Gr CD-4MCu & Gr 4A. 

Compatible There are no Code or AS'J'M listings for duplex stainless steel bolls. 
Bolting: M3Chlne from b:1r stock if compatibility is necessary; otherwise, see 

Table Al-3 (p. 302). 

Note: Speeifacation.s thnt o.re indicated in italics do not have Code maximum 
allowable wesses. 
1 The upper allowable temperature for UNS S32SSO is SOO"P. 
2 This Code lists only tubing and piping. 
, See A264 for clad plate 
4 Intended for piping. 
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Table A 1-4.27 ASTM speclllcations for common materials of conslruction 

Matcrinl: Alloy 254 SMO (20Cr· I8Ni-6Mo) 
UNS 531254 

Oxidation &aling Threshold: I SOOOF 

Typical Code Temperarure Rmges 

VIU, Div. I Yin, Div. 2 831.3 

- 320 10 7SOOF No listings. No listings. 

Product Coons roc wbkb cpdNIJowblr strews 3rt anjlabfe 

Plate: A2401 UNS S31254. 

Pipe: A312 UN5 531254; A3SS UNS 531254. A813 UNS SJJZS4; ABU 
UNS S31254. 

Tubing: A249 UNS S312S4. A269 UNS S31254. 

Fittings: Al82 Gr F44. A403 UNS SJ1254. 

Forgings: A 1821 Gr F44. 

Bars: No Code or A5TM listings: use me forging specification. 

Caslings: A351 Gr CK-JMCuN. A743 Gr CK-JMCuN; 
A744 Gr CK-JM0 1N. 

Compatible Titcrc arc no Code or ASTM listings for Alloy 254 SMO bolts. 
Bolting: Machine from bar stock if compatibility is necessary; otherwise, sec 

Table Al -3 (p. 302). 

Note: Specifications that are iodlcatcd in italics do not bave Code maximum 
allowable stresses. 
I 

See A264 for clad plate. 
1 

Intended for piping. 
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Table A1-4.28 ASTM specifications lor common materials of construction 

Material: Alloy 20-Mod (22Cr·26Ni·5Mo) 
UNS N08320 

Oxidatioo &aling TI1rtshold: ISOO"F 

Typical Code Ternperarure Ranges 

'.lUI, Div. I VIII, Div. 2 831.3 

-325 10 SOOOF No listings. -325 10 SOOOF 

Prpduct Conns for wbkb codc-ollo·wablc stmses are available 

PlaJc: 9620. 

Pipe: 961.9 UNS N08320; 9622 UNS N08320. 

Tubing: 8622 UNS N08320; 9626 UNS N08320. 

Fillings: No Code or ASTM liSiings. 

Forging.~: No Code or ASTM listings. 

Bars: 8621. 

Caslings: No Code listings. Consider A351 Gr CN-JMN. 

Compatible Alloy 20 Mod boles are Code listed as bar stock. Accordingly, 
Bolting: they should be machined from b.u stock if compatibility is 

necessary: otherwise, sec Tobie Al -3 (p. 302). 

Note: Specifications mac arc indicated in italics do not have Code maximum 
allowable stresses. 

• 
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Table A1-4.29 ASTM specifications lor c:onvnon materials of construction 

Material: AUoy AL-6XN (21Cr-24Ni~o) 
UNS N08367 

Oxidation Sailing "Threshold: l800°F 

Typical Code Temperature Ronges 

vm, Div. 1 VITI, Div. 2 B31.3 

-325 to SOOOF No listings. - 325 to SOO"F 

Produt1 Conus for whkh rode:nllowablc stm;Sfi' nrc nyailable 

Plott: 

Pipe: 

Tubing: 

Flnings: 

Forgings: 

Dan: 

Custlngs: 

Compatible 
llolting: 

8688 UNS N08367. 

B67S UNS N08367; 9690 UNS N08367; llliiW UNS N08367. 

B676 UNS N08367; 0690 UNS N08:l67. 

No Code llstings. 8366 Gr 6XN; 8462 UNS N08J67. 

No Code listings. 8366 Gr 6XN; 8462 UNS N08J67; 
8564 UNS N08J67. 

No Code listings. 8691 UNS N08J67; 8472 UNS N08J67. 

No Code or ASTM listings. Co11sider AJ5/ Gr CK-JMCuN. 

There are no Code or ASTM listings for Alloy AL-6XN bolts . 
Maclline from bar stock if compatibility is n=ss;uy; otller· 
wise. see Table A 1·3 (p. 302). 

Nott: Spccifx:atioos that are indicated in Italics do oot have Code maximwn 
allowable stresses. 
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Table A1-4.30 ASTM speciticalions lorOOIMIOr: materials of construction 

Material: Alloy 904L (21Cr-2SNi-SMo) 
UNS N08904 

Oxidation Sailing Thnsbold: tsoo•F 

Typical Code Temperature Ranges 

vm, Div. 1 Ylll, Dlv. 2 B31.3 

-325 to 700°F No listings. No listings. 

Produd fonns f()[ which mflc:niJowablc :.1rc;sscs oa; pyailnblc 

Plait: B6251 UNS N08904. 

Pipe: B673 UNS N08904; 8677 UNS N08904 . 

Tubing: B674 UNS NO~; Dim UNS N08904. 

Flttlot;s: No Code or ASTM llstings. 

Forgings: No Code or ASTM listings. 

Bars: B649 UNS N08904. 

Castings: No Code listings. CoiiSider A351 Gr CK-JMCuN. 

Compatible There are oo Code or ASTM listings for Alloy 904L bolts. 
lloltlng: Maclline from bar stock if compatibility is necessary; otherwise, see 

Table Al·3 (p. 302) • 

Not~: Specificalioos that are indicated in italics do not have Code maximum 
allowable strcsses. 
1 See A26S for cbd plate • 
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Table A1-4.31 ASTM specifications for common materials of construclion 

Material: Alloy 200 (99Ni; commercially pure nickel) 
UNS N02200 

Typical Code Temperature Ranges 

Vlli, Oiv. l vm. Div.2 831.3 

-325 to 600"F -325 to 600"F -325 to 600"F 

ProdiX1 fonns for whjc:b c:od•·•llownbk sfn:ssM; m available 

Plate: 81621 UNS N02200. 

Pipe: 8161 UNS N02200. 8725 UNS N{)Z2()(). 

Tubing: 

Fittin~: 

Forgi~ 

Bars: 

Casti~: 

8161 UNS N02200; 8163 UNS N02200 8730 UNS N02200. 

8366 UNS N02200. 

No Code or ASTM listin~. 

8160 UNS N02200. 

No Code lis:ti.ngs. Consitkr A494 Gr CI,/00. 

Co~patible Alloy 200 bolts arc Code listed as bar stock. Accordingly, they 
Dolling: should. be machined from bar stock if compatibility is necessary; 

otherwiSe, see Table Al-3 (p. 302). 

Note: Speeificatioos that arc •indicated in itllics <!o nol have Code ma.timum 
allowable stresses. 
I 
See A265 for clad plate. 

Materials of Construction 8S 8 Function of Temperatum 337 

Table A 1-4.32 ASTM specifications for common materials of construction 

Material: Alloy 201 (99 Ni; low-carbon, commercially pure nickel) 
UNS N02201 

Typical Code Temperature Ranges 

vm. Oiv. 1 vm. Div. 2 831.3 

- 325 tO 1200"F1 -325 to 800"F -325 to 1200"1" 

Product ronm for wbjc.b mdt=allowahle stresses arc mil!lblt 

Plate: 

Pipe: 

Tubing: 

Fittin!;.': 

Forgings: 

Bars: 

Castin~: 

8162' UNS N02201. 

8161 UNS N02201. 8725 UNS N02201. 

8161 UNS N02201; 8163 UNS N02201. 8730 UNS N0220/. 

B366 UNS N02201. 

No Code or ASTM listings. 

8160 UNS N02201. 

No Code listings. Coruider A494 Gr CI,/00. 

Compatible Alloy 201 boles are Code listed as bar MOCk. Accordingly, they 
Dolling: should be machined from bar stock if compatibility is necessary; 

otllcrwise, see Table Al-3 (p. 302). 

Note: Specifications that are indicated in italics do not have Code maximum 
allowable stresses. 
1 Tbc upper allowable 1cmperarure for Ibis material dcpeods oo the product form. 
1 Tbc upper a!lowablc tempcrarure for this matmal may depend on bcal 

U"eatmenL 1 

' See A265 for clad plate. 
' 
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Table A 1-4.33 ASTM specifications for common materials of conslruction 

M:lterial: Alloy 400 (67Ni·30Cu) 
UNS N04400 

Oxidation Scaling Threshold: IOOO"F (sulfur flee) 

Typical Code Tc:mperarure Ranges 

Vlll, Oiv. I vrn. Div. 2 831.3 

- 32S 10 900"F1 
-325 10 SOO"F ·-325 to 900"F1 

Prndud foam for wbjcl! codMIIOI!llhle strrws •rt al'llilnble 

Plate: 0127.' 

Pipe: 

Tubing: 

Fillings: 

Forgings: 

Bars: 

0165. 8725. 

8163 UNS N04400; 8165. 8730. UNS N0440. 

0366 UNS N04400. 

B564 UNS N04400. 

8164 UNS N04400. Consider 8164 UNS N04405 {having a bigher 
allowable mess). 

Castings: No Code listings. Consider A494 Gr M-35-1 or M-30C. 

Compatible Alloy 400 bolls are Code li.oitcd as bar stock. Accordingly, they 
Bolting: should be mnchined from bar stock if compatibilicy is necessary; 

odletwise, see Table AJ-3 (p. 302). Ccnsidtr F467 & F468, UNS 
N04405 as well as UNS N04400, if Cede mari1m1m allowable 
stresses arc 1101 required. 

Nou: Speeifocat.ions th3t are indicat.cd in italics do not bave Code maximum 
allowable sucsscs • 
1 
The upper allowable temperarure for this material may depend on heat 
treatmenl. 

1 See A26S for c.lad plate . 
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Table A 1-4.34 ASTM specifications for common materials of construction 

M:lterial: Alloy X (22Cr-47Ni·9Mo) 
UNS N06002 

Oxidation Scaling Threshold: > 2100"F 

Typical Code Temperarure Ranges 

VU!, Oiv. I VUI, Oiv. 2 

- 325 10 16SOOF -325 10 SOO"F 

Product ronns [or wbk;b mdt:allownble stressr;:t are available 

Pl:llt: 8435 UNS N06002. 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

Bars: 

8619 UNS N06002; 0622 UNS N06002. 

8622 UNS N06002; 8626 UNS N06002. 

8366 UNS N06002. 

No ASTM listings. 

13.572 UNS N06002. 

No ASTM listings. 

031.3 

Compatible Alloy X boils are Code listed as bar stock. Accordingly, they 
Bolting: should be 11lJlChined from bar stock if compatibility is necessary; 

od1erwise, see Table Al-3 (p. 302). 
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Tablo A 1-4.35 ASTM spectftcalions ror oomrnon materials of construction 

Material: Alloy C-22 (22Cr-58Ni·I3M~3W) 
UNS N06022 

Typical Code Ttmperarure JUn&es 

VIII, Oiv. I vm. Div. 2 831.3 

-325 10 SOOOF Not listed. -325 to SOOOF 

Product Coons Cor » hkh codNJUopble strrw:s nrc ayajlable 

Plate: 

Pipe: 

Tubing: 

F'ottings: 

Forgings: 

Bars: 

85151 UNS 1\'06022. 

8619 UNS N06022:· 8622 UNS N06022. 

8622 UNS N06022; 8626 UNS N06022. 

8366 UNS N06022. 

No ASTM listings. 

8574 N06022. 

Ca.o.iings: No ASTM listings. 

Compatible Alloy C-22 bolts are Code listed as bar stoclc. Accordingly, they 
Bolling: should be machined from bar stock if compatibility is necessary; 

OtliCtwiSC, see Table Al·3 (p. 302). 

1 
Sec A265 for clad plate. 
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Table A1-4.36 ASTM specifiCations for COI'MlOn materials of construction 

Material: Alloy G·JO (29Cr-40Ni-ISFe-SMo) 
UNS N06030 

Oxidation Selling Threshold: > 2000"F 

Typical Code Temperature Ranges 

VW. Oiv VIII, Oiv. 2 

-325 to JIOOOF No listings. 

Pnxfud room (or which codc=ollowahlc. stresses arr pyailabte 

Plate: 85821 UNS N06030. 

Pipe: 8619UNS N06030; 8622 UNS N06030. 

Tubing: 

Fittings: 

Forgings: 

8622 UNS N06030; 8626 UNS N06030. 

8366 UNS N06030. 

No ASTM listings. 

Bars: ll581 UNS N06030. 

Ca5tings: No ASTM listings. 

831.3 

No listings. 

Compatible Alloy G-30 bolts nrc Code listed as bar stock. Accordingly, they 
Bolting: should be· machined from bar stock if compatibility is necessary; 

otherwise, see Table A 1·3 (p. 302). 

1 See A265 for clad plate. 
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Table A1-4.37 ASTM specifications for common materials of construction 

Material: Alloy C-4 (16Cr.{)JNi-16Mo) 
UNS N06455 

Oxidation &aling TitreSbold: t900•F 

Typical Code Temperature Ranges 

VIU,Div. I vm, Div. 2 831.3 

-325 to 800"F -325 to soo•F -325 to 800"F 

Product founs for which codg-allowahle stresses are a\'Bjlable 

Plate: B5751 UNS N06455. 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

Bars: 

Castings: 

B619 UNS N06455; 8622 UNS N06455 . 

B622 UNS N06455; B626 UNS N06455. 

8366 UNS N06455. 

No ASTM listings. 

B574 N06455. 

No ASTM listings. 

Compatible Alloy C-4 bolts are Code listed as bar stock. Accordingly, they 
Bolting: should be machined from bar stock if compatibility is necessary; 

otherwise, see Table Al-3 (p. 302). 

t 
See A265 for clad plate. 
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Table A1-4.38 ASTM specifications for common materials of construction 

Material: Alloy 600 (15Cr-72Ni-8Fe) 
UNS N06600 

Oxidation Scaling Threshold: > JSOO•F 

Typical Code Temperature Ranges 

Vlll, Div. I Vlll, Div. 2 B31.3 

-325 to J200•F -325 to 800"F -325 to 1200°F 

Product forms for which <;Me=allowahfe stresses are ayajlahle 

Plate: 

Pipe: 

Tubing: 

Fittings: 

Forgjngs: 

Bars: 

Bl681 UNS N06600. 

Bl67 UNS N06600; B517. 

B!63 UNS N06600; B167 UNS N06600; B516. 

B366 UNS N06600; B564 UNS N06600. 

B564 UNS N06600. 

Bl66 UNS N06600. 

Castings: No Code listings. Consider A494 Gr CY-40 (a high-carbon version). 

Compatible Alloy 600 bolts are Code listed as bar stock. Accordingly, they 
Bolting: should be maehined from bar stock if compatibility is necessary; 

otherwise, see Table Al-3 (p. 302). 

Note: Specifications that are indicated in italics do not have Code maximum 
allowable stresses. 
1 See A265 for clad plate . 
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Table A 1-4.39 ASTM specifications for common materials of construction 

Material: Alloy 62S (22Cr-60Ni-9Mo, Cb 5tabilized) 
UNS N0662S 

Oxidation Scaling Threshold: > ISOOOF 

Typical Code Temperarure Ran~ 

Vlll, Oiv.l Vlll, Div. 2 B31.3 

-32S to 1200"F No listings. - 32S to 1200°F 

ProdlX'1 Corms for which gxfe--allo'ftllblt S'J1'SSej arc ayailabJe 

Plate: 8443.1 

Pipe: 8444; 8705 UNS N0662S. 8834 UNS N06625. 

Tubing: 8444; 87GI UNS N0662S. 

Frttings: 8366 UNS N0662S; 8564 UNS N0662S. 8834 UNS N06625. 

Forgincs: 8564 UNS N0662S. 

Bars: 8446. 

Castings: No Code listings. Cbnridtr A.494 Gr CW-6MC. 

CompaUble Alloy 62S bolts are Code listed as bar stock. Accordingly, they 
Bolting: should be machined from bar stock if compatibility is necessary; 

otherwise, see Table Al-3 (p. 302). 

Nort: SpeeiflCltions that are indicated in italics do not have Code m;uimum 
fllowoble stresses. 

See A265 for clad plate. 
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Tablo A1-4.40 ASTM specifications for common materials of construction 

Material: Alloy G·3 (22Cr-47Ni-20Fe-7Mo) 
UNS N06985 

Typical Code Temperarurc Ranges 

vm, Div. 1 Vill, Oiv. 2 

- 32S to SOOOF No listings. 

Product Coons for which code=aUowablc :;trtsses are aypilnble 

Plate: 

Pipe: 

Tubing: 

85821 UNS N069&5. 

8619 UNS N06985; 8622 UNS N069&5. 

8622 UNS N069&5; 8626 UNS N069&5. 

Fittings: 8366 UNS N06985. 

Forgings: 1\o Code or ASTM list.ings. 

Bars: 8581 UNS N069&5. 

Ca<tings: No Code or ASTM listings. 

CompaUble Tbere are no ASTM listings for Alloy G-3 bolts. 

B31.3 

No listings. 

Bolting: Machine from bar stock if compatibility is oecessary; otherwise. see 
Table Al ·3 (p. 302). 

1 See A265 for clad plate. 
• 
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Table A 1-4.41 ASTM specifications for common materials of construction 

Material: Alloy 20 Cb-3 (20Cr-35Ni-2.5Mo) 
UNS N08020 

Oxidation Scaling Threshold: ISOO"F 

Typical Code Temperature Ranges 

Vlll,Div.J VJU, Div. 2 831.3 

-325 to 800°F No listings. -325 to soo•F 

ProduN fonns for which r.<xte-allowable strey;es are ayailablc 

Plate: 

Pipe: 

Tubing: 

Fittings: 

ll463
1 UNS N08020. 

B464 UNS N08020; 8729 UNS N08020. 8474 UNS N08020. 

B468 UNS N08020; 8729 UNS N08020. 

8366 UNS N08020; B462 UNS N08020. 

Forgings: B462 UNS N08020. 

Bars: B473 UNS N08020. 8472 UNS N08021J. 

Castings: No Code listings. Consider A3511 Gr CN-7M, A74f Gr CN-7M, 
or A744- Gr CN-7M. 

Compatible There are oo ASTM listings for Alloy 20 Cb-3 bolts. 
Bolting: Machine from bar stock if compatibility is necessary; odterwise, see 

Table Al-3 (p. 302). 

Note: Specifications that are indicated in italics do oot have Code maximum 
allowable stresses. 
I See A265 for clad plate. 
2 Material should be AOD refuted. 
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Table A1-4.42 ASTM specifications for common materials of construction 

Material: Alloy 800 (21Cr-33Ni-42Fe, wid\ AI, Ti stabilized) 
Alloy 800: UNS N08800 
Alloy 800H: UNS N08810 
Alloy 800HT: UNS N08811 

Oxidation Scaling Threshold: > ISOO"F 

Typical Code Temperarure Ranges 

VIII, Oiv. I VJII, Div. 2 831.3 

- 325 to 1500.1'1 -325 <o soo•F -325 to J6so•pl 

Product fonns for wbjcb oodC=aiJQW;)ble $(fl\')SfS are 3\•aiJable 

Plate: l!<IW UNS N08800, UNS N08810 & UNS N088ll. 

Pipe: B407 UNS N08800. UNS N08810 & UNS N08811; 
8514 UNS N08800 & UNS N08810. 

Tubing: 

Fittings: 

8163 UNS N08800 & UNS N08810; 8407 UNS N08800, 
UNS N08810 & UNS N08811; 8515 UNS N08800 & 
UNS N08810. 8163 UNS N088/ !. 

8366 UNS N08800; 8564 UNS N08800 & UNS N08810. 

Forgings: 8564 UNS N08800 & UNS N08810. 

llars: 8408 UNS N08800 & UNS N08810. 8408 UNS N088//. 

Castings: No Code or ASTM listings. 

Compatible Alloy 800 bolts are Code listed as bar stock. Accordingly, dtey 
Bolting: should be machined from bar stock if compatibilil)' is necessary; 

otherwise, see Table Al -3 (p. 302). 

1 The upper allowable temperarure for these materials may depend on alloy 
composition. 

2 TI1is Code lists only pipe and rubing. 
3 See A265 for clad plate. 
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Table A 1-4.43 ASTM specifications for common malerials of construction 

Material: Alloy 82S (22Cr-42Ni-3Mo, Ti stabilittd) 
UNS N0882S 

Oxidation Scaling Threshold: ISOO'F 

Typical Code Temperature Rru~ges 

Vlll, Div. 1 Vlll. Div. 2 831.3 

-325 to lOOO'F -325 to soo•r No listings. 

Product foam (or wbjcb code:allownb)e S(rcsscs nrc amil.abk 

Plott: 84241 UNS N08825. 

Pipe: 8423 UNS N08825; 8705 UNS N0882S. 

1\Jbing: 

Fittings: 

8163 UNS N08825; 8423 UNS N08825; 8104 UNS N08825. 

8366 UNS N08825. 

Fo'llinll-~= 

Bars: 

Castings: 

No Code listings. 8564 UNS N08825. 

8425 UNS N08825. 

No Code or ASTM listings. 

Compatible Alloy 82S bolts are Code listed as b.1t stock. Accordingly. they 
Uoltlng: should be machined from bar stock if compatibility is necessary; 

otherwise, see Table Al -3 (p. 302). 

N()lt: SpecifteatiOO$ !hot an: indicoted in italics do not have Code maximum 
allowable str=. 
' See A26S for clad plate. 
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Table A 1-4M ASTM specifications for common matel1als of construction 

~ttrl.1l: Alloy C-276 (l5Cr-54Ni-16Mo) 
UNS Nl0276 

Oxidation Scaling Threshold: 1900"F 

Typical Code Temperatun: Rru!ges 

VIII, Div. 1 Vlll, Div. 2 

-325 to 12SOOF -325 t0 SOO'F 

l'rQdutt Corms for which code=allowable strcssrs nrc nygi!able 

Pl:lte: 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

nnrs: 

85751 UNS N 10276. 

8619 UNS Nl0276; 8622 UNS N10276. 

8622 UNS Nt0276; 8626 UNS Nl0276. 

ll366 UNS N10276. 

No Code listings. 8564 UNS N/0276. 

8574 UNS N 10276. 

831.3 

Costlngs: A494 Gr CW-6M1 & CW-12MW1
; howe>·tr. the prtft"rd material 

Is Gr CW-2M. since it !UJS better carros/o11 resistance. 

Compnlible Alloy C-276 bolts are Code listed as bar stock. Accordingly. they 
Uoltlng: should be machined from bar stock if oompntibility is necessary; 

otherwise. see Table Al-3 (p. 302). F467 UNS N10276; F468 UNS 
NJ(J276. 

N()lt: Specifications' that are indicated in italics do not have Code maximum 
allowable suesses. 
' See A26S for clad plate. 
1 Tbe upper allowable temperature for this material is lOOO"F. 

t 
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Table A 1-4.45 ASlM specifications for common materials of construdion 

Material: Alloy B-2 (65Ni-28Mo-Fe) 
UNS NUl665 

Oxidation Scaling Threshold: lOOO"F 

Typical Code Tempcrarure Ranges 

vm. Div. 1 vm. Div. 2 B31.3 

-325 to SOOOF -325 to 800'F -325 to 800'F 

Product forms for which code-allow;ilile s.«rrsses are available 

Plate: 83331 UNS NI0665. 

Pipe: 8619 UNS Ni0665: 8622 UNS Nl0665. 

Tubing: 8622 UNS Nl0665; 8626 UNS Nl0665. 

Finin&S: 8366 UNS N 10665. 

Fortin&S: No Code or ASTM listing$. 

Bars: 8335 UNS N10665. 

C<>Stin&S: A494 Gr N-12MV .' 

Compatible Alloy B-2 bolts are Code listed as bar stock. Accordingly, they 
Bolting: should be machined from bar stoc-k if compatibility is necessary; 

otherwise, see Table A 1·3 (p. 302). 

1 See A265 for clad plate. 
'The upper allowable temperarure for this matetW is IOOO"F. 
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Table A 1-4.46 ASTM specifications for common materials of construction 

Material: loluoited Admiralty Brass (71Cu·28Zn-1Sn) 
UNS C44300 (Arsenical) 
UNS C44400 (Antimonial) 
UNS C44500 (PbO<Iphorized) 

Typical Code Temperature Ranges 

Vlll, Div. I Vlll, Div. 2 831.3 

-325 to 450"F -325 tO SOO"F No listings. 

Pnxtuct fonns for which code:a1JOWjlblf }1[£SSt:i ore qvnik'thle 

Plate: Bl111 UNS C44300, UNS C44400 & UNS C44500. 

Pipe: No ASTM lislin!;$. 

Tubing: Bill UNS C44300, UNS C44400 & UNS C44500: 
B395 UNS C44300, UNS C44400 & UNS C44500; 
8543 UNS C44300, UNS C44400 & UNS C44500. 
B/35 UNS C44300; BJ5<J UNS C44J()(), 
UNS C44400 & UNS C445()(). 

Fittings: No ASTM listing$. 

l'or&ings: No ASTM listings. 

Burs: No ASTM listillgs. 

Casting,~: No ASTM listin&S. 

Compatible Titere are oo ASTM listings for Admiralty brass bolts. Use AI· 
Bolting: bronze or Ni·AI bronze. 

N01e: Specifteati<w that are indicated in itolic$ do DIX hove Code maximum 
allowable stresses. 
1 See 8432 for clad plate. 
1 Finned rubes. 
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Table A1-4.47 ASTM specifications for convnon materials of conslruction 

Mat..-bl: Naval Brass (60Cu~Zn} 
UNS C46400 
UNS C46500 (Arseoical} 
UNS C46600 (Antimonial} 
UNS C46700 (Phosphorized) 

Typical Code Tempernrurc Ranges 

VITI, Div. I VIII, Div. 2 831.3 

- 325 to 400"F - 325 to I()()•F -452 to 400"F 

Product Conus Cor which codMIJowablc strcw:s nrc Al'ollnblc 

I'latc: Bl711 UNS C46400 & UNS C46500. 

Pipe: No ASTM listings. 

Thblng: No ASTM listings. 

Fittinp: No ASTM listings. 

Forging.s: B283 UNS C46400. 8/24 UNS C464()(), 

Bars: No Code listings. 821 UNS C464()(). 

Cust!ng.~: No ASTM listings. 

Compallblc 
llolllng: 821 UNS C46400. F4f>7 UNS C46400; F468 UNS C46400. 

N01e: SpcciOcatioos that are indicated in !Lilies do not have Code maximum 
allowable streSses. 
1 See 8432 for clad piau:. 
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Table A1-4.4$ ASTM specifications forCOIMlOO materials ofconstnJction 

Material: Aluminum Broou (several compositions, including: 90Cu-SAJ. 90Cu· 
7A·3f-e-Sn, etc.} 

Wrought Alloys 

C60800, C61300, C6!400, 
C61900, C62300 & C62400 

Cast Alloys 

C95200, C95300, C9S400, 
C9S410 & C95900 

Typical Code Tempernntrc Ranges 

vrn. oiv. 1 VIII, Div. 2 831.3 

- 325 to 600'F1 -325 to SOOOF1 -452 to 600'F1 

Product CO!'Iru! Cor wblrb <ode-allowable strmcs nrc m!!Jlblc 

Plate: Bl69 UNS C61400; BJ712 UNS C61400. 8169 UNS Cli/300; 
8171 UNS C61JOO. 

Pipe: 

Thblng: 

Fittings: 
Forgings: 

Dnrs: 

No Code listings. 8315 UNS C61JOO &: UNS C61«JJ: 8608 UNS 
C61JOO &: UNS C6/«JJ. 
Bill UNS C60800; B395 UNS C60800. Bill UNS C61300 & 
UNS C614()(); 83/5 UNS C6/300 &: UNS C6/«JJ. 
No ASTM listings. 
No Code listings. 8124 UNS C61900 &: UNS C62JOO; 
8150 UNS C61300, UNS C6/«JJ, UNS C61900, UNS C623()() &: 
UNS C62400; 0283 UNS C61900 & UNS C62300. 
No Code listings. 0124 UNS C61900 & UNS C62300; 
8150 UNS C61300, UNS C61400, UNS C61900. UNS C62300 & 
UNS C62400; 8169 UNS C613()() & UNS C61400. 

Custings: 8148 UNS C95200, UNS C95300, UNS C9S400 & UNS C954 10; 
8271 UNS C95200. 830 UNS 095200, UNS 095300, 
UNS 095400 &: UNS 095410 &: UNS 095520; 8148 UNS 095900; 
8505 UNS 095200, UNS 095300, UNS C954CO, UNS 095410 &: 
UNS C9S900; 8763 UNS 095200, UNS 095]()(), UNS 095400 &: 
UNS 095410; B806 UNS 095]()(), UNS C9S400 &: UNS 095410. 

C0111pntible 8150 UNS C61400, UNS C62300 & UNS C62400. F467 UNS 
Dolling: C6JJ(J() &: UNS C6/«JJ; F468 UNS C61 ]()() &: UNS C6UCO. 

Also COnJidtr Ni·AI brorrw (e.g .. BISO UNS C63(}()()), ----
Note: SpcciOeations that are indicated in italics do not have Code maximum 
allowable stresses. 
1 

The upper allowable temperature depends on the composition of tlte material. 
2 See 8432 for clad plate. 
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Table A 1-4.49 ASTM specifications for common materials of construction 

Material: Nickei·Aluminum Bronze (81Cu·IOAI-3Fe-5Ni) 

Wrought Alloys Cast Alloys 

C63000, C63020 &C63200 C95500, C95520 & C95ll00 

Typical Code Temperature Ranges 

VIII, Div. I VUI, Div. 2 B31.3 

-325 10 ?OO•F' No listings. -452to soo•F' 

Product forn1.5 for which rode-.allowahJe stresses are ayailable 

Plate: 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

Bl71 UNS C63000. 8171 UNS C63200. 

No Code listings. 8315 UNS C63020 . 

No Code listings. 8315 UNS C63020. 

No ASTM listings. 

No Code listings. 8124 UNS C63000 & UNS C63200; 
B283 UNS C63000 & UNS C63200. 

Bars: No Code listings. 8124 UNS C63000 & UNS C63020; 
B150 UNS C63000, UNS C63020 & UNS C63200. 

Ca<,iings: No Code listings. B30 UNS C95800; 8148 UNS C95500, 
UNS C9S520 & UNS C95800; 8SOS UNS C9S500, UNS C95S20 & 
UNS C9S800; 8763 UNS C9SSOO & UNS C95800; 
B806 UNS C9S500 & UNS C95800. 

Compatible Bl50 UNS C63000. BJSO UNS C63020 & UNS C63200. 
Bolting: F467 UNS C63000; UNS F468 C63000. 

Note: Specifications that are indicated in italics do oot bave Code maximum 
allowable slresses. 
1 Plate only. See B432 for clad plate . 
2 Castings and Bolling only. 
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Table A1-4.50 ASTM specifications for common materials of construction 

Material: 90/10 Cu/Ni 
UNS C70600 

Typical Code Tempernrure Ranges 

VIII, Div. I VIU, Div. 2 B31.3 

-325 to 60Q•F -325 to 450°f - 452 10 600°F 

J>rotlnct fom•s Cor wlrjcb code=al!owahle sfrK$tS are ayailahle 

Plate: Bl711 UNS C70600. Bl22 UNS C70600. 

Pipe: 

Tubing: 

Fittings: 

Forgings: 

Bars: 

B466 UNS C70600; B467 UNS C70600. 8608 UNS C70600. 

Bil l UNS C70600; B395 UNS C70600; B466 UNS C70600; 
B543 UNS C70600. 8359 UNS C70600; B395 UNS C70600; 
8469 UNS C70600; 8552 UNS C70600; 8608 UNS C70600. 

No ASTM listings. 

No ASTM listings. 

No Code listings. B122 UNS C70600; 8151 UNS C70600. 

Castings: No Code listings. Cl!nsider 8369 UNS C962CO. 

Compatible There are no ASTM listings for 90/10 Cu/Ni bolts. They should be 
Bolting: machined from bar stock if compatibility is necessary; otherwise, 

use At-bronze or Ni-Al bronze. 

Nore: Specifications that are indicated in italics do not have Code maximum 
allowable stresses. 
1 See B432 for clad plate. 
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Table A1-4.51 ASTM specifications for convnon materials of construction 

M•ttrial: 70130 CU/Ni 
UNS C71500 

Typical Code Temperature Ranges 

VIII, Div. I vrn. Dlv. 2 831.3 

-325 to 700•F' -325 to 65001' -452 to 700°1' 

l)roduct Coons Cor which code-allowable strc:;se;s nrc oynilnblc 

Plnte: 81711 UNS C71500. B/22 UNS Cl/500. 

Pipe: 8466 UNS C71500; 8467 UNS C71500. B6()8 UNS Cl/500. 

Tubing: 8111 UNS C71500; 8395 UNS C71500; 8466 UNS C71500; 
8543 UNS C71500. BJ59 UNS Cl/500; 8395 UNS Cl/500; 
8552 UNS Cl/500; B6()8 UNS Cl/500. 

Fillings: No ASTM listinp. 

Forgings: No ASTM listings. 

Bars: No Code listings. B/22 UNS C71500; 8151 UNS Cl/500. 

Castings: No Code listings. Dmsid.r 8369 UNS C96400. 

Compatible 
Bolling: No Code listings. F467 UNS Cll 500 & F468 UNS Cll 500. 

Note: Specifte~tions tllat are indicated in italics do not have Code maximum 
alloWllble suesses. 
1 The upper allowable temperarure for this material depends on heat treatment 

and/or product form. 
2 See 8432 for clad plate. 
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Table A1-4.52 ASTM specifications for convnon materials of construction 

Mattrbl: Aluminum 

Wrought Alloys Cast AUoys 

A95083, A95456 &. A9606l A03560 & A04430 

Typical Code Temperature Ranges 

VIJI, Div. I VUI, Div. 2 831.3 

-452 to 4000F1 -452 to 300"F1 -452 to 400•F 

Product (onus Cor >}'hicb rode:allmypble strma ea gyn.Jip.blc 

PLote: 

Pipe: 

Tubing: 

8209 UNS A95083, UNS A95456 & UNS A96061 . 

8241 UNS A95083, UNS A95456 & UNS A96061; 
8345 UNS A95083 & UNS A96061 . 

8210 UNS A95083, UNS A95456 & UNS A96061; 
8221 UNS A95083, UNS A95456 & UNS A96061; 
8234 UNS A96061; 8241 UNS A95083, UNS A95456 & 
UNS A96061; 8345 UNS A95083 &. UNS A96061. 

Fillings: 8361 Or WP5083 &. WP6061. 

Forgings: !l247 UNS A95083 & UNS i\96061. 

Dnrs: ll21l UNS A96061: 8221 UNS A95083 &. UNS A96061. 

Castings: !l262 UNS A03560 &. UNS A04430. 

Com~tible Aluminum boltS are Code listed as 8211 UNS A96061 bar stock. 
Bolting: Accordingly, they should be machined from bar stoelc if compat­

ibility is necessary; otherwise. see Table Al -3 (p. 302). 
F467 UNS A96061; F468 UNS A96061. 

N01e: SpecifleatiOflS tllat are indic."ed in it:llies do not have Code maximum 
:lllowable stresses, 
1 'Ote upper allowable temperarure dCJ>ends on the composiliOn and temper of tile 

material. 
1 Listed in ASME 831.3 only. 

t' 
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Table A1-4.53 ASTM specifications for common materials ofcoostrudion 

Material: Ni·Rcsist (these materials are caslings, bavmg several different COIIlpG­

sitions; they typically contain 13-35 pertent Ni and may contain other 
additions S<Jeh as Si, Mn, Cu and Cr). 

Oxidation Scaling Threshold: > ISOO"F 

Typical Code Temperature Ranges 

Vlll, Div. I VIIi, Div. 2 ·B31.3 

No listings. No listings. No listings. 

Product Comas for which mde:allowablr sttf1SSeS are availgblg 

Castings: AS71 Tp D-2M' . A436': sn·ua/ grades; A439: w-eral grades. 

Note: SpecifiCations that are indicated in italics do 1101 have Code OUJtimurn 
allowable stresses. 
1 May be qualified by impact testing to -3200F. 
1 

Tp I should be avoided in services requiring impact toughness. 
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Table A1-4.54 ASTM specffications for common materiaif of construction 

M2terial: Tantalum 

Oxidation Scaling Threshold: SOO"F 

Typical Code Temperature Ranges 

VIII, Div. I VIII, Div. 2 B31.3 

No Code listings. No Code listings. No Code listings. 

This r/UlUrilll is typica/Iy ured eiJher as tubing or as a liner, will• some other 
materilll terving as pressure corttainmt11/. 

frodw1 Col)ll$ ror which cocfe-allnwahle strcsss arc Al'Ail:lble 

Pbte.: 8708. 

Pipe: No ASTM listings. 

Tubing: 8521. 

Fittlnj~S: No ASTM listings. 

Forgings: No ASTM listings. 

Bnrs: 8365. 

Castings: No ASTM listu1gs. 

Compatible 
Bolting: No ASTM listings. Machine from bar stock. 

Nclt: Specificatioos that are indicated in italics do 1101 ba\•e Code OUJtimwn 
allowable Stresses. 
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Table A 1-4.55 ASTM specifications for common materials of construction 

Mnttrbl: Tiuruum 
Unalloyed: 

UNS RS02SO: Gr I 
UNS RS0400: Gr 2 
UNS R50550: Gr 3 

Alloyed: 
UNS R52400: Gr 7 (Pd addition) 
UNS R53400: Gr 12 (Mo & Ni additions) 

Oxldutlon Scnling Threshold: SOO•F (long tenn); 1200•1' (sbon term) 

Typical Code Temperature Ranges 

VUI, Div. I Vlll,Div. 2 B31.3 

-75 to 6QOOF -75 to 6QOOF1 

Product Cpnns Cor wbjrb cod~allow;)bltstrmcs are .uajlablc 

Plate: 

Pipe: 

Tubing: 

B26S2
: aU grades. 

B337: all grades. 8861: all groda. 

8338: aU grades. 

Fittings: No Code listings. Cbnsider 8363 (allgrada). 

Foo·glng,<: B381: oJI grades. 

Ilo~: B348: all grades. 

CIISIIngs: 8367 Gr C-i & Gr C-3. 4 

Compatible No Code listings. 
Dolling: Consider F467 & F468 UNS RS0250, RS04()() & R52400. 

NOte; SpecifiCations that are indicated in italics do not bave Code maximum 
allowable stresses. 
I This Code lists only pipe. 
: Clad plate (e<plosion bonded) is commercially available. 

Equivalent to UNS RS0400. 
' llquivolcntto UNS R50550. 
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Ta blo A 1-4.56 ASTM specifications for common matenals of construction 

Moterial: Zirconium 

Oxidation Scaling 'Th=hold: IOOJ"F 

Typical Code Temperature Ranges 

VIII, Div. I Vlll, Div. 2 B31.3 

-452 to 7000F No listings. -75 to 700•F 

f.m<luct Cpmts for »'hich code:allowoble st rrsscs ore 'lYil.ilahk 

Plate: 

Pipe: 

Thbing: 

B551 1 UNS R60702 & UNS R60705. 8551 UNS R60704 & UNS 
R60706. 

8658 UNS R60702 & UNS R6070S. 8658 UNS R60704. 

BS23 UNS R60702 & UNS R60705. 8521 UNS R60704. 

Fittings: No COOt listings. 8653 UNS R60702, UNS R60704 & 
UNS R60itl5. 

Forgings: B493 UNS R60702 & UNS R60705. 8493 UNS R60704. 

Un~: BSSO UNS R60702 & UNS R60705. 8351 UNS R6(){)()J, 
UNS R6()1J()2, UNS R60804 & UNS R60901; 8550 UNS R60704. 

CIISIIngs: No Code listings. 8752. 

Compntlblc 
lloltlng: No ASTM listings. Machine from bar stock. 

Nore: Spccifocations that are indicated in italics do not have Code maximum 
oUowable stn:sscs. 
1 Clad plate (uplosion bonded) is commercially available. 

• 
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General Notes for Tables A1·2, A1·3 and A1-4 

I. Carboo Steels weaken by gmphitizalion of carbides ti'om prolonged exposure to 
tCIDIX:TlUUr<$ :tbovc 800'F (427'C). 

2. Rcfcr toTableAI·l (p.298). 
3. Above 900'F ( 482'C), killod steel has a hig)lcr maximum code-allownble stress. 
4. Refer to the applicable Code for spe<:ific impact testing requirement~ or exemption.<;, in 

establishing minimum allowable metal temperatures. The minimum temperature 
ind i~tcd in Table A 1·1 may have to b-: just Hied by impact testing. 

5. Many of the Curve D materials of Section VIII. Oiv. I, Fig. UCS-66, can be impact test 
qualifiod down to-75' F(-59'C). Refer to Table Al.l5 of ASTM A20. 

6. The maximum thickneS$ or a stmcnu'31 part welded directly to a pressure vessel should 
be¥."' (19 mm). For greatc•· tllicknC$SCS. the patt to be wddt.-d should be fabricated from 
a mal erial equivalent to that of the vessel. 

7. Type 310 SS has bener spalling resistance than Type 309 SS. 

IDI 
APPENDIX2 
The de Waard- Milliams C02 
Nomograph 

The de Waard- Milliams nomograph is used to estimate the rate of aqueous C02 
(i.e., carbonic acid) corrosion for carbon steel. Figure A2-1 shows a worked--om 
example of how to use the nomograph to estimate carbonic acid corrosion rates. 
Iiowever, recall tl1at such rates are valid only for: 

Clean carbon steel surfaces, unprotected by surface deposits such as mill 
scale or scale produced by corrosion. 
Non-turbulent flow. 
Immersed service. 
Sh·enms that do not include cathodic polarizers such as oxygen. 

TI1e corrosion rates eslimated from Figure A2-l may have to be adjusted for 
several f.1ctors not included in the nomograph. 

The corrosion rate estimate is too large for condensing systems or for 
systems in which pro1ec1ivc scales fonn. de Waard and Lotz (I) suggest 
derating the nomograph rates by a multiplier of one-tentl1. 

The paper by de Waard and Lotz [ I) also discusses the use of 
correction factors that can be used to adjust lhe estimnJed corrosion rates 
for conditions such as high temperature, high pH, high C02 partial 
pressure and scale fonnation. 
The corrosion rate estimale may be too low for systems subject to 
turbulent flow or systems that contain cathodic depolarizers such as 
oxygen. Turbulence and/or the presence of calhodic depolarizer.; can 
generate corrosion rates of I 000 mpy (25 mm/yr) or more. 
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C02 Pros:su-e 
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Example: 
0.2 bar C0 2 at 120 ·c 
glvO$ 10 X 0.7 • 7IT'Inly 

Noto: 1 bar • 14.5 psi 

1.0 

0.1 

Ml 

Figure A2-1 C02 corrosion nomograph. (C Copyright by NACE Inter-
national. All rights reserve<! by NACE: reprinte<l With permission [1].) 

The corrosion rates estimated for design conditions may actually be less 
than those for operating conditions. If materials selection is supposed to 
be based on design conditions, the user should check the rates for both 
conditions before deciding on the basis of materials selection. 

REFERENCE 

I. C. de wan~ and U. Lcu. Pnxli<tion or CO, Conosion or Carboo Stcd, COR­
ROSION/93, l'llpcr No 69, NACE lnh:malion>l. Houston. 1993. 
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APPENDIX3 
Caustic Soda Service 
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Appendix 3 

' DEGREES BAUME 
Atnttrican St.1ndtllld Saume' Sec6& 
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Figure A3-1 Graph for caustic soda service. (© Copyright by NACE 
International. All rights reserved by NACE; reprinted with permission. Refer 
to reference [14, p. 176) in Chapter 3. ) 

ILl I 
APPEND!X4 
The Nelson Curves 

357 



368 

§ g . 
~ 

; 
g I 

I • t 11-! . ! ' i 
I 

~ 
1- h- - ~ 

g - ~- .. ; I -; ·) - -'j - ·f 
I 

I 

§ I 

I 
I 

I 

I 

~ I 

I I 
I I 

I I I 

~ r 
I I I 

- ~ 
' i .' -, }-J .e- - l} 

~H- • 
I I .g 

•. ~ 
I I I I • 

, 
I I I I 

§ g 8 

§ ~ 
I ' 1- 1-

1 -
! 
~ 
• 
"' I<) 

' ! ~ 

!~ 
~ 
!-

1-

§ 

[...... 

Appendix4 

IDI 
APPENDIXS 
The McConomy Curves 

Tile McConomy curves (I) apply to sour crude oils and sour crude fractions 
operating at temperatures in excess of SOO'F (26Q•C). Tiley may be used for 
proces.'ies containing hydrogen gas having hydrogen partial pressures of 50 psia 
(0.34 MPa) and less. 

Figure AS· I is used to detennine a correction factor which will be used later. 
Use the total sulfur content, in wt percent, to obtain the correction factor. The 
curve in Figure AS-I is valid for the temperature range 550'F (29Q•C) to 750'F 
(400°C). Figure AS-2 c;_ut then be used to obt:1in the average corrosion rate lbr the 
lllaterials of inteiest, for the maximum design temperature. Multiply the average 
corrosion rate by ~te correction factor to obtain the corrected average corrosion 
rcu·e. This rote is the estimated average corrosion rate for tlte process stream for the 
material. 

Note that estimates obtained from the McConomy curves are average 
corrosion rates. While localized rates may be higher, it is conventional to use 
average rates to eslimate the ti.me·to--first-lcak or corrosion allowances. 

Many of the applications utilizing McConomy curves for corrosion rate 
estimates are for low-pressure service. In such cases, many users utilize the entire 
wall thickness for making time·to· first·lcak estimates. However, some users 
employ McConomy curves only for estimating tl1e required corrosion allowance. 

Estimated corrosion rates from the McConomy curves include considerable 
uncertainty. As a result, the estimates often do not agree with previous plant 
experience. In such cases, it is obviously bc«er to rely on plant experience, if the 
operating conditions are not expected to change substantially. 
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Figure AS-1 Effect of sulfur content on corrosion rates predicted by the 
mod1fied McConomy curves in 550' to 750'F (288' to 399' C) temperature 
range. (© Copyright by NACE InternationaL All rights reserved by NACE; 
repnnted With perm1ssion [2).) 
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Figure AS-2 Effect of temperature on high-temperature sulfidic corrosion 
of various steels and stainless steels (modified McConomy curves). (© 
Copyright by NACE InternationaL All rights reserved by NACE; reprinted 
with permission [2).) 
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Experience has shown that the original McConomy curves are usually 
conservative 12), for the following reasons: 

For most sour crude oils and lheir fractions, lhc reactive sulfur 
concentration is significanUy less than would be indicated by the total 
sulfur content. For such streams, derating the curves by 50 percent for 
carbon steel through I 2 Cr provides satisfactory agreement with pub­
lished plant dora. 1M corroston role cJuw!s slwwn in Figure A 5-1 have 
hnn duatl!d tJCcordingly. 

Note lhat some high-sulfur crudes may contain relati>ely small frac­
tions of reactive sulfur. Even lhe 50 percent dernted McConomy curves 
may result in estimating excessive high corrosion rates. As mentioned 
above, it is obviously better in such cases to rely oo plant experience. 
As the sour hydrocarbon Slream is processed. lhe heavier ends concen­
trate the remaining sulfur bearing compounds. which indicates that they 
should become more corrosive. However. lh~ heavy ends contain a 
greater proportion of non-corrosive sulfur species, such as thiophenes. It 
has been found lhat odjusting lhe sulfur concentration in the heavy ends 
is usually required in order 10 obtain realistic predicted corrosion rates. 
For components handling such heavy ends, the sulfur concentration in 
the original feed to the unit is usually used to estimate the McConomy 
curve corrosion rnte. 
l11e McConomy curves were originally developed rrom data obtained 
from heaters used to heat sour naphtha and gas oil feed streams and from 
heaters used to heat sour crude oils and crude oil fractions. ·111e temper­
atures represent process temperatures, not tube metal temperatures. 
111us, the tcmperntures in Figure AS-2 also represent process temper­
atures. not tube me~1l temperatures. Accordingly, heater tubes should be 
handled differently from piping nnd equipment. 

TI1e following procedure is recommended for using Ute derated curves: 

As mentioned above, the original McConomy curves were developed 
from data obtained from heaters used to heal crude oils. When used for 
this purpose, the derated curves predict corrosion rates that are too low. 
Thus, for heater tubes, usc the process stream temperature and the sulfur 
concentration of the process stream to obtain the McConomy rate from 
Figure AS-2. This rate should then be doubled to obtain the McConomy 
corrosion rate. 
For piping and equipment, \\hethcr in heavy end or crude oil service, use 
the sulfur concentration of the feed stream to the unit to estimate the 
corrosion r..ue at the process srrearn temperat•Jrc. 

Tho McConomy Curves 373 

Transfer lines from heaters to fractionation lowers are subject to accelerated, 
loealiud corrosion from droplets imping,ing on elbows and tees. This phenomenon 
can occur ot velocities greater than 200 fVsec (60 m/s) and can increase corrosion 
rates by an order of magnitude or more. 

REFERENCES 

1. H. F. McConomy, Hill> Tcmpcn!Ure Sulfidic Corrosion in Hydrogen Fr<e Environment. 
AP/S.-..,Irtuon Ccn-os""'· May 12, 1963. 

2. J. GwJeit. Hill> TemperatUre Sulfidic Corrosioo ofSu:cb: Pr«tts /nduslrru Ccn-<>:ion­
Thu>ry and Proctia. edited by I} J. Mcnrt and W. l Pollocl:, NACE lntem3ll<lllal. 
HOUSion. 1986, pp. 367- 372 
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IDI 
APPENDIX& 
The Couper-Gorman Curves 

The Couper -Gorman [I I curves apply to pscous process Stteams con!aining 
hydrogen sulfide, hydrogen and hydroc:aroons. These curves should be used for 
process streams containing hydrogen gns having a p:lrlial pressure of 50 psia (0.34 
MPa) or more. 

for a given material, corrosion rates depend on the type of hydrocarbon. 
Rates are given for naphtha and gas oil. Naphtha is taken as hydrocarbons having 
an atmospheric boiling point below 300°F ( I 50°C). Gns oil~ are !hose hydro­
carbons having an annospheric boiling point of30o•r (150°C) and above. · 

Note !hat estimates obtained from the Coupcr-Gorman curves are average 
corrosion rates. While localized rates may be hig)1er, it is conventional to use 
average rates to estimate the tiroe-to-fii'St-leak or corrosion aUowances. 

Like the McConomy curves, the Cooper-Gorman curves have subs1antial 
inherent "scanei-. • Thus, the estimated corrosion rates often do not agree with 
previous plant data It is bener to rely on plant data if futllle operating conditions 
are not expeaed to change substantially. 
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IDI 
APPENDIX7 
Wet Sour Service Notes 

A. ENVIRONMENT 

Wet sour service refers to lhe following sySlcms. In eilher case, lhe pressure is at 
least 6S psia (0.4S Mpa). 

Wet Gar: liquid water is present and lhc hydrogen sulfide partial pressure in 
lhe vapor exceeds O.OS psia (0.34 kPa). 
Sour Water: liquid water in which hydrogen sulfide is dissolved at a 
concenlnttion of at lenst SO ppmw. 

B. SERVICE CLASSIFICA l iONS 

Low-Risk &rvice: wet sour service for which lhe maximum design pressure 
is less than 6S psia (0.4S MPa). 
Simple Wet Sour &rvicr. services conr.oining no other crack-inducing 
agents or cathodic poisons and for which lhe maximum design pressure is 
at leaS! 6S psia (0.4S MPn). Carbon Sleel vessels and heat exchangers 
which contain thick section welds (e.g. heavy nozzles) should be regarded 
as being in severe wet sour service. 
Sn-ere Wtt So11r &rvia: wet sour services for which the maximum design 
pressure is at leas16S psia (0.4S MPa) and 
• The service is known to be susceptible to any of lhe various fonns of 

wet H,S cracking or 
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• 
• 

The SCfVice is cyclic or 
The process coolains ocher cradc-inducing ageniS (e.g.. amines in 
excess of 2 wt. percent) or Cllbodic poisoas (such as cyanides in 
excess of20 ppmw). 

C. MATERIALS CONSIDERATIONS 

tow-Risk $ef'l!ice: in most cases, no special requiremenls. The major 
exception is for low-pressure wet sour services that conlllin cyanide 
coocentrntions exceeding 20 ppmw. 
Simple Wet &ur Sef'llice: all metals and alloys should conform to the 
requiremeniS of NACE MROI75 [1). Carbon steel is also subject to the 
requirements ofNACE RP0472 [2). 
!;e\-ere Wet &ur Service: 
• All melllls and alloys should conform 10 the requirements of NACE 

MR017S (I). Carbon steel is alsosubjeet to NACE RP0472 [2). 
• AJI weld metal, parent me<aJ and heat affected mnes should be hard­

ness conuolled 
• CaJb<>n steel plate and plate producu should be resistant 10 hydrogen­

induced cracking. 
• HJC.resistant plate should be normalized. To obtain HIC-rcsistant 

plate, order to ASTM AS 16 specifications, with the following special 
requirements: ( I) sulfur concentrntion of 0.002 wt. percent or less; (2) 
calcium treated for inclusion shape control. 

lntemals, seamless pipe, forgings and castings are exempt from HIC 
concerns. Carbon steel piping and equipment should be postweld heat 
treated, regardless of wall thickness. ·. . 

REFERENCES 

I s.Jfide SJnR Cnd>'ng l1uisu»>l AldD/lic MDUriob /01' Oilfi<ld Equipment, NACE 
• MROI7S NACE lnl<tll3li<lnal, "-(lakoac:ditica). · 

2. A(d/ttKU'andCmtrob to P~TVM~/n-Stnio< C>cding cfOJrbDn StHI Wdd> in P-1 
MDf<rioll in Corrc.rn .. P<IJ'Okum Rlfining Etrvlronm<nu. NACE _'RP0472. NACE 
lntomational, Houston (latest odibon). 

0 1 
llPPENDIXB 
Guidelines on Chloride Stress Corrosion 
Cracking of Austenitic Stainless Steels 

Figure AS-I indicates the "'mperature threshold for chloride stress corrosion 
cracking of Types 304 and 316 stainless steels as a function of chloride contenL 
This curve indica"" the 14Q•f (60°C) thneshold often quoted as the minimum 
temperature for chloride stress corrosion crJcking of austenitic stainless steels in 
neutml saHne water. 

Figure A8-2 provides estimates of dte time 10 failure of austenitic sroinless 
steels as a function of temperature and chloride content. Failure dalll were 
measured in a variety of media. Samples were made from sheet or wire with 
thicknesses of '1,. • to 1

/," ( 1.6 to ~.2 mm). The source article advises that the user 
should employ a safety factor of 10 times the chloride concentrarion . 

Figure AS-3 shows the effect of oxygen concentration on the chloride stress 
cooosion cracking susceptibility of a typical austenitic stainless steel. 
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Figure AS-1 Chloride stress eorrosion cracking of Type 304 and Type 316 
stainless steels as a function of chloride concentration and temperature. 
(Reprinted with pennission ofMTI (1).) 

Chlo#dtJ Stmss ConosiM Cracking of Austenitic Stainless Steels 

llmitUM/ 
uptoS7a 'F 

(300 'C) 

CHLORIDE CONCEHTRAllON, ppmw 

389 

'""""" 

Figure AS-2 Time to failure of austenkic stainless steels due to chloride 
cracking. (Reprinted with permission from Hydrocarbon Processing, 
January 1975, p. 75. © Copyright 1975 by Gulf Publishing Co., all rights 
reserved.) 
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Cl' C<>neentratlon, (ppmw) 

Figure AS-3 Effect of oxygen on chloride stress corrosion cracking. (Re­
printed with permission of Mn (1).) 
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IDI 
APPENDIX9 
Use of Ryznar and Langelier Indices for 
Predicting the Corrosivity of Waters 

A method for calculating the Langelier Saturation Index and the Ryznar Srability 
index has been descn'bed (I]. The calculated indices can be used to estimate the 
corrosivity of waters, as follows: 

Langelier Saturation Index 

Index Value Corrosivity of Water 

0 Neither corrosive nor scaling 

>0 Scale forming 

<0 Corrosive 

Index Value 

4.0-5.0 

5.0-6.0 

6.0-7.0 

7.0-7.5 

7.5-8.0 

Ryznar Stability Index 

Corrosivity of Water 

Heavy scaling 

Ligbt scaling 

Minor scaling or corrosion 

Moderate corrosion 

Severe corrosion 

Of the two indices, the Ryznar index is considered to be the more quantitative. 
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The commonly used indicators of the pote!ntial of a water to scale or corrode 
are the Langelier index, L, and the Ryznar stability index, R. L is somewhat 
qualitltive, i.e., positive values indicate seating tendencies, and negative values 
corrosive tendencies. R is somewhat quant.itative, i.e., decreasing values below 6 
indicate increasing scaling, and increasing values above 7 indicate increasing 
corrosion. A stable water is neither scale-foiUling nor con·osive. 

Both indexes relate to water pH, alkalinity, calcium hardness, total dissolved 
solids and temperature. Water analyses usually report constituents as calcium 
carhona1e equivalents (CaCO,) in grains per gallon (gpg), or parts per million by 
weight 

gpg = 0.05838 ppm 
ppm = 17.13 gpg 

Also, Ca expressed as CaCO, equivalents is 2.5 times the Ca ion 
concentrntion, and bicarbonale alkalinity expressed as eaco, equivalents is 0.82 
times the bicarbonale ion concentration. The nomograph solves for both indices. 

EXAMPLE 

Find Land R for 70°F water witl1 

pll = 6.9 
tOtll dissolved solids (TDS) • 72 
calcium hardness as eaco, = 34 ppm 
alkalinity as CaCO, (methyl orange) • 47 

Reading at the bottom of 1he left-hand scale, find TDS = 72 and note tl1e 
inlersection of this reading wid> the curved 70•f line. Carry this intersection 
horizootllly to pivot line 2; connect that point with Ca hardness = 34 on the right­
had scale; note the inlersection with pivot line 3; connect that point with alkalinity 
• 47 on the left-hand scale; and note lbe intersection on pivot line 4. This 
intersection is then connecled 10 pH • 6.9, and the Langelier index and Ryznar 
index are read as - 1.8 and 10.5, respectively. This waler is very corrosive. 

REFERENCE 

I. F. Capl;m, Is Your Water Scaling or Corrosive?, Chemical Engineering, September J. 
1975, p. t29. 
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APPENDIX 10 
The Galvanic Series in Seawater 

394 

The Galvanic Series in Seawater 

Adivo or Anodic 

Noble or Cathodic 

Magnesium 
Magnesium Alloys 
Zinc 
Galvanized Steel 

Aluminum 1100 
Aluminum 2024 

Carbon $1a$1 
Cast lfOn 

12 C< Stainless Steels (Active) 
18 Cr . 8 Ni Stainless Steels (Active) 

Lead-Tin Soldiers 
Lead 
Tin 

Manganese Bronze 
Naval Brass 

Nickel (activo) 
Alloy B-2 

Admiralty Brass 
Copper 
SiliCon Bronze 
70/30Cu/Ni 
Silver Solder 
Nickel (Passive) 

12 Cr Stainless Steel (Passive) 
18 C<. aNi (PassiVe) 
Titanium 

Graphite 
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APPENDIX 11 
The NACE Graphs of Materials 
Selection for Sulfuric Acid, Hydrochloric 
Acid and Hydrofluoric Acid 

CODE FOR SULFURIC ACID GRAPH 

Materials in Shaded Zonos Have Reported Corrosion Rates of <20 mpy 

ZQNE ! ZQNE2 ZONEJ 

20Cr-30Ni 20Cr-30Ni1 20Cr-30Ni' 
66Ni-32Cu1 66Ni-32Cu1 66Ni-32Cu' 
62Ni-28Mo 62Ni-28Mo 62Ni-28Mo 
Type 316' Type 3161 Gold 
AI brotl2.C 10°!.1 AI bronze 10'!.1 Lead 
Copper' Copper' Molybdenum 
Gold Gold Platinum 
Lead Lead Silicon iron 
Molybdenum Molybdenum Tantalum 
Niclcel cast iron Nickel cast iron' Zirconium 
Platinum Plat.inum 
Silver Silicon cas1 iron 
Tantalum Silver 
Zirronium Tantalum 

Zirconium 
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NACE Graphs for Sulfuric, Hydrochloric and Hydronuoric Acids 

ZONE4 

20Cr-30Ni 
62Ni-28Mo 
Type3161 

Gold 
td 
Nickel cas1 irnn 
Platinum 
Silicon iron 
Steel 
Tantalmn 
Zirt:onium 

ZONES 

20Cr-30Ni1 

2Ni-28Mo 
Gold 
Lead' 
Platinum 
Silicon iron 
Tantalum 

No air 
'<10%.-cd 
l <16s-F (7S'C} 
4<20% Ill 7S'F (2S'C) 
l <25 %-111 75'F (25'C) 

'>96 """""""'"lion 1>10 %CIIO<l<lllnlion 
' <SO%.-
' <165'F(7S'C). <96 % 

ZOHE6 

62Ni-28Mo10 

Gold 
Platinum 
Silicon iron 
Tantalum 

ZQNE7 

Gold 
Platinum 
Silicon iron 
Tantalum 

ZQNE8 

20Cr-30Ni 
18Cr-8Ni 
S4Ni-1 SCr-16Mo 
Gold 
Platinum 
Steel 

'"loto so II1PY (0-5 10 l.25 ftliiii)T) 

ZQNE9 

20Cr-30Ni 
18Cr-8Ni 
Gold 
Platinum 

ZONRI!l 

Gold 
Platinum 
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Figure A11 -1 Graph for sulfuric acid service. (C> Copyright by NACE 
International. All rights reserved by NACE; reprinted with permission. Refer 
to Reference [14, p. 184) in Chapter 3.) 
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CODE FOR HYDROCHLORIC ACID GRAPH 

Materials in Shaded Zones Have Reported Corrosion Rates of <20 mpy 

ZQNJll 

20Cr-30Ni1 

66Ni-32Cu2 

62Ni-28Mo 
Copper' 
Nicke~ 
Platinum 
Silicon bronze' 
Silic<>n cast iron' 
Silver 
Tantalum 
Totanium4 

Tungsten 
Zirconium 

1<l'loat7S'F (25'C) 

'No air 
'No FeCI, 
4<10%at WF (25'C) 

'No chlorine 
6 <O.OS% cooocntrntion 

ZOHIU ZONE4 

62Ni-32Cu 66Ni-32Cu'-6 

Molybdenum 62Ni-28Mo' 
Platinum Platinum 
Silicon bronze' Silver 
Silicon cast iron' Tan !alum 
Silver Tungsten 
Tantalum Zirconium 
Zirconium 

ZONES 
ZONEJ 

62Ni-28Mo5 

62Ni-28Mo5 Platinum 
Molybdenum Silver 
Platinum Tantalum 
Silver Zirconium 
Tantalum 
Zirconium 
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Figure ~11·2 Gr_aph for hydrochloric acid seM::e. (C Copyright by NACE 
internatiOnal. All nghts reseNed by NACE; reprinted with permission. Refer 
to reference (14, p. 180] in Chapter 3.) 
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CODE FOR HYDROFLUORIC ACID GRAPH 

Materials In Shaded Zones Have Reported Corrosion Rates of <20 mpy 

ZONE I ZO)I{E3 ZONES 

20Cr·30Ni 20Cr-30Ni 70Cu-30Ni1 

25Cr·20Ni 70Cu·30Ni1 66Ni·32Cu1 

70Cu-30Ni1 54Ni-!5Cr-16Mo 54Ni-15Cr-16Mo 

66Ni-32Cu1 66Ni-32Cu1 Gold 

54Ni·I5Cr·I6Mo Copper' Lead' 
Copper' Gold Platinum 

Gold Lead' Silver 

Lead' Platinum 
Nickel' Silver 
Nickel east iron .ZONE6 

Pllllinwn 
Silver ZONE4 66Ni-32Cu1 

54Ni-15Cr·I6Mo 
70Cu-30Ni1 Gold 

ZQNE2 66Ni-32Cu1 Platinum 
54Ni· l5Cr·I6Mo Silver 

20Cr·30Ni Copper' 
70Cu·30Ni1 Gold 
54Ni-15Cr·I6Mo Lead' ZONE7 

66Ni·32Cu1 Platinum 
Copper' Silver 66Ni-32Cu1 

Gold 54Ni-15Cr·I6Mo 

Lead' Carbon steel 
Nickel' Gold 

Platinum Platinwn 
Silver Silver 

No llir 

' 
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Figure ~11..3 G~ph for hydrofluoric acid service. (@Copyright by NACE 
International. All nghts reserved by NACE; reprinted wilh permission. Refer 
to reference [14, p. 182) in Chapter 3.) 

IDI 
APPENDIX 12 
Referenced Metals and Alloys 

Nominal 
Alloy IJNSnwnber Composition 

lnhlbited Admiralty Brass C44300 71Cu-28Zn·ISn 
Naval Brass C46400 60Cu·39Zn-Sn 
Aluminwn Bronze C60800 9SCu·SAI 
Nickei·Aiwninum Bronze C63000 81Cu-IOAI-3Fe 
90/10 Cu/Ni C70600 90Cu· IONi 
70130Cu/Ni C71500 70Cu-30Ni 
Ni-Resist F41000 ( 13 10 3S)Ni-Fe 
AISI 4140 G41400 1Cr·0.2Mo, C s 0.37 
CA-15 J91150 13Cr 
CA~ J91540 13Cr-4Ni-Mo 
HK-40 J94204 25Cr-20Ni 
Alloy200 N02200 99Ni 
Alloy201 N02201 99Ni, low carbon 
Alloy 400 N04400 67Ni-30Cu 
Alloy K500 N05500 66Ni-30Cu·3AI-Ti 
Alloy X N06002 22Cr-47Ni-18f e-9Mo 
Alloy C-22 N06022 22Cr-S8Ni-13Me>-3W 
AUoyG-30 N06030 29Cr-40Me>-l 5Fe-5Mo 
Alloy C-4 N06455 16Cr-61Ni-16Mo 
Alloy600 N06600 I SCr-72Ni-8Fe 

403 
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404 Appendix 12 

Nominal 
Alloy UNSnumber Composition 

Alloy 62.S N06625 22Cr-60Ni-9M~Ol 

AlloyG-3 N06985 22Cr-47Ni-7Mo 
Alloy 20 Cb-3 N08020 20Cr-35Ni-2SM~ 

Alloy28 N08028 27Cr-31Ni-3.SMo 
Alloy AL-6XN NOF-367 21Cr-25Ni-6.SM~N 
Alloy soo' NOSSOO 21 Cr·33Ni-42Fe, with Ti 

nndAI 
Alloy 825 N08825 22Cr-42Ni-3Mo, Ti 

slabilizcd 
Alloy904L N08904 21Cr-25Ni-4.SMo 
Alloy C-276 N10276 15Cr-S4Ni-16Mo 
Alloy B-2 NI0665 65Ni-28M~Fe 
Stellite 62 

R30006 6~29Cr-5W 
Alloy25 R30605 52~20Cr-10N">-ISW 
17-4 PH S17400 17Cr-4Ni-4QI 
Alloy2S4 SMO S312S4 20Cr-18Ni-6Mo 
Alloy 2205 {duplex SS) S31803 22Cr-5Ni-3M~N 

UNS $32250 (duplex SS) S32250 25Cr-5Ni-3M~2CU 

Alloy 2507 (duplex SS) S327SO 2SCr-7Ni-4Mo 
26-3-3 $44660 26Cr-3Ni-3M<>Cbffi 
25-4-4 $44635 25Cr-4Ni-4Mo 
29-4 $44700 29Cr-4Mo 

I Also. Alloy 800H (UNS N08810) and Alloy 800fff (UNS N0881 1 ~ 
'Regl,.ertd Trodemarl< ofOdoro Stellite Inc. 

IDI 
INDEX-

Accelerated testing, 213 
Acid, 143 

acetic, 151 
dicarboxilic, I 52 
ratty, 152 
ronnie, 151 
hydrochloric, 147, 399 
hydronuoric, 148,401 
inorgaoic, 145 
naphthenic, 152 
nitric, 81 
non-oxidizing, 72, 143 
orgnnic, 81, 150 
oxidizing, 52, 72, 76, 143 
phosphoric, 81, ISO 
polythiooic, 124 (see also Poly· 

thionic acid allack) 
reducing, 52, 143 
salts, IS4 
sulfuric, 81, 145,396 
tricarboxilic, 152 

Alkaline stress corrosion cracking 
(see Stress, corrosion 
cracking) 

Aluminum, 54 
Amine, 22, 81, 157, 180 
Ammonia, 157. 181 

anhydrous, I 58 
Ammonium 

chloride, I 54 
bisullide, 156 
hydroxide. I 58 

Amphoteric hydroxide, 55, 160 
Anneal (see Hent treatments) 
Anode., 18, 89,90 

current density, 21, 23 
sncrilicial, 8, 23, 24 

Anodic 
protection, 8 
streSS cracking (see Stress, corrosion 

cracking) 
Austenite (see MicrostructureS) 
Austenitic Slllinless steel (see Stainless 

steels) 
Allltenitizing (see Heat treatments) 

Bake~ut (see Heat treatments) 
Banded, 188 
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406 Index Index 407 

Base metal, 34 [Caustic) Crack-inducing agent, iii, 14, 180 [Elastomers) 
Benign condition, 4 stress corrosion cracking (see also Crccp,ll9 pcrfluoroelastomer (FFKM), 62, 77 
Bicarbonates, 181 SlrCSS, corrosion cracking) embrinlemcnt (see Embrittlements) polyacrylale (ACM, ANM), 62 
Biological deterioration, 87 (see also austenitic stainless steels, 183 Crevice CO<TOSioo, 20, 209, 211 (see polysu16de (PTR), 63 

Microbiologically inRueoced service curve, 182 also Sttess, corrosion silicone rubber (VQM). 62, 74, 75, 78 
corrosion) Cementite (see Microstnlc:tures) cracking) Electroless nickel plate, 23, 49, 51 

Blister, 191 Cement lining, 83 Cyanide, 1&6 Electroplate, 107 
Brittle-ductile uansirion, 42, 116 Ceramics (see RefractOries) Embrittlements, I 09, Ill 
Brittleness, 110 Charpy V-ootcb, 37 de Waasd-Milliams nomograph, 158 caustic, 115 
Butter, 129, 131 Chlorides, 160, 183 Dead soft, 27 creep, 112, 297 

Chloride stress cooosioo aaddng (see Delayed hydrogen cncking (.- S85•F,47, 116,297 
Carllon, 79 SlrCSS, corrosion aackiog) Cracking) b~32,33,35,47,51, 107,133 

blade, 71 Chlorine, 14, 56 Deoxidation, 42 liquid metal, 55, 193, 195 
dioxide, 18, 20, 105, 158, 363 Chromium, 55 • DesiJ!Il life, 8, 202, 221, 223 low-tcmperarure, 32, 33, 47, 116 
equivalent. 34 alloys (see Stainless_ steels) De2incify, 53, 173 mercury, 193 
steel, 41 plating. 23 Dielectric. 22, 89, 90, 99 temper, Ill, 297 

killed. 42 Cladding, 89, 100 Dirty steel, 130, 186, 188 zinc, 195 
Carbonates, 181 Cobalt alloys, 53 Disbocding, 77, 98, 101,213,217 End-or-run, 3, 207. 208 
Carourization, 13 I Cold box, 195 Ductile, 110 ENP (see Electroless nickel plate) 
Castings, 38 Cold cracking (see Cracking) cast iron (see Cast irons) Erosion corrosion, 53, 155, 156,211 
Cast irons, 39 Cold work, 34 Duplex stainless steel (see Stainless 

ductile, 39 Concrete, 83, 98 steels) Fabricated equipmen~ 226 
gmy,39 Control rolled, 189 Ferrite (see Microstructures) 
malleable, 40 Copper alloys, 53 Ebonite 71, 73 Ferritic 
nodular (.rce Cast irons, ductile) Copper Development Association, 53 Elastic deformation, 35 stainless steel (see Stainless steels) 
silicon, 40 Corrodents, 14 Elastomers, 71,215 steel, 32 
spheroidal (see Cast irons, Corrosion butyl rubber (BR), 63, 76 Fine grain practice, 42 

ductile) allowance, 20 I chlorobutyl rubber, 74-76 Flash spool, v, 157 
white, 41 debris, 224 chloroprene rubber (CR), 63, 74- Flue gas, 163 

Catastrophic oxidation, 137 Couper-Gonnan curves, 138, 374 76 Fracture, I I 0 
Cathode, 18 Cracking chlorosulfonated polyethylene fracture-safe design, I I 0 

interacting with anodes, 99 checking. I 02 (CSM). 63, 74, 75, 77 mechanics, II 0 
poison, 26 cold(..., Cracking, delayed hydrogen) epicblorohydrin (CO, ECO), 63 Fuel ash, 132 

Cathodic craze, 102 ethylene-propylene (EPDM), 62, 
charging. 32, 107 creep (see Creep) 74, 75, 78 Galling. 35, 49,89 
depolariz.er, 25 delayed hydrogen. 34, 115 fluorocari>on rubber (FPM), 62, 74, Galvanic 
protection, 6, 24 hydrogen induced, 188 15, 77 corrosion, 20, 23, 231 

Caustic. 182 stepwise, 191, 193 fluorosilicone (FVMO), 63 series, 23, 394 
embrittlement (see Embrittle- SlrCSS oriented hydrogen induced, llliiUJ'al rubber (NR), 72, 74, 75 Galvanizing. 106 

IDCIIIS) 193 neoprene (see Elastomers, chloro- Glass, 82 
gouging, 159 undetbead (see Hydrogen cracking, preoe rubber) Governing condition, 3 
soda, 182, 365 delayed) nitrile rubbcr (NBR), 63, 73-75 Graphite, 79, 81 



408 JndeK Index 409 ( 

Graphitization, 128 HP·Mod., 48 Nelson curves, 134, 367 ' [Linings] 
Graphitize, 40 HSLA (see High-strength, low-alloy cement, 83 Neutralizing wash, 125 ' \ Grny cast iron (s~e Cast irons) steels) glass, 82 Nickel. 51 
Gunire, 83 Hydriding, 118 refractory, 84 alloys, 49-52 ' ' Hydrogen rubber, 91 Nid<el Development Institute, 53 
Hardenability, 55 altack. 133 (s« also Nelson Liquid metal embrittlemcnt (s« Em· Ni-resist,41, 52 ' ' Hard curves) brittlcments) N itriding, 136 

facing, 49, 53, 102 embrittlement (see Embrittlements) Low Normalize (see Heat treaanents) ' \ 
spots, 129, 188 grooving, 146 -alloy stcc~ 5, 44 , Hardness control, 178 indua:d cracking (s« Cr.!clcing) .fist service (su Wet sour service) Obm's law, 19,23 

' Heat stress tn~<:king (su Stress -temper21Ure toughness (se.~ Overlay (s"" Weld overlay) , 
affected zone, 35 tn~<:king) Embrittlements) Oxidants, 165 

' tint, 138 sulfide,81,164 (seealsoWetsour Oxidalion, 136 
trcaancnrs, 27, 127 service) Malleahle cast iron (see Cast irons) reaction, 18 ' anneal, 27 (s« also Stobilization Hydroxide Martcosite («<'MicrostructureS) Oxido1tabilized, 20 

anneal) ammonium, 81 Martensitic stainless steel (ue Stilin- Oxidizing acids (see Acids) ' austeniti:ting, 27 amphoteric, 55 less steels) Oxygen. 14, 56, 76 , 
bakcout, 114 colcium, 81 Materials selection diagnun, v, 232 ' 
normolizc, 28, 179 sodium, 8 I (see also Caustic soda) McConomy curves, 138, 369 Parent metal (see Base metal) , 
postweld, 29, I 79 Mercury, 55, 193 Partial pressure, 12 ' 
preheat, 28 Impingement plate (see Splash plate) Mesa corrosion, 20, l 59 Passivation, 25 

' quench, 31 lmpregnanrs, 66, 79, 81 Mend dusting, ,13 Patina, 46 ' 
solution annealing, 27 Inhibited alloy, 53 Metalli:ting (s~ Sprayed metal coat· Perulitc (see Microstructures) 

il 
stabilize anneal, 31, 126 Inhibitors, 22 ings) Pearlitic steel (see Carbon steel) 
stress relief, 30 Insulation, 165 MJC (see Microbiologically innu- Peening, 38, 89, 184 

' temper, 31 Intergmnular enced corrosion) Permanent strain (see Plastic defor-• ! HIC (see Cracking) corrosion, 47, 50, 123 Microalloying, 43 .nation) 
' resistance, 200 stress crocking (see Stress, corro- Microstructures Penncation, 70, 2f7 

High sion cracking and Polythionic austenite, 32 pH, 51 
, ,. • ' alloys, 46, 118 acid attack) cementite, 33 Pickling, 25 ' 

-strength, low-alloy steels, 43, 46 ferrite, 32 Pigging, 22 ' ' -temperature Killed carbon steel (see Carbon martensite, 31, 32 Piping. 225 , alloys, 140 steel) pearl he, 33 Plastic ' 
t degrndntion, 227 Knife edge attack, 20 Microbiologically inOuenced defonnation, 30, 35 , HI< alloys, 4 8, 121 corrosion, I 73 (see also pipe. 58,69 ;• Holiday,22 Lamellar tearing, 130 Biological deterioration and Plastics, 57,215 

' Hot Laminates, 68 Sulfate-reducing bacteria) acrylonitrile-butadiene-sryrene ~ 

dip, 105 (su also Galvani:ting) Langelier index (see Scaling) Mill scale, 20, I 58, 161 (ABS), 60, 66 , 
fmishcd, 37 Leak-before-break, !10 Minimum design temperature, 5 chlorinated polyvinyl chloride ' rolled, 37 L grnde (su Stainless steels) MSD (su Materials selection diapm) (CPVC). 60, 61,64 , 
Spots, 167 Linings, 22, 71,82-106 (see also epoxies, 60, 62, 67 ' work, 36 Strip lining) Nascent hydrogen, 26 epoxy novolacs, 62, 67 , 

' 
< 
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[Plastics) PTtcipitation hardening stainless Steel Sour wet service (see Wet sour [Stress) 
ethylene tblortrifluorethylene (see Stainless steels) service) hydrogen sulfide, 186 (see also 

(E(;[FE),60,61,66 Preheat (see Heat treannenrs) Specification break, v, 233 Stress oriented hydrogen 
fluorinated ethylene propylene Process now diagram, v, 6, 232 Spberoidization, 128 induoed cracking) 

(FEP), 60, 61,65 Product Splash intergranular (see Stress 
furan,60,68 cont.lmination, 7, 207, 221,223 plate,v,88,233 cracking) 
perfluoralkoxy (PFA), 60, 61,65 fonn, 36 zooc, 90, 1 oj liquid metal, 193, 195 
polyamide (nylon), 60, 61, 66 Pumps, 225 Sprayed metal coatings, I 04 mercury, 195 
polyaryl ether ether ketone SRB (W! Sulfate-reducing bacteria) sulfide (see Stress, corrosion 

(PEEK), 60, 61, 66 Quench (see Heat treannents) Stabilize anneal (see Heat treannents) cracking, hydrogen sulfide) 
polychlortrifluorethylene (PCTFE), Stabilized grades, 30, 47, 52, 125 zinc, 193 

61,66 Reactive metals, 54 Stainless steels, 46 c,racking 
polyester, 62 Real time testing, 213 austenitic, 47, 117 anodic, 177 

bispbenol A fumarate, 60, 62, 68 Reducing acids (see Acids) duplex, 49, SO, 118 hydrogen, 47, SO, Sl, 114, 177 
chlorendic, 60, 62, 67 Reduction reaction, 18 ferritic, 32, 46, 49, 116 intergranubr, 123 (see also 
isopthaUc, 60, 62, 61 Refme, 28, 43 low-<arbon grades, 30, 48, 12.5, Polythionic acid anack) 
polyelhylene (PE), 59,61 Refractories, 84 144,231 relief(see Heat treannents) 
high-density (HDPE) 59-{) I Refiactory metals, S4 martensilic, 32, 46, 117 rupture, 121 
high-molecular-weight, high- Reliability, iv, 224 precipilalion hardenable, 51 stress-oriented hydrogen-induced 

density (HMW·HDPE), 59 Repairability, 38, 224 stlbilized grades (see Stabilized cracking, 193,231 (see also 
linear low-density (LLDPE), 59 Rock guard, 91 grades) Stress, corrosion cracking) 
low-density (LOPE), 59, 60 Rubbers (see Elastomers and Linings) superaustcnitic, 49 Strip lining, I 02 

' ultrahigh-molecular-weight Runout, 30 superferritic, 46 Sulfate-reducing bacteria, 166, 171 
' (UHMWPE), 59-61 Ryz.nar index (see Scaling) Start-of-run, 3, 207,208 Sulfidation, 139 

ultralow-molecular-weight Stepwise cracking (see Cracking) Sulfide stress corrosion cracking (see 
(ULMWPE), 59 Scale, 26, 103 Strain Stress, corrosion cracking) 

' polypropylene (PP), 60, 61,64 Scaling, 26, 167,391 ageing, 35, 113 Sulfidic corrosion, 138 
polytetrafluorethyene {PTFE), 60, Seawater, 23, 26, 55, 90, 103, 166, harden, 35 Sulfur, 14,71 

61,65 170,394 Stress Superaustenitic stainless steel (see 

• polyvinyl chloride (PVC), 60, 61, Sensitization, 30, 35, 121,297 c:orrosioo cracking, 30, 35, 177, Stainless steels) 
64 Severe wet sour service (see Wet sour 209 (see also Stress cracking) Superferritic stainless steel (see Stain· 

• polyvinyl fluoride (PVF), 61, 65 services) albline, 177 less steels) 

' polyvinyUdene chloride (PVDC), Sheradizing (s« Galvanizing) amine, 180 

) 60,61,64 Shielding, 91 ammonia, 181 TAN (see Total acid number) 
polyvinylidene fluoride (PVDF), Short transverse direction, 130 anodic (see Stress cracking) Tantalum, 57 

) 60,61,65 Sigma phase, 117,297 carbonate/bicarbonate, 181 Tapewr:1p, 91 
vinyl~en,60,62,68 Silicon cast iron (see Cast irons) caustjc, 182 (see also Temper (see Heat treatments) 

» Polarization, 25 Simple wet sour service (see Wet sour Embrittlement) embriUlcment (see Embrittlements) 
Polythionic acid attack, 123 (see also services) cbloride, 46,49-52, 387 Ten percent rule, Ill 

) Stress, corrosion cracking) SOHIC (see Stress oriented hydrogen CSCC (see Stress, corrosion Thennoehromic paint, 84 

• 
Postweld beat treannent (see Heat induced cracking) eraclcing, chloride) Thennoplastics, 59 {see also Plastics) 

treatments) Solution anneal (see Heat treatments) hydrogen (see Stress cracking) Thcnnos~o:ts, f./. ( ~ee also Pla('tic-' 



412 

Threshold values, iv, 9 
Titanium, 56 
Total 

acid number, 153 
sulfur, 138 

Toughness, 36, 51, 110,226 
Transient conditions, 3, 4 

Undcrbead cracking (see Cracking) 
Unified numbering system, 37 
UNS (see Unified numbering system) 
Upset conditions, iv, 4, 14 (see also 

Transient conditions) 

Vapor 
barrier, 165 
deposition coatings, I 03 

Velocity efl'ecu, 167,211 
Wall papering, 102, 163 
Wash water, 8, I 56 

Index 

Water, 166 {see also Seawater and 
Scaling) 

Wear resistance, 52, 54, 56, 76, 91, 
105 

Weathering steel, 46 
Weld 

decay, 123 
dilution, 101, 102, 129 
overlays, 89, 100 (see also Hard 

facing) 
rusting, 122 

Welding, 129 
Weldment, 37 
Wet sour services, 53, 196, 385 

, White east iron (see C:ut irons) 
Wood, 87 
Wrought prodUG1S, 37 

Zinc, 24, 53, 196{.1(1t a/soGalvanizing) 
Zirconium. 56 
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