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This book is intended for engincers 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' experience, the focus is on hydrocarbon and chemical process plants.

Many engineers repard materials selection as an activity associated with the
design and construction of new facilities, plant additions, or revamps. However,
materials selection is also part of a plant's routine maintenance activities. It is often
the subject of discussion between operations, planning and maintenance persennel,
Such discussions frequently illustrate that materials selected for short-term
solutions differ from those adopted for long-term solutions. In either case, the
materials selected, along with the specified fabrication procedures, must satisfy
regulatory requirements. Thus, the process of materials selection must
accommodate variable materials selection criteria, including those of the govemning
engineering and inspection codes.

For simple jobs such as replacements in kind or for jobs with which the
responsible engineer has prior experience, materials selection is usually a straight-
forward task. However, some jobs involve complex combinations of requirements,
which may include:

* Demanding mechanical requirements.

= Special fabrication requirements such as postweld heat treatment (PWHT).

« Aggressive corrodents or crack-inducing agents."

ICﬁMwnMMm:mﬂmemﬁm
cracking. Soch agenis cause litde il any visible comosion. Refer to Chapter 3 for a
discussion of common crack-inducing agents.

=



v Preface

* Upset conditions (i.e., non-standard operating conditions).
* Limited capital budgets.
= Tight schedules.

Since the lowest-cost 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. It 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 accommeodate all of the processes and
services to be analyzed. [t should include all of the process chemistrics,

+ Contain all necessary mechanical design information such as design
temperatures 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 alert
designers to special design conditions such as cyclic operation.

= Define the upset (non-standard} and transient 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. These are values above which the harmful
effects of a process variable are considered. For example, a widely used
threshold definition for “sour” water is a dissolved H,S concentration of at
least 50 ppmw.

The “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 concemns.

Using data and information 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. The
necessary components of a materials selection template are discussed in detail in
Chapter 1.

Obviously, some knowledge of corrosion, comrosion mitigaiion measures, high-
temperature degradation processes and metallurgy is needed to determine the

Preface v

various kinds of information necessary to design and use a template. Chapters 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 materals selection starts with the minimum design
temperature. Appendix 1 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 1, 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 2-11 contain charts and nomographs that
are useful in evaluating many common corrosive 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 jterative. 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 andfor
equipment item template, the selected materials are indicated on a simplified
process flow diagram, which is used to create a materials selection diagram (MSD),
The MSD ties together the materials selection process and penerates 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.

3
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* Convenient specification breaks become evident. (Specification breaks are
locations where the materials of construction change from one type to
another.)

* The possibility of damage to upstream piping and equipment by corrosive
reverse flows can be more easily identified.

* The potential effects of comosion products on downstream equipment and
piping can be anticipated. Examples include plugging and heat transfer
degradation. .

Refer to Examples 16-20 in the Supplement for an illustration of how an MSD is
generated and used.

The book’s focus is on conveying practical knowledge regarding materials and
corrosion engineering to help the reader develop an understanding of corrosion and
other degradation phenomena such as embrittlement. The information presented
will help the reader to recognize the threshold conditions that increase risks of
materials degradation. In addition, testing procedures that can help assess
degradation risks are discussed, as are appropriate mitigation measures. This
knowledge is essential for making good materials selection decisions.

By using templates and MSDs, materials selection can be made a relatively
straightforward 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 the help of the following people, writing this book would have been
much more difficult.

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

Mr. Jerry Bryant, who made the excellent line drawings.

Mr. Fred Bauder, who managed all of the photographic work.

Mr. Bryan Dunn, who missed his calling as an editor.

Dr. Russell Kane, of CLI International; Dr. Ed Bravenec of Anderson &
Associates;, Dr. E. M. Moore and Mr. Mohammed Al-Omairy; and Mr. C.
P. Dillon. These gentlemen provided many of the photomicrographs. (All
illustrations are the work of the authors, unless otherwise credited.)

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

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

David A. Hansen

Robert B. Puyear
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MATERIALS SELECTION
TEMPLATE

A. INTRODUCTION

Many engineers regard materials selection as simply the selection of a material of
construction. In reality, materials selection is more complex than that. 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 postweld heat treament.

* Inspection procedures and acceptance criteria such as those for hardness
control.

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

If one has some flexibility in specifying corrosion control measures, cost
savings are usually possible via the selection of less costly materials. In addition,
early consideration of the tradeoffs between materials selection and process
changes may produce significant savings if a process revision allows substitution of
a less expensive material of construction. For example, the operating temperature
can be increased above the dew point in a wet CO, system, thereby permitting the

1
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2 Chapter 1

use of carbon steel instead of requiring a stainless steel. Also, early consideration
of chemical treatment andlor process altematives may permit the avoidance of
fabrication requirements such as postweld 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

Although there are exceptions, most localities have legal requirements that mandate
compliance with national engineering codes such as the ASME Boiler and Pressure
Vessel Code [1]. These codes address mechanical design and include requirements
on fabrication procedures such as postweld heat treatment. Such codes do not
normally include guidelines on materials selection. However, they often contain
advisory information about various degradation mechanisms. In order to minimize
liability, most designers use this information as if it were mandatory. For the same
reason, nonmandatory recommended practices such as NACE MROI75 [2] and
API Publication No. 941 [3] are customarily used as mandatory documents. Thus,
the user should become familiar with local mandatory and customary practices.

Because of safety concems and potential liabilities related to process
guarantees such as yield, materials selection guides provided by process licensors
are usually regarded as mandatory. Normally, the materials recommendations by
process licensors are more conservative than those made in accordance with a
template. Mevertheless, 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 il used properly.,

Materials Selection Based on Design Conditions

This materials selection strategy is used when the 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 is prudent to
select materials on the basis of design conditions, 1t should be noted that the
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 selection will be based on design conditions.

Materials Selection Templale 3

It is worthwhile to question the design conditions whenever they differ
significantly from the operating 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 the
avoidance of a potential materials problem.

Materials Selection Based on Operating Conditions

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

The maximum sustained normal operating conditions should be determined
by the most severe of the normal operating conditions. This principle is
particularly important for those processes in which the operating variables
change from start-of-run 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 below,

Two different categories of design conditions must be evaluated to ensure a

satisfactory materials selection.

Sustained Conditions

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

1. In high-temperature services, some materfals of construction can become em-
brittled by sustained exposure to operating temperatures, for example, temper
embrittlement of some Cr-Mo low alloy steels. (Refer to Part | of Chapter 3
for a discussion of embrittlement.) However, in many cases, such embrittle-
ment is a risk only at lower temperatures, primarily during shutdowns. Gener-
ally, this type of embrittlement does not affect high-temperature ductility.

The risk of fracture at low temperatures is avoided by making sure
that, 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 embrittled 2%Cr-1Mo steel is regarded as ductile at temperatures of
250°F and warmer,

"T'ransient conditions should be reparded as governing if they can couse significant damage to
the proposed material of construction or if they cause the conditions of mechanical design to
change.
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Accordingly, pressure vessels made of this alloy are usually heated to
250°F (120°C) during startup before pressurizing,

2. In 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.

Trensient Conditions

Transient conditions are temporary departures from normal sustained operating
conditions. Transient conditions include:

= Planned operating conditions such as startup and shutdown, and catalyst
regeneration.
= Anticipated upset conditions such as loss of flow.

In some cases, a transient condition such as carryover of a crack-inducing
agent may cause significant damage to the proposed materfal of construction. In
other cases, a transient condition may require a change in the design conditions.
For example, if autorefrigeration effects are not permitted by the engineering code,
the minimum design temperature must be changed accordingly. Transient
conditions such as nitrogen purging may be benign, that is, they may not damage
the proposed material of construction and would therefore not affect the conditions
of mechanical design.

Transient conditions should be regarded as goveming if they can cause
significant damage to the proposed material of construction or if they cause the
conditions of mechanical design to change.

= A povemning condition can affect the selection of a material of
construction without affecting the conditions of mechanical design. For
example, the maximum design stress and temperature will determine the
section thickness of a carbon steel process line containing dry H,S (if
wet, H,5 is a potential crack-inducing agent). However, even on a
transient basis, liquid water in the presence of H,S can initiate sulfide
stress corrosion cracking in 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 construction. For example, carbon steel is
conventionally used for steam piping for temperatures of 800°F (425°C)
and less. However, the maximum allowable stress for carbon steel changes
for temperatures above 650°F (345°C). Thaus, for steam piping, maximum
design temperatures up to and including 800°F (425°C) will determine the
section thickness, but will not affect the selection of the material of
construction.

Materals Selection Template 5

Significant transient conditions, that 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
lemperature that must be used to select materials capable of resisting brittle fracture
at the minimum design temperature, ‘This is purely a mechanical design
requirement. One of three different criteria may be used to establish the minimum
design temperature:

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

2. The minimum design temperature may be established as the minimum
exemption temperature allowed by the applicable engineering 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 than —20°F (-29°C).

3. If the material of construction is impact tested, the minimum design
temperature is usually taken to be the impact test temperature,

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

= For processes that are not corrosive or otherwise degrading, the maximum
design temperature is usually determined solely by mechanical design
requirements,  In such cases, the maximum design temperature is often
defined not by the process or ambient conditions, but by the highest
temperature permitted by the code’s maximum allowable stress.

For example, for ASME Section V11, Div. 1 [1], 650°F (345°C) 15 the
maximum temperature listed for the maximum aflowable stress of carbon and
low-alloy steels. (Low-alloy steels contain less than 12 wt. percent alloying).
Although the maximum process, upsel and ambient temperatures may be
much lower than 650°F (345°C), it is the ambient temperature that would
probably be adopted as the maximum design temperature for a benign process.

* For processes that are corrosive or otherwise degrading, the maximum
design temperature should be determined by the corrosion/degradation
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mechanism. For example, if the process involves high-temperature, high-
pressure hydrogen, the maximum design temperature must be less than the
threshold temperature at which hydrogen will attack the material of
consiruction.

Appendix 1 provides additional information on the recommended temperature
ranges for various common materials of construction. The temperature ranges for
which the maximum allowable stresses are provided either for ASME Section VIII
[1] or ASME B31.3 [4] materials are indicated. In addition, ASTM specifications
[3] are indicated for various product forms including bolting, plate, pipe, tubing,
fittings, forgings, bars and castings.

4. Process Requirements

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

Process Flow Diagrams

A process description is the normal starting point for defining materials sclection
information requirements. This document describes the composition of the process
fluids entering and leaving each picce of equipment and the reactions OCCUITING
within the equipment. This information may be in the form of a narrative
description of the process or in the form of a process flow diagram. The latter is
usually preferred, as it visually portrays the sequence of processes and includes the
major equipment items, connecting piping, valves, pumps, packaged equipment,
etc. The description, in either form, should include a materials balance.

The information contained in a process flow diagram should be regarded as
only the initial information necessary. In order to develop all the information
needed for materials selection, the process should be analyzed for relevant upset
conditions and for anticipated variations in operations and process chemistries,
The materials selection template provides an orderly and thorough means to define
all the information required.

While it is necessary to describe the chemical processes as completely as
possible, this is frequently difficult to accomplish. In some cases, the variables
important to the materials selection process are relatively unimportant to the
engineers designing the process or the various equipment units. For example, dew
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point water formation in an overhead system containing a crack-inducing agent can
be immediately damaging to the material of construction. In this situation a team
approach to materials selection can be successful. The person responsible tor
materials selection works with process and equipment designers to seek out and
define process and operating variables that could affect materials selection.
Consideration is given to possible process contaminants, cary-overs, mechanical
problems, formation of dew point water, ete. Pertinent information is then
documented via the materials selection template,

In other cases, the process may be a prototype that cannot be completely
defined without 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 fluids where
these “unknown™ constituents are present so that their effects can be evaluated.
The materials selection template may not be very useful until the effects of
“unknown™ constituents are determined.

Changes in process fluid compositions may occur because of changes in feed
stocks. For these situations, the person responsible for materials selection must
work with process and equipment designers to anticipate a range of conditions
within which the materials of construction must perform.  Again, the required
information is then requested via the materials selection template,

Frocess Objectives

If the process has any special objectives, they must be described in the "Notes"”
section of the template addendum. One of the most common of the 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
defined. A closely related objective is avoidance of contaminating downstream
catalyst beds,

In some cases, materials which may be suitable for mild to moderately
comosive services are unacceploble 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 “Notes™ section of the emplate addendum.

Equipment Concerns

It is easy to overlook the fact that 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; they may also incorporate requirements for internal agitators or
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heat transfer surfaces. Pumps that handle shurries have different materials of
construction requirements than those handling clear liquids. The person making
materials selection decisions must be familiar with the function of the equipment
and its special requirements.

Integration of Corrosion Control into Design

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

Anodic protection is used in a few specific applications such as with stainless
steel acid coolers in sulfuric acid plants. Cathodic protection is widely used to
protect metallic structures exposed to a variety of environments, including internal
and external exposure. If either cathodic or anodic protection is specified, their use
must be integrated into the design of the equipment to be protected. Electrode (or
sacrificial anode) placement is very important, as is designing to avoid shielding
effects, Also, electrical isolation of the protected surfaces must be included in
designs. Specific requirements and techniques for anodic and cathodic protection
are outside the scope of this book.

5. Special Requirements

The required design life will affect materials selection and/or the determination of the
recommended corrosion allowance for almost all jobs. Normally, the user or process
licensor will define design life requirements. (See Part 3 of Chapter 3 for a discussion
of recommended design lives for various system compenents.) It is helpful to define
the design life requirements in the “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 leak or
rupture, Occasionally, objectives may be in conflict. For example, minimal capital
cost vs. short schedule. When this occurs, compromises are made in order to meet
the higher priority objective. Or an otherwise superior material might not be

selected if its delivery schedule would seriously delay startup. Such compromises-

should always be made with consideration to safety and environmental protection.
6. Template Information

A template should be designed to request only the information necessary for
mechanical 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 selection template.  The following categories of information
should be considered when developing a template,

Materials Selection Template ’

Table 11 Materials Selection Template

STREAM OR EQUIPMENT NUMBER:
Design Tw {Minimum/Mzodmum):
Operating Temperature (Minimum/Maximum):
Design Pressure (Minimum/Maximum):
Operating Pressure (Minimum/Maximum):
Commodity:_ Phases:
Comodents:
Crack-Inducing Agents:
Upset Conditions: ____
Material of Construction:
PWHT? (YN).____ ValveTrim™:_____ Comosion Allowance’ _____
Motes™:

Liquid Water (¥/N):

‘Commoxdity it This is usually done by
: helps to define the composition of the process. _ ]
indicating the major constituent{s) of the process, for example, hydrocarbon, rich amine,
hydrachioric acid, steam pius hydrocarbons.
Iapplicable only for metallic materials of construction. .
;hﬁzpnmi mla: indicate special requirements that may affact materlals selection.
i a: )
Exa:’nmphs mmgnud on maximurm sustained operating conditions rather than on desion
conditions

+ Chloride sirees coosion cracking may occur in austenitic stainless steels in
neutral safine services with temperatures exceeding 140°F (80°C).

. Wmmmmmmmmm
500°F (260°C). ) _

. IMWMMMMMHﬂWemmZM

+ \apor processes such as wet hydrogen sulfide are subject to the requirements of
wel sour service if all of the following apply:
a. The vapor contains liquid water.
b, H,5 is present at a vapor pressure of at least 0,05 psia {0.34 kPa).
& The tolal system pressure is at least 65 psia {0.45 MPa).

-Juuhﬂ—#uuidﬁﬁa:"
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Stream Number or Equipment Number

T:his number identifies the subject piping run or equipment on the process flow
diagram and the materials selection diagram,

Design Temperature, Minimum

The minimum design temperature is the lowest temperature at which the
component can be expected to operate, Most engineering codes require that all
anticipated operating temperatures, including those involving upset conditions, be
cunsxdgn&:d. For ferrous materials the minimum design temperature is usaci in
:,c'::“:]“;lnmﬁ 1hle necessity for Chh:rpy impact testing. Some users require that the
esign temperature be colder than the lowest ting te

HSI:H!"]FK by a margin of 10-25°F (5-14°C). This requmt gma;:" .F;:!“‘ﬂ:::;
unjustified costs if it mandates impact lesting or forces an upgrade in materials.

CtuTent]y. there is not much agreement among the common design standards
imd. ?ngmeering codes on how to establish minimum design temperatures. In
addition, the codes differ considerably in establishing toughness testing exemptions
and/or toughness acceptance criteria. Consequently, the minimum design
femperatures, testing exemptions and/or toughness acceplance criteria may (and
probably will) differ from piping, to vessels, to tanks, to pumps, etc. Accordingly
the materials of construction may be different for various components of a s:.rstem:
due to the lack of agreement amon g the relevant codes.

Refer to the following in establishing minimum design temperatures:

Application Standard

Vessels and heat  ASME Section VI, Division 1, para, UG-20 [1]
exchangers ASME Section VIII, Division 2, para. AD-121.2 [1]

Piping ASME B31.3, para. 301.3.1 [4]

Pumps API 610 “Centrifugal Pumps for General Refinery Service”
para. 2.11.5 [6]

Tanks API Standard 620 “Recommended Rules for Design and

ggnm;'ucﬁon of Large, Low Pressure Storage Tanks” para.
2.1

a-!u’l2 gtandard 650 “Welded Steel Tanks for Oil Storage™ para.
298]

_ The ii:dmrcljl toughness of metals and alloys is a function of section thickness,
Th;.f;. rch?mnshlp has been incorporated into many of the common domestic
engincering codes. Examples are ASME Section VIII [1] and ASME B31.3 [4].

Malerials Selection Template LU

Sometimes it is not obvious whether the 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 fabricarors.

Design Temperature, Maximum

Typically, the maximum design temperature is the maximum operating
temperature plus a margin [usually 25-50°F (14-28°C)]. The maximum design
temperature is used to obtain the high-temperature allowable stress. In conjunction
with the maximum 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 oxidation, hydrogen antack,
stress comosion cracking, thermal embrittlement, spheroidization, etc. The
maximum design temperature can also influence 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 corresive to the
material of choice, using the highest temperamre permitted by the maximum
code-allowable stress could dictate an unnecessary change in the material of
construction. As an example, for ASME Section VIII, Div. 1 [1], 630°F (345°C)
is the maximum temperature listed for the maximum allowable stresses of
carbon and low-alloy steels. Assuming a high-pressure hydrogen service with a
maximum operating termperature of only 300°F (150°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 determine the section thickness and,

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

In conjunction with the minimum design temperature, the minimum design
pressure may nfluence the requirement for impact testing of ASME Section VIII,
Div, 1 [1] vessels.

Design Pressure, Maximum

The ma.sl(imum design pressure, in addition to other loads and in conjunction with
the maximum code-allowable stress, determines section thickness 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 I']glﬂnd H,S, such analysis is done via partial pressure calculations.
Permit a reduction in corrosion allowance because, in low-pressure
systems, component thickness may be established by the minimum
standard available thickness or by a thickness adequate for welding. In
such cases, virtually all of the thickness is corrosion allowance.

I’left 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.

h‘tﬂueqcn concems, via partial pressure calculations, about wet acid £as
corrosion and the various problems associated with wet sour service.

. 1Thr: corrosion potential of a gaseous corrodent is often indicated in terms of
its partial pressure. Two examples illustrate this:

1. ‘For hydrogen services, the hydrogen partial pressure will be required. This
:;a caliculamd as follows, using the maximum anticipated hydrogen mole
ction:

P(H;) = [mole fraction H,] = [Maximum Design Pressure, in psia (or MPa)]

2. Similarly for acid gases, the partial pressure is usually required. For
example, using hydrogen sulfide;

P(H,S) = [mole fraction H,S] x [Maximum Design Pressure, in psia {or
MPa)]

Nute_lha{ the mole fraction required for partial pressure calculations is the
moIcl Fraann in the vapor phase. Often, the process flow diagram lists the mole
fraction in the total stream flow, not the mole fraction in the vapar phase.
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The maximum design pressure should be determined with the same care used
in establishing the maximum design temperature. [f an unrealistically high
maximum design pressure is specified, unnecessary costs can emerge for two
reasons:

1. Excessive section thickness specifications. This generates extra materials
costs as well as the potential for extra fabrication costs such as for extra
welding and postweld heat treatment.

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

Operating Temperatures and Pressures

In 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 determines the
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
corroedents or crack-inducing agents are involved,

Commodity (Process Stream Constitisents)

This information helps to define the nature of the process. The most frequently
used means is to list the major constituent(s) of the process stream such as H,5, rich
amine, steam, hydrocarbons, or hydrocarbons plus steam. Such information helps
to alert 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 information will influence the evaluation of
process corrosivity and alert the user to the possibility of erosion or erosion
corrosion.

Liquid Water

Specify “Yes" or “Mo" for normal service. This information is critical in
determining whether corrodents or crack-inducing agents will be electrolytically
active. If some other electrolyte such as an organic acid is present, indicate its
presence with a suitable note.

2 2
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Corrodents
Two types of corrodents are 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 corrode metals and alloys at high temperatures in the absence of hguid
electrolytes. List the corrodent and its concentration. In cases where the
corrodent is present as a vapor, its concentration may be represented by
cither its partial pressure or its mole fraction.

2. In most cases the primary corrosion concern is electrochemical corrosion.
Listing the corrodents and their concentrations is necessary if an electrolyte
is present during either normal or upset operating conditions. Note that,
while water is the most common 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 ceuse various types of
cracking in materials of construction and/or their weldments. For example, one of
the most common crack-inducing agents in the hydrocarbon industry is wet H,S,
which can initiate several types of cracking in carbon 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
electrolyte is present during either normal or upset operating conditions. Indicate
the concentration for each crack-inducing agent only if it exceeds the threshold
concenfration (otherwise, indicate “MNone™ or “Trace™). The threshold concen-
trations of the crack-inducing agents should be indicated in the “Motes™ addendum
of the materials selection template.

Upset Conditions

Evaluate upset and anticipated transient conditions that could damage materials.
Consider startups, which could be a risk for embrittled materials. Shutdowns
should also be considered, especially for the risk of dew point water formation.
Other examples are steamouts, boilouts, chemical cleaning, loss of flow,
presulfiding and catalyst regeneration. An upset or transient condition that worsens
any of the template variables may become a govemning condition. 1t is helpful to
use the Notes section at the bottom of the template to describe upsets and transients
that may be harmful.

Material Considerations

= Corrodents: evaluation of the risk of damage due to an upset condition
involving corrodents is done as follows:
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I. Determine if the upset condition will introduce or concenlrate a
corrodent or cause a resident corrodent to become active as a result oft
s« Causing liquid water to be present, for example, formation of dew
point water during a low-temperature excursion in a vapor system.

. &uuhgampuﬁwc,munwﬁmorpxﬁn]prmﬂwﬁhuﬁ.

= Promoting concentration effects at liquid-vapor interfaces and al
crevices such as socket welds.

2. Use the estimated duration of the upset to determine a proraied
comrosion rate. The prorated rate is then used to evaluate whether
there is a need for extra corrosion allowance, an upgrade in materials
selection or the specification of an additional mitigation measurs s:.fr.h
a5 a paint coating. Generally, the duration of an intermittent corrosion
episode due 1o an upset is so short that it has essentially no effect on
materials selection.

« Crack-inducing agents: prorating is not normally permitted for cmE:kv
inducing agents. The presence of even a transient active crack-inducing
agent should be considered as a governing condition for the purpose of
materials selection. The conventional response to a transient active cra:_:k—
inducing agent is a materials upgrade or the adoption of a preventive
measure such as a paint coating. ‘ _

« High-temperature excursions: evaluate the effects, if any, uf l:ug]}-
temperature transient conditions, If a high-temperature excursion will
result in unacceptable corrosion, significantly degrade the material of
construction, or accelerate the activity of a crack-inducing agent, the upset
condition should be regarded as goveming, In such cases, the maximum
design temperature is determined by the high-temperature 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. The da;:isir:'m vp:hethcz: to
regard the upset condition as governing becomes a code question involving
mechanical design. The design engineer is usually consulted on such
questions.

- Some codes allow occasional temporary operating conditions outside the
design envelope. If it can be established that an otherwise benign upset
condition is permitted, the condition should not be regarded as governing.
There is often an economic benefit in such decisions.

» In some cases, the component may be exempt from code requirements, for
example, heat exchanger tubes. In such cases, common sense may indicate
that the upset condition is not governing.
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Discussion

In the early STBSF-S of a fﬂﬂiﬂr project, the process flow diagram and process
equipment and piping designs are changed often. Detailed materials selection at
this 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 processes may be beneficial. This review should mvestipate process
changes and mitigation measures such as chemical treatment that would reduce
materials costs, the risks of corrosion or other degradation problems,

REFERENCES

L. ASME Boiler and Fressure Vessel Code, American Sovicty of Mechanical Engineers
New York (latest edition), B X

2. Sulfide Stress Cracking Resistant Metallic Materials for Oilfield Equipment, NACE
MR0175, NACE Intemational, Houston (Jatest edition), qriipment,

3. Steels for Hydrogen Szn.r{ce at Elevated Temperatures and Pressures in Petroleum
Refineries and Petrochemical Plarts, AP| Publication No. 941, AP1, Washington, D.C.
{latest edition).

4, Chemical Plant and Petroleum Refinery Piping, ASME B31.3, American Society of
Mechanical Eﬂglﬂbﬂ'&. Mew York (Iatest ¢ditinn}. ety

5. Annual Book q.f".-‘l\’i':.’"j#f Standards, American Society for Testing and Materials
Philadelphia (latest edition), "

6. Centrifiugal Pumps for General Refinery Service, AP1 Standard 610, API, Washington,
D.C. (Jatest edition).

7. Recommended Rules for Design and Construction of La ;

; rge, Low Presswre Stora
Tanks, AP Standard 620, API, Washington, D.C. (latest edition), g

8. Welded Steel Tanks for Oil Storage, API Standard 650, API, Washington, D.C. (latest

edition).

2

BASIC MATERIALS
ENGINEERING

Corrosion is the most commeon cause of failure in a plant. Accordingly, the basic
principles of the most commeon type of corrosion, electrolytic corrosion, will be
discussed in detail in the first 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 differentiating
among the various alloys, non-metallic materials and composite materials available
for use in modem plants, The second part of this chapter begins with defining
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 the process of selecting material upgrades. The
most commonly used non-metallic materials are also discussed.

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

A. INTRODUCTION

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

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

B. CORROSION BASICS

There are three simultaneously necessary conditions for electrolytic corrosion to
ooour:

1. An electrolyte must be present. Usually this is water containing dissolved
salts,

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

3. The anode and cathode must be 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 CO, (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;

= Owveralk: Fe + H,COy — FeCOy + Hy

= lonically: Fe + 2H(+) + CO3(=) — Fe(++) + COy(=) + H,
* Anode reaction {oxidation): Fe — Fe(++) + 2¢(-)

» Cathode reaction (reduction): ZH(+) + 2e(-) — H,

Mole that the anode is an electron donor while the cathode is an eleciron
accegior.
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Wat Cﬂ:
s 2H+H+28() — Hp
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Fe — Fa{++}+2() H(+)
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/ &0 Cathode
Anoda -
Iron

Figure 2-1  lllustrating the essential features of an electrolytic corrosion
cell.

In this example, both the anode and cathode are iron. However, the two sites
must 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 siresses can cause this type of behavior.

Thermodynamically, 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 free energy will tend to cause that site to be 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 dissimilar metals, the different inherent
corrosion resistance of the two metals translates into one having a greater Gibbs
free energy than the other.

The 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 be used to explain some of the mitigation measures used to control
corrosion.

Some examples of cathodes and anodes follow.

"W = IR, where V¥ is the electrical potential (in volts), [ is the eurrent (in amperes) and R is the
electrical resistance (in ohms),
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1. Cathodes

* In hot-formed carbon steel products, the cathode is very often the area still
covered by mill scale (Fe,0,), while the anode sites are cracks in the mill
scale. This is a very common anode/cathode relationship in carbon steels.
It is the normal situation in a form of COy/carbon steel corrosion called
“mesa” corrosion. Mill scale is conductive and is slightly cathodic with
respect to clean carbon steel. Note that this is an example of a galvanic cell.

* The cathode area is sometimes the non-cold-worked areas in a component
that has been partially cold worked, for example, the straight-run tubing in
o U-bend heat exchanger bundle,

* In heat exchangers, pumps and vessels, the internals are often made of
more corrosion resistant alloys than is the pressure retaining component.
Thus, the intenals are cathodic with respect to the pressure retaining
component. This situation should always be reviewed for conformance
with design life and safety requirements.

2. Anodes

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

Crevice corrosion and under-deposit corrosion can be serious problems in
oxide-stabilized materials such as aluminum and stainless steel. These materials
depend on the formation and stability of a very thin oxide layer that is inert, easily
“healed” if damaged and tenacious. At sites where the oxide layer has been
disrupted and has not healed, the material usually has very little corrosion
resistance, Consequently, these materials can simultaneously exist in both active
and passive states, sometimes adjacent to each other. The potential difference
between the anodic active state and the cathodic passive state acts 1o galvanically
drive the corrosion cell. In addition, the anode area in such cells is typically much
smaller than the cathode area. This difference acts to further accelerate the
cormosion rale,

Crevices and deposits can accelerate corrosion in metals such as carbon
steel, which does not exhibit both active and passive 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” attack in the weld of an
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Figure 2-2 An example of "knife-edge” attack in ERW (electric resistance
welded) pipe. This localized comrosion was shown to be caused by
excessive sulfur concentrating in the fusion zone of the weld

ERW (electric resistance—welded) pipe. This example illustrates the rapid rate of
localized metal loss that can occur when the cathode, in this case the parent metal,
has a 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 respect to the unaffected adjacent metal. Refer to Part 2 of Chapter 3 for a
discussion of sensitization,

C. CORROSION CONTROL

The rate of corrosion at the anode is directly proportional 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: use methods that eliminate or
reduce anode current 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 function of a barrier coating is 10 prevent gross contact between the
corrodent and the metal surface. This is usually done by a paint coating or a lining.
In some applications, a chemical inhibitor is used. -

Inhibitors

Chemical treatment by inhibitors is a frequently used corrosion conirol 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 amines are a common example. Because such inhibitors
can be casily disturbed and thereby lose their barrier function, inhibitors are usually
continuously injected. In some applications 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 clean
systems in which trbulent flow does not interfere with the adsorption of the
inhibitor. Chemical inhibition is usually not an effective mitigation measure in
components subject to turbulent 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 “dirty™ 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 a mechanical cleaning device
through the pipeline.

Coalings and Linings

In addition to ac:ingubaniermmfmg;.mmmuhg:md]i_ﬁhgsmdi:hmin.
that is, they act as electrical insulators. By providing electrical insulation on the
cathode, the total cathode current available to concentrate at the anodes is reduced.
The theory here is based on the fact that the total cell current must balance to zero:
the total anode current equals the total cathode current. By reducing the total
cathode current, the anode current density is reduced.

In immersion services, this technique can still result in large anode current
densities if the coating has “holidays,” the name sometimes given to pinholes.
Holidays act as very small anode areas. 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 sustained high rates of corrosion, since all of the 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 comosion rate.  Thin-film
coatings can generate high anode current densities in tanks and vessels and
therefore should not be used without the backup of a cathedic protection system.
Thick dielectric linings such as rubber virtually 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, coating the anode without also doing something to control the
cathode can lead to very unfavorable anode/cathode area ratios, For example,
coating the carbon steel channel/channel 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 enormous anode current density. There are at least two
proper mitigation responses for this example:

* Coat the tubesheet as well as the channel'channel cover, perhaps with
sacrificial anodes used to handle holiday problems.

* Coat only the cathode, without requiring the use of supplemental cathodic
protection.

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 caotion because these coatings are electrically conductive, permitting
unrestricted participation of the cathode in supplying current to available anodes.
Also, the coatings themselves are cathodic with respect to the substrate, making
any pinhole an anode with a very large cathode/anode area ratio. The current
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-conductivity fluids such as
seawaler, resistivity is small  Ohm's law indicates why such couples have
increased current densities at the anode: [ = V/R

Note that such coatings are successfully used on substrates such as stainless
steel, primarily for improving wear resistance. 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
comrosion in other media, for which the series may not be available. Refer to
Appendix 10 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 comosivity nor the conductivity to support
galvanic activity. Seawater often actively supports galvanic corrosion.



24 Chapter 2

In rare cases, the relatively small heat affected zone area of a weld will be an
anode to the relatively large cathodic surface area of the parent metal. In
moderately corrosive media, the 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 that can
cause significant distortion problems. In most cases, the weld metal, heat affected
zone and parent metal do not have signilicant galvanic differences.

2. Cathodic Protection: Make Everything into a Cathode

This can be done in either of two ways:

I. The piece to be protected can be electronically and electrolytically
connected to an inert material such as graphite or silicon iron. A power
supply imposes a voltage that 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 extemal 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 secrificial anode. Galvanized carbon steel is a common
example of this application,

Sacrificial anodes are usnally used to provide eathodic protection to offshore
structures and pipelines. Cmshore, 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 internal cathodic protection
for tanks and vessels.

3. Anodic Protection: Make Everything into an Anode

Anodic protection uses an impressed current to protect alloys that can exist in both
active and passive states. These materials are typically oxide-stabilized. Examples
include stainless steels and titanium. The 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, the
technique should not be used without expert assistance.
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A similar applicaiion, without an impressed current system, involves spreading
the cathode current over 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.  Passivation consists of exposing the clean metal surface to an
oxidizing environment. The resulting passivated surface 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 film. In materials such as carbon steel,
which form relatively weak oxides, passivation can be destroyed rather easily. In
oxide-stabilized alloys such as the stainless steels, passivation-induced corrosion
resistance is not easily destroyed, especially in oxidizing environments,

Passivation is most often associated with chemical cleaning. The chemical
cleaning process should include a "passivation” procedure as the 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
duration long enough to remove the chromium-depleted surface beneath the layer
of scale. The acid solutions used to pickle stainless steels usually contain sufTicient
nitric acid (a good oxidizer) that a subsequent passivation step is unnecessary.

5. Polarization

Polarization 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 cathode in the absence of a cathodic
depolarizer. Dissolved oxygen is an example of a cathodic depolarizer.
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perhaps as the result of the precipitation of an insoluble iron salt which
inhibits diffusion of Fe{++).

The anode current density, which is directly proportional to the corrosion rate,
decreases because of polarization. The rate of corrosion becomes limited by
diffision, and in many cases, corrosion ceases, for all practical purposes.

= We see the effects of polarization in deacrated, but otherwise corrosive,
water. Without dissolved oxygen, hydrogen polarization all but shuts down
the comosion mechanism. For example, scawater deacrated to less than
about 10 ppbw is non-comrosive to carbon steel,

= Many waters form insoluble dense scales on the comoded substrate. The
result is polarization from the presence of ion-saturated water at the scale-
substrate interface. In addition, the dense scale acts as a barrier to the
diffusion of new corrodent and dissolved oxygen to the substrate surface.
Refer to Appendix 9 for a discussion of the Ryznar and Langelier indices,
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« Soluble Fe(++) saturates the electrolyte around an anode in carbon steel,
! which are used to predict the corrosivity and‘or scaling tendencics of water.

Polarization is encouraged by any phenomenon that promotes the buildup of
ion concentrations at anodes or cathodes. Conversely, polarization is retarded by
phenomena that reduce such ion concentrations.

Polarization
Anodic Cathodic
Encouraged by Formation of dense, adherent, Low-velocity flow
insoluble salts Appropriste cathodic protection
Low-velocity flow
Reduced by Formation of soluble salts instead  Presence of hydrogen scavengers
of scale such as dissolved oxygen
{ Formation of soft scale that is Cathodic poisons
easily removed by high- High-velocity flow
f velocity flow :
: Particulate erosion
( High-velocity flow
" lons such as sulfides and cyanides can act as “cathode poisons.” Instead of the
hydrogen ions recombining to form hydrogen gas, which in tumn can act to polarize
C the cathode, they form nascent hydrogen atoms. The nascent hydrogen then

diffuses into the substrate material. In ferritic steels, the result can be hydrogen
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embriitlement and/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 countermeasures 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 sulfidation, destructive
oxidation of alloys in air or steam at high temperatures, carburization, nitriding,
fuel ash corrosion and high-temperature hydrogen anack, all of which are discussed
in Chapter 3, “Failure Modes.™

PART 2: MATERIALS

A. METALLURGICAL DEFINITIONS

Metallurgical descriptions usually contain jargon and arcane words that baffle the
uninitiated. Here we offer clear, useful explanations of some of the most frequent-
by encountered tenms,

1. Heat Treatments
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 955°C). 1650°F (%00°C)
425°F (14°C) is the typical target temperature for annealing. 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
brittle in the fully annealed condition. Such steels are usually subsequently
normalized. Figure 2-4 shows the microstructural effects of normalizing. The
heating 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
redissolve any chromium carbides that may have formed during prior processing.



28

Chapter 2

Figure 2.3 A typical microstructure in carbon steel that has been furnace
annealed. (Courtesy of Dr. E. V. Bravenec, Anderson & Assoc. )

Normalizing

In this process, a carbon or low-alloy steel is heated to about 1650°F (900°C) and is
then air cooled. The process partially relieves stresses retained from prior
p‘ru-c:‘ssmg and “refines” the material. The term “refining” means that the grain
Size 1s reduced and the grain structure becomes more homogeneous, therehy
producing a tougher, more ductile product. Comparing Figure 2-4 to Figures 2-3
and 4-12 illustrates the microstructural benefits of normalizing,

Freheatin g

Many steels are susceptible to various forms of cracking during or after welding.
Examples include high-strength carbon steels and low-alloy steels such as the air-
hardenable Cr-Mo steels. Preheating the base metal or substrate is beneficial in
m:!ﬂ*:ing the risks of such cracking. The common engineering codes contain
guidance for preheat temperatures 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 siresses can be introduced into a metal by fabrication processes such as
forging or rolling, by uneven heating or cooling, or by welding. The magnitude of
such stresses is usually on the order of the yield strength but may in some cases
approach the tensile strength of the metal.

In order to siress relieve or postweld heat treat carbon and low-alloy steels, it is
necessary to heat them, typically to a temperature in the range of 1100 to 1350°F
(595 to 730°C). They are then held at this temperature for some period of time,
followed by air cooling. The minimum holding time is specified by the relevant
engineering code. The holding temperature must be less than the lower
transformation temperature of the steel. The lower transformation temperature is
the lowest temperature at which austenite stants to form. For example, 1333°F
(720°C) is the lower transformation temperature for plain carbon steels,
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Metals and alloys weaken as they become hotter, that is, their yield strengths
decrease. Residual stresses in excess of the reduced yield strength are eliminated
via plastic deformation. Upon cooling, the maximum residual stress possible is the
yield strength at the holding temperature. For carbon steels, this heat treatment
process reduces residual stress by about two-thirds. When done for the purpose of
removing residual stresses caused by cold work, the process is termed stress relief.

When the liquid metal in a weld solidifies, it becomes at least partially
constrained by the surrounding metal. As the weld metal cools to ambient
temperature, this restraint interferes with contraction. The resulting residual stress
in the weld is approximately equal to the ambient temperature yield strength of the
parent metal. Stress relief heat treatment for welds is called postweld heat
treatment. An additional benefit of postweld heat treatment is a reduction in weld
metal and heat affected zone hardnesses, which can be beneficial in reducing the
risk of some forms of stress corrosion cracking. ! -

Incidents of stress corrosion cracking in postweld heat treated weldments
indicate that postweld heat treatments arc sometimes ineffective in reducing
residual stresses and/or hardnesses associated with welds. Sometimes this result
can be attributed to microalloying. The effects of microalloying on heat affected
zone hardnesses is discussed in Section D (p. 39). In some cases, subsequent stress
corrosion cracking can be traced to an improperly executed postweld heat
treatment, for example, where the postweld heat treatment teinperature was 100
low. In other cases, it has been speculated that even the lowered level of residual
stress was sufficient for the initiation of stress corrosion cracking. In such cases, a
change in the process or the material of construction is indicated.

Some design and construction codes allow low-temperature postweld heat
treatments if the weldment is held at the lower temperature for an extended time.
Such postweld heat treatments should not be permitted if postweld heat treatment
was specified in order to avoid or minimize the risk of stress corrosion cracking.

Austenitic stainless steels are rot usually stress relieved or postweld heat
treated. When they are subjected to such heat treatments, they are held at a
temperature of 1600 to 1650°F (870 to 900°C), followed by rapid cooling. The
rapid cooling is necessary to avoid sensitization. (See Part 2 of Chapter 3 for a
discussion of sensitization.) Stress relief or postweld heat treatments of ordinary
austenitic stainless steels at less than 1600°F (870°C) can grossly sensitize the
alloy. For this reason, local stress relief of unstabilized austenitic stainless steel is
usually impractical, since the “runout” areas immediately adjacent to the region
being heat treated will be grossly sensitized. An exception is stress relief of low-
carbon grades of thin-section products such as whbing. These can be stress relieved
fast enough to avoid gross sensitization. Stabilized grades of austenitic stainless
steels such as Type 321 SS are much less susceptible to sensitization if they have
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been stabilization annealed. Stabilized grades are usually selected if local siress
relief or postweld heat treatment is required.

Quenching and Tempering

This procedure is used to produce materials with improved strength and/or
toughness. It is restricted to alloys whose microstructures are transformed upon
cooling. In this procedure, a ferritic steel is first heated 1o a temperature of about
1650°F (200°C) or higher, then quickly cooled in air, water, water spray, oil or salt
bath. The cooling step is the “quench” part of the procedure. The required rate of
cooling, and consequently the choice of quenchant, depends on alloy chemistry and
section thickness.

Mormally, the objective of the procedure is to develop a very strong, tough
material. The quenching part of the procedure produces a hard and srong—but
brittle—phase called martensite. Tempering is usually done at 1100 o 1300°F
(595 to 705°C). The tempering procedure is very similar to that used for stress
relief or postweld heat treatment. Tempering is performed to promote some carbon
diffusion from the martensite, thereby greatly improving the ductility and
toughness of the quenched steel.

Thick sections of many ferritic steels cannot be cooled quickly encugh in air 1o
obtain the desired normalized microstructure. In such cases, quenching is often
used to hasten the cooling rate. The objective is to produce the same sort of
microstructure that would be obtained from nonmalizing a thinner section of the
same material. In thick sections of such materials, even quenching does not
ordinarily generate the cooling rates necessary, to develop martensite. Hence,
tempering is primarily intended for stress relief rather than for softening martensite.
Many engineering codes such as the ASME Boiler and Pressure Vessel Code,
Section VIII [1] and materials specifications such as ASTM AS16 permit such
thick sections, when properly quenched and tempered, to be equivalent to

lized ol

Tempering is also sometimes done in conjunction with other heat treatments
such as normalizing. The purpose is usually to promote carbon diffusion, with the
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 use multiple heat treatments or heat
treatments having unusually long holding times or unusually high holding

The user should be wary of such proposals. Some multiple heat
treatments will cause degradation of the common materials of construction. Loss
of strength and/or loss of toughness may result. If permitted, the fabricator should
be required to demonstrate, by testing, that the proposed procedure will not result
in material degradation.
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2. Microstructural Terms

Auﬂﬂﬂﬂﬂ‘

Austenite is a high-temperature fo:m of carbon steel, having a face-centered cubic
crystal structure. The lowest temperature at which ordinary carbon steel can be
fully austenitic is 1333°F (720°C). During normalizing heat treatments, the
holding temperature and time is specified so that the alloy becomes fully austenitic.
For the common carbon steels, the austenitizing temperature is typically specitied
2 1650°F (900°C),

Austenite has a much higher solubility for carbon than do the lower
remperaure forms of steel. Heating the steel to an austenitizing temperature causes
y carbides that may have formed (as a resull of lower temperature
ations or materials processing) to dissolve. Alloys capable of forming
gustenite at high temperatures, but that transform to other erystal structures at lower
rem are said to be hardenable by heat treatment. Martensitic steels are an
example. Most of the carbon and low-alloy steels are hardenable by heat treatment.
By adding alloying elements such as nickel or manganese to carbon steel, the
itic microstructure can be made to be stable at low temperatures. For example,
most austenitic stainless steel and high-nickel alloys exhibit stable microstructures at
remperatures approaching absolute zero. These alloys have excellent low-temperature
toughness and are immune to hydrogen embrittlement from causes other than
charging. Most austenitic alloys are not hardenable by heat treatment, the

major exception being a few precipitation hardenable types.

Ferrite

ferrite is essentially pure iron at temperatures less than approximately 1675°F
tglj"C}. It has a body-centered cubic crystal structure. Ferrite forms from
austenite as the austenite cools from a normalizing heat treatment. Because ferrite
does not contain enough carbon to permit the formation of martensite, it is not
able by heat treatment. Accordingly, steels composed only of ferrite are not
le by heat treatment. The most common example of a truly ferritic steel is

405 SS, a ferritic stainless steel.

Please note that the generic term “ferritic steel” is used to refer to carbon or
jow-alloy steels that contain other phases in addition to ferrite. Such steels are
usually hardenable by heat reatment.

Ferritic steels become brittle at low temperatures. This phenomenon is
reversible, that is, the steels regain their former toughness after being warmed up.
Ferritic steels are also susceptible to hydrogen embrittlement.

Marfensita

Martensite is formed from high-temperature austenite, in heat-treatable alloys, by
cooling the austenite fast enough to prevent the formation of ferrite. For some
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heat-treatable alloys, quenching in water or some other liquid such as oil or a
molten salt is required to obtain the cooling rate necessary to produce martensite.
Some steels have sufficient alloying additions that quenching is not necessary to
produce martensite. Air cooling produces the martensitic microstructure in Type
410 5S and other martensitic stainless steels, Since martensite is usually a brittle
material, it is normally subsequently tempered. The tempering temperature should
be colder than the austenite transformation temperature. The primary purpose of
tempering, is to permit some carbon to diffuse from the martensite, The subsequent
tempered martensite is significantly stronger and tougher than the parent ferritic
alloy, Mote that a tempered material should never be stress relieved or postweld
heat treated at a temperature exceeding the final tempering temperature. Such heat
treatments can seriously degrade the mechanical properties of the alloy.

Although properly heat-treated martensitic steels have superior fracture
toughness, they do become brittle at low temperatures. Most martensitic steels are
very sensitive to hydrogen embrittlement.

Martensitic ailoys find widespread use in the hydrocarbon and chemical
process industries, Examples include high-strength bolting such as ASTM A193
Type B, high-strength quenched and tempered plate such as ASTM A543 and
martensitic stainless steels such as Type 410 8§,

Pearlite

Most carbon and low-alloy steels contain enough carbon to be hardenable by heat
treatment. However, carbon 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 forms during cooling from austenitic temperatures.
This microstructure is composed of a mixture of ferrite and pearlite. During
cooling, ferrite starts to form from austenite. The ferrite contains essentially no
carbon. As the ferrite forms, it leaves behind an increasing concentration of carbon
in the remaining austenite. The excess carbon is eventually ejected from austenite.
Under normal circumstances, the excess carbon combines with iron to form iron
carbide (Fe,C), called “cementite.” If the austenite cools relatively slowly, as in air
cooling, pearlite forms. Pearlite consists of a binary mixture of femite and
cementite. The structure of pearlite is lamellar, consisting of very fine, altemating
layers of ferrite and cementite.  Thus, the gross microstructure of normal 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 condition.

3. Metallurgical Terms

The terms 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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necessary in the text For a more complete dictionary of metallurgical lerms, see
reference [2].

Base Metlal

Used interchangeably with the term parent metal, this lerm refers to the material of
the components in a weldment, to differentiate such material from the weld metal
and the heat affected zone of the base metal.

Carbon Equivalent

Carbon equivalence is used in evaluating the weldability of a carbon steel. There
are many different formulas used to calculate the carbon equivalent (CE) value, the
most common being:

CE=C+Mn/6 +(Cr+ Mo + V)5 + (Ni + Cu)15

where the concentration of each element is expressed in wi. percent.

The primary uses of CE values are for evaluating the risk of developing hard,
heat affected zones and the susceptibility of the weldment to delayed hydrogen
cracking. Table 2-1 shows typical limits for carbon steels. :

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 cccurs. Such
deformation raises the intemnal energy of the material. The mechanism of energy
storage involves creation of distortions in the crystal structure of the material, In
terms of thermodynamics, this is an increase in unit entropy. Cold working
involves plastic deformation at relatively low temperatures. (In reference to cold
work, “low" refers to ambient temperatures up to several hundred degrees for most
of the common materials of construction.) The effects of deformation are
irreversible, unless the material is subsequently subjected to heat treatments such as

Table 2-1 Typical carbon equivalent limits for carbon steels

IWall Thickness T 58" 14 78" 107
12.7 mm 15.9 mm 19 mm 22 mm 254 mm
FH.‘II.. CE Value 0.40 0,39 (.37 (.35 34
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normalizing or solution annealing. The term cold working has been given to this
phenomenon. Cold-worked materials have increased yield strengths and reduced
ductilities; such materials are 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 strain ageing
(see Part | 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 and other damaging phenomena.
For applications in which excessive cold working may be harmful, it is normal
practice to stress relieve materials that have received more than five percent
permanent strain.

Elastic and Plastic Deformation

Plastic deformation is caused by a stress that exceeds the yield swength of the
material. Deformation at stresses less than the yield strength is called elastic de-
forcaation. Elastic defonmnation is reversible, that is, the deformation disappears with
the removal of the stress. Plastic deformation (sometimes called permanent strain) is
permanent, i.e., the deformation remains afier removal of the stress that caused it.

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

Austenitic stainless steels are the most common materials susceptible to
galling. Examples include threaded fasteners (galling occurs in the threaded
region) and valve closures.

Hardenabiiity

Hardenability is used to describe the ability of an alloy to be hardened and
strengthened, usually by heat reatments such as quenching and tempering. The
term is also used to describe alloys that can be hardened and strengthened by cold
working, for example, strain-hardened bolting.

Heat Affected Zone

A heat affected zone (HAZ) is a volume of the parent metal in which the
mechanical properties and/or the microstructure have been changed by the heat of
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Figure 2-5 lliustrating the typical features of a weld.

welding. or thermal cutting, For most welds in carbon and low-alloy steels, the
HAZ is a band, usually about 1/8” (3 mm) wide, adjacent to the fusion line of the
weld, In austenitic stainless stecls, a narrow, secondary HAZ may be generated at
some distance from the fusion line, as a result of welding-induced sensitization.
This effect is illustrated in Figure 2-5,

Hot Working

Hot working describes plastic deformation occurring at a temperature hot enough
to prevent the material from becoming strain hardened. Instead, it spontaneously
“recovers” plastic deformation. 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 the 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 (1260°C) for steels and
nickel alloys. Such temperatures exceed the academic definition of the temperature
needed to recover plastic deformation 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 1o deform plastically and absorb energy
before fracturing. 1t can be thought of as the encrgy per unit area necessary to
create a fracture,  Obviously, a material that requires a great deal of energy to
create fracture surfaces is very resistant to fracture,
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Toughness is usually measured by the energy absorbed during an impact test.
The most common example of such a test is the Charpy V-notch impact test (see
ASTM A370).

Weldment

A weldment is an assembly whose component parts are joined together by welding.

B. ALLOY DESIGNATIONS

It is common practice to refer to alloys by a standardized numbering system, called
the Unified Numbering System [3,4]. The UNS numbering system incorporates
many earlier alloy identification systems which were developed for particular alloy
families such as those for aluminum and copper alloys. Use of the UNS permits
one to discuss andfor 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 the ordinary alloy designation is
nonproprietary and is in common use, such as the 300-series stainless 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 12, which
also lists the nominal composition of each alloy.

C. MANUFACTURING EFFECTS

Metals and alloys are available in two primary forms: wreought and cast. Products
created by other methods such as powder metallurgy are not common enough in
chemical and hydrocarbon plants to warrant inclusion in this discussion.

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

Wrought products may or may not be heat treated as part of the manufacturing
process, Note that terms 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 specification to see if
the product is supplied in the heat-treated condition or if heat treatment must be
indicated as a supplemental requirement,
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Castings are products formed by solidification of a liquid in a mold. (Welds
are an unusual form of casting.) Virtually all wrought products begin 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 either a fabrication or
maintenance procedure. Postweld heat treatment (or solution annealing in the case
of austenitic stainless steels) may be indicated. However, such heat treatments can
warp previously machined surfaces.  Special welding procedures, hardness
controls, shot peening, etc., may be used to avoid heat treatment. In some cases,
heat weamment 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,
the cast chemistry is often somewhat different, usually containing more silicon than
the wrought form. Silicon improves the “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 wronght
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 S5,

Wrought products are usually preferred to castings. The hot-forming procedures
characteristic of wrought products tend to break up and weld shur defects in the ingot,
while such defects remain present in castings. In addition, the plastic deformation
used to form wrought products, plus the reheating involved in hot processing, tends to
produce a uniform, fine, partially isoopic grain stucture. However, wrought
products are nommally more expensive than their cast counterparts, reflecting the
fabrication costs of hot working, machining, welding, etc.

Castings typically have lower strength, lower toughness, higher defect con-
centrations and coarse anisotropic grain structures.  Their advantages include
relatively low cost, ease of obtaining complex shapes and minimal machining. In
some alloys, the silicon addition and/or cast grain structure produces exceptional
corosion resistance. For example, austenitic stainless steel caslings are more
resistant to chloride stress corrosion cracking than are their wrought equivalents,

Castings are often less weldable than their wrought equivalents, usually because

‘of their greater silicon andfor carbon contents, 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-6NM (12C—INi-
Mo; UNS 191540) instead of CA-15 (13Cx; UNS J91150) for 12 Cr castings,

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.

Basic Materials Engineening 39

D. METALS AND ALLCYS
1. Castlrons

Cast irons differ from cast carbon steels primarily in carbon content. Cast irons
typically contain at least two wt. percent carbon, 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 difficult, at best, to weld, Two
types of cast iron are commonly used:

1. 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 micrestructure typical
of gray cast iron. This material is brittle and is usually restricted to
applications in which toughness is not a concem. Gray cast iron is rarely
used in most plant processes.

o

Figure 2-6 A typical gray cast iron microstructure. {Courtesy of Dr. E. V.
Bravenec, Anderson & Assoc.)



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

2. Ductile cast iron (also known as nodular or spheroidal iron) contains a small
rnagn:siulsm addition, which greatly improves ductility and toughness. An
example is ASTM A536. The magnesium addition is responsible for the
nodularity of the graphite. Figure 2-7 shows the microstructure typical of
ductile cast iron. Nodular cast iron is occasionally used in valve bodies and in
pumps in various utility services, and in large reciprocating compressors.
Malleable cast iron such as ASTM AAT material is a related alloy. The
graphite nodules are formed as a result of heat treatment. )

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

‘ Three specialty cast irons are occasionally employed. Corrosion- and erosion-
resistant silicon cast irons such as those of ASTM AS518 find use in acid and
abrasive services. White cast irons such as those of ASTM A532, containing up to
25 percent chromium, are used in highly abrasive services such as pumping abras-
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Figure 28 ‘“Graphitization™ of a gray cast iron pipe, caused by long-term
service in slightly acidic water.

ive slurties. Nickel-rich cast irons, known as Ni-Resist cast irons (such as those of
ASTM A436), find use in both low- and high-temperature applications, services
requiring resistance to wear and as seawater alloys.

Cast iron is normally not permitted for pressure containment compenents in
hydrocarbon processing streams because of its brittleness, especially in areas where
it could be quenched during the course of fighting 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 the selection of cast irons as materials of construction.

2. Carbon Steels

Carbon steel is the most widely vsed material of construction in most plants.
Unalloyed carbon steels typically contain nominal amounts of manganese, silicon,
phosphorus and sulfur. They do not contain deliberate alloying additives such as
nickel, chromium or molybdenum, or microalloying elements such as niobium,
titanium or vanadium. These steels are normally supplied with a pearlitic-ferritic
microstructure (see Figure 2-4). This microstructure is produced by air cooling a
hot-formed product (e.g., hot-rolled plate) or by a normalizing heat treatment.

Carbon steel is commonly available in two forms: killed carbon steel or plain
carbon steel.
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Killed Carbon Stesl

Raw liquid steel is saturated with oxygen in the form of both dissolved gas and as
iron oxides. The oxygen can combine with carbon, also dissolved in the liquid
steel, to form carbon monoxide. This reaction can cause violent boiling during the
pouring and solidification processes. By adding an oxygen scavenger such as
silicon to the liquid steel 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 stecls are cleaner and contain
fewer defects than “unkilled” or “wild" steels. ASTM A106 pipe, A105 forgings
and AS16 plate are examples of killed carbon steel products. Cast carbon steel
products are also killed, even though typical ASTM specifications for castings do
nol mention the requirement.

Killing with an oxygen scavenger such as silicon is the primary method of
deoxidation. A less common method is vacuum degassing, which is usually a
secondary measure, employed when very clean steels are required. Vacuum
degassing not only assists in controlling oxidizing gases such as oxygen and carbon
dioxide, but will help to limit non-oxidizing gases such as nitrogen and hydrogen.

Steels killed with silicon, such as ASTM ASI1S plate, tend to have a coarse
grain structure. Such steels usually have silicon present in the range of 0.15 to 0.30
wt. percent.  These steels characteristically have relatively high brittle—ductile
transition temperatures, making them unsuitable for applications requiring low-
temperature toughness. However, the coarse grained steels are more resistant to
creep, graphitization and some forms of corrosion, making them preferred for some
applications.

Steels killed with a combination of silicon and aluminum or aluminum alone
have a fine austenitic grain size. They are preferred for applications requiring low
temperature toughness; ASTM A516 (plate) is an example. Such steels are usually
described in ASTM specifications as being made to “fine grain practice.”
Although ASTM specifications for steel products usually do not indicate a
requirement for aluminum content, steels killed with aluminum will have
aluminum present in the range of 0.02 to 0.05 wi. percent.

Plain Carbon Steel

The terms semikilled, rimmed and capped are used to refer to stecls that have been
partially deoxidized or not deoxidized at all. Many product forms are available for
such steels. Examples of specifications include ASTM AS53 and API 5L [5] for
pipe and ASTM A36, a structural steel specification.

Although plain carbon steels are often permitted in benign services such as
chemically 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 difference between the killed carbon steels and
plain carbon steels used in plant construction. Killed carbon sle‘eI 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 AS3 for pipe
permit the substitution of killed for plain carbon steel. Such substitution is
becoming increasingly commeon. L

3. Many construction projects want to avoid the unintentional substitution at
the job site of unkilled for killed steel. By stocking only killed steel at the
job site, such unintentional substitutions are avoided.

3. Microalloyed Steels

Micmalloyed steels (sometimes called high-strenjgth, low-alloy steels, or HSLA
msh]mmnﬁmﬂymﬂhhwdmmmmhmmw-ﬂl?ymh
(discussed in the following section). These are killed steels that contain small
amounts of elements such as vanadium, titanium and niobium. The combined total of
such additions is usually about 0.1 wt. percent or less. These elements modify the
mhuﬂrmﬂmnﬂmﬁmeg:ﬁnsimﬂmix,ﬂmymhfmaﬁ?nafn
relatively small and 1miform grain size. The microalloying additions improve
m@mmmdmgh{typimlspmiﬁadmhhmykﬁmmmﬁnkmﬁm
MPa), or higher). Mmhmwﬂbmdhaﬁksﬁom%epcﬁm
thickness or gross weight is a concem, for example, in large-diameter, long pipelines
where pipe tonnage is a major cost factor. Smhmlsmahumeﬁmaselu_:wqu
applications in which improved toughness is a requirement. Most such applications
are for plate steels used for improved piping and vessel toughness. Microalloyed
steels require some care in selecting weld joint geometries and welding procedures.

Wmm:wmmmhmmm
zones, increasing their susceptibility to various forms of hydrogen stress cracking. If
the intended service does not involve the threat of hydrogen stress cracking, hard heat
affected zones are usually not regarded as a concem. The risk of producing a hard
heat affected zone is determined to some extent by the geometry of the weld joint.
Double-sided welds such as those preferred for vessels are much more likely to
pndwchtdh!lﬂ‘emadmaﬂtmshgbsﬂudwdhmﬂ:uﬂmnnmﬂyu?ed
in piping and pipelines. In multiple-pass, single-side welds, the previously deposited
bead weld is subsequently tempered by the following bead(s). Thus, pipe welds are
usually much less likely to retain hard heat affected zones than are vessel welds.

The common carbon steels used in piping and vessel construction are
permitted by ASTM specifications to contain unreported levels of microalloying
¢lements that are capable of producing excessive heat affected zone hardnesses.
Thus, it occasionally happens that a carbon steel weldment of a conventional
carbon steel will contain small regions in the heat affected zone having excessive
hardness. The present state of the art in hardness testing is incapable of detecting
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hard heat affected zones in production welds. At present, there is no effective
mcuqm.mmkpubhnmnﬂmhmq:hnﬂdmmﬁ
mm&mm Even this requirement does not totally
eliminate the problem unless all heats of steel intended for welded construction are
so tested. This measure can be costly and can affect delivery schedules; it is
few incidents of harmful effects have been reported.

Some users either prohibit the purchase of deliberately microalloyed carbon
steels or place limits on both the carbon equivalent and the microalloying content
of such steels. The permitted microalloying limits vary from user to user, but
usually Ifallinthemngentﬂ.ﬂamﬂ.m for the sum of the concentrations of Ti, V
and Cb (each expressed in weight percent). Alternatively, as mentioned above,
wchﬂu:qunﬁMmMmbcmquimdiumwmﬂuwwd
hardness is not a problem. However, satisfactory results may require preheat
and.n’urpﬂ\f'tldhtﬂh‘ﬂmmt Refer to NACE RP0472 [6] for a discussion of the
:ﬂﬁuﬁfﬁrﬂﬂ%ﬂdﬂﬂﬁﬂdﬂﬁgﬁmm ASTM A737 plate and

pipe (and API 5L pipe, X56 and
il grades higher) are examples of

4. Low-Alloy Steels

Low-alloy steels are defined as iron-based alloys containing less than 12 percent
intmll'mfﬂ 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 stren
mghnmwop:lﬂdﬁhnmwmﬂm Smhmchmnmﬂlyhmmaadmmhmgﬂl’

ir o5 welding on these alloys can degrade their properties
unless the weldment is properly heat treated. =

l:uwdlny Cr-Mo steels such as 1Cr-%Mo and 1%Cr-%Mo steels are often
used instead of carbon steel for temperatures above 300°F (425°C). (Carbon steels
wmwbhmmammmquu?WF{m In
ﬂmmmhmwmmmm 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 ma!:hmiml propertics of several of the Cr-Mo low-alloy steels have been
improved with the addition of vanadium. Examples include vanadium-enhanced

"The element niobium is often called columbium (Ch) in engincering applications.
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1Cr-1Mo for wrbine rotors and vanadium-enhanced 1Cr-Y4Mo bolts, widely used
for temperatures up to 1100°F (595°C).

Alloys such as AISI 4140 steel (1Cr-0.2Mo, with carbon between 0.37 and
049: UNS G41400) are widely used as rotating equipment shafts, bolts, high-
strength forgings, etc.

Hi-Hn{wiﬂuiﬂuriﬁor?Hi}aﬂoysmumdfmnmduﬁlthtﬁnpemm
services, in the range of —50 to —320°F (46 to —195°C). They are commonly used
in liquified petroleum gas (LPG) and liquified natural gas (LNG) plants. (See
ASTM A203, A333, A334, A330, A352 and A420 for various product forms of
these materials.)

Note that 3% Ni steel forgings have a reported history of welding problems in
which the parent metal adjacent to the heat affected zone tends to develop crack-
like fissures after welding. The cause has not been determined. 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.

hwictynruﬂwmdmmgﬂlpmwhmmdmnﬂyinpzm
vm:hfmhid;—pmtappﬁmﬁmﬁhnﬁichzb:mofmmﬁmﬂmbm
steels would require excessive wall thickness. Postweld heat treatment is usually
mandatory for these materials. See ASTM A302, A537, AS42 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, 1Cr-¥4Mo and 1%Cr-Y:Mo, are often used instead of carbon
steel for temperatures above 800°F (425°C). In addition, the low-alloy Cr-Mo
steels (with Cr =5 percent) are useful for their resistance to high-temperature
sulfidic corrosion. However, the Cr-Mo alloys find their most critical use in high-
temperature, high-pressure hydrogen service. The Cr and Mo additions stabilize
the carbides against attack by dissolved high-temperature hydrogen. The most
mmhmdofﬂmﬂhysfuﬁgh—ummhw:hydmgm
service are the 1%Cr-%Mo, 2%Cr-1Mo and 3Cr-1Mo steels. Vanadium-enhanced
versions of the 2%Cr-1Mo and 3Cr-1Mo alloys have been developed for heavy-
wall vessels. The vanadium-enhanced alloys are finding increasing acceptance for
severe services, since they can provide substantially reduced wall thicknesses.

9Cr-1Mo is available as piping but is not commonly used in vessel
construction. A vanadium-enhanced version has been developed for use in heavy-
wall vessels, primarily intended for use in high-pressure, high-temperature
hydrogen service.

+ ASME B31.3 [7] provides maximum allowable stresses for SCr-1Mo

tubing, piping, fittings, plates and castings.
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* ASME Section VIII, Div. | and Div. 2 [1] does not provide maximum
allowable stresses for 9Cr-1Mo plate material. Div. 1 does provide
maximum allowable stresses for 9Cr-1Mo-V plate material, but it is rarely
used for pressure vessels.

All of the Cr-Mo alloys are air hardenable; they usually require
posiweld heat treatment. (See ASTM A1BZ, A199, AZ17, A335, A336,
A387, A541 and A739 for various product forms of these materials.)

+ Another relatively common class of low-alloy steels employed for their
comrosion resistance is “weathering” steels, many of which are also
classified as HSLA steels. These steels commonly have small chrominm
and copper additions that help the steel to form a stable patina-type rust in
mildly corrosive atmospheres. These steels find use primarily in structural
applications. See ASTM A242, A588 and A618 for various product forms.

5. High Alloys
Stainless Steals
Straight Chromium Stainless Steels

The cheapest alloys in this class are the 12 Cr stainless steels. Typical examples
are Type 405 55 and Type 410 S8. They are used for their corrosion resistance,
particularly in wet CO, and in hot (>500°F (>260°C)) services containing organic
sulfur compounds or hydrogen sulfide,

Types 405, 4105 and 410 S5 are the most commonly used grades of straight
chromium stainless steels in the hydrocarbon and chemical process industries.
Type 410 S5 (a martensitic alloy) is used only when welding is not required.
When welding is required, either Type 405 S5 or Type 4108 S5 is specified.

All of the 400-series stainless stecls are subject to grain coarsening in weld
heat-affected zones. Martensitic grades, being air hardenable, can also produce
very brittle heat-affected zones. Consequently, none of the straight chromium
stainless stecls are usually recommended for primary pressure containment.  Their
major use is in heat exchanger tubing, valve and pump internals, vesse] internals
and as clad or weld overlayed linings in pressure vessels and heat exchangers.

All of the 400-series alloys arc essentially immune to chloride stress comosion
cracking. Unfortunately, none of the straight chromium stainless steels are very
resistant to chloride pitting.  Accordingly, these alloys are rarely used in systems
subject to chloride pitting. However, a series of “superferritic™ stainless steels,
containing up to 29 percent chromium and 4 percent molybdenum, are now
available. Some of these alloys also contain up to about 4 percent nickel without
affecting their femitic microstructure. One example is Z5Cr-4Ni-4Mo (UNS
544635). These alloys have satisfactory resistance to chloride pitting and chloride
siress comosion cracking in all but the most severe services.
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Stabilized superferritic alloys, resistant to sensitization, are also available, for
example, 26Cr-3Ni-3Mo, sabilized with nicbinm and titaninm (T1HS S-14660).

The higher chromium grades such as Type 430 S5 e susceptibic w "885°F
(475°C) embrittlement” at temperatures above about 750°F (400°C). Refer to Part
1 of Chapter 3 for a discussion of this form of embrittlement. §85°F (475°C)
embrittlement is usually mild in the straight 12 Cr grades but can become severe in
grades having a chromium content of 15 percent or more. [t has become industry
prnincmawhmcmormyufhmaigmnhmium stainless steels for
pressure containment at temperatures exceeding 650°F (345°C). The higher
chromium grades should not be used for any purpose at temperatures above 650°F
(345°C) unless their subsequent embrittlement is of no concern.

All of the ferritic and martensitic stainless steels are susceptible to hydrogen
stress cracking phenomena such as sulfide stress corrosion cracking. In addition,
these steels are susceptible to both hydrogen embrittlement and low-temperature
embrittlement. 1f sensitized, these steels can also be susceptible to intergranular
comrosion. For a discussion of this problem, refer to Part 2 of Chapter 3.

Austenitic Stainless Steels

The 200-series austenitic Cr-Mn-Ni stainless steels (exemplified by Types 201, 202
and 216) are generally as corrosion resistant and are stronger than their better-
known 300-series Cr-Ni cousins. While these alloys may find occasional use,
usually as vessel internals, the 200-series alloys are 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
availability in product forms other than bar, plate and sheet. In addition, most
fabricators have little or no experience with them. As a consequence of the Jack of
use of the 200-series, the term “austenitic stainless steel” has come to mean the
300-series Cr-Ni alloys such as Type 304 SS. Sometimes called the “18/8s"
(representing a nominal 18Cr-8Ni composition), the 300-series austenitic stainless
svels are the workhorses for corrosion resistance in industry. Figure 2-9 shows a
typical austenitic stainless steel microstructure. These alloys provide superior
comusion resistance and are capable of higher temperature service than are the
straight chromium grades. The 300-series find 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 stainless steels do not air harden and thus do not require
postweld heat treatment as a hardness control measure. They are sometimes stress
rdhdupmwchhmuwdmmﬁmmﬂuﬂmmeﬁbyhmﬁng
their resistance to stress corrosion cracking. In some cases, the austenitic stainless
steels are chosen in preference to the Cr-Mo low-alloy steels because postweld heat
treatment can be avoided. (Note that dissimilar metal welds involving austenitic
stainless steel may be air hardenable.)



Figure 2.9 A typical solution annealed austenitic stainless steel micro-
structure,

The low-carbon grades such as Type 304L are prefermed for welded
construction. In addition, the low-carbon grades or the stabilized grades such as
Types 321 SS and 347 SS are specified if sensitization is expected to be a problem.

:prc 316 S5 (its small molybdenum addition differentiates it from Type 304
S8) is specified when increased resistance to chloride pitting or crevice corrosion is
desired. Type 316 SS also has a higher maximum allowable stress than does Type
304 SS. The high carbon H grades such as Type 304H SS are specified for high
femperature use (> 1000°F (>540°C)), since they have a maximum code-allowable
mmugcmmcmwﬁumlglm The H grades should be used with
caution in services subject to carburization.

Higher chromium-nickel austenitic alloys are used extensively in high-
temperature applications such as heaters, in both cast and wrought form. Examples
include Type 310 stainless steel (25Cr-20Ni), the Alloy 800 series (20Cr-32Ni,
with Ti and Al; UNS NO8800, NOS810 and NOSR1 1), HK-40 (a casting, 25Cr-
20Ni; UNS J94204) and many proprietary alloys such as the “HP-Mod” materials.
These alloys can suffer a variety of problems such as weldment cracking,
embrittlement, carburization, nitriding, oxidation and metal dusting. (These
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are discussed in Chapter 3, “Failure Modes.™) Their selection should
be undertaken only if one is familiar with industry experience.

Galling is sometimes a problem with austenitic stainless steels. Aside from the
use of lubricants and coatings (TFE is effective), the most common way to avoid
the problem is to require that the two mating surfaces have a hardness difference of at
least 50 BHN. In components such as valve closures, the hardness differential is
usually obtained by using a hard face weld overlay or electroless nickel plating on one
of the two components. In threaded connectors, the hardness differential is usually
obtained from cold working one of the components. Sometimes the hardness
differential is obtained by specifying the two components in different materials
having appropriately different hardnesses. Galling may also be mitigated by
specifying one component to be a free machining grade such as Type 303 SS. Note
that NACE MR0175 [8] does not allow free machining grades in wet sour service.

The major difficulty with conventional austenitic stainless steels is that they
are susceptible to chloride stress corrosion cracking. In many cases, the risk of
chloride stress corrosion cracking is too large to permit the use of an ordinary
austenitic stainless steel. In such cases, the following specialty alloys are usually
selected:

* Ferritic stainless steels such as Type 430 SS; note that such materials are
subject to chloride pitting. Accordingly, they are selected only for services
in which the risk of such pitting is low, for example, clean, flowing saline
waters. Alternatively, superferritic grades may be selected.

= Ni-Cu alloys such as Alloy 400 (67TNi-30Cu; UNS N04400).

+ “Superaustenitic” alloys; these are austenitic alloys with high chromium
and nickel, as well as 2-6 wt. percent molybdenum. Alloy AL-6XN (21Cr-
25Ni-6.5Mo-N; UNS N08367) is an example of a superaustenitic stainless
stecl,

+ Nickel alloys such as Alloy 825 (22Cr-42Ni-3Mo, Ti stabilized; UNS
NO§825).

* Duplex austenitic-ferritic alloys such as Alloy 2205 (22Cr-5Ni-3Mo-N;
UNS S31803).

Note that cast austenitic alloys are much less susceptible to chloride stress
corrosion cracking than are their wrought equivalents. Accordingly, cast austenitic
stainless steel valve bodies and pump casings are often useful in services in which
higher alloys are necessary for the wrought components (pipe, tubing, fittings,
plate, etc.).

Unless heavily cold worked, the austenitic stainless steels are essentially
immune to hydrogen stress cracking such as that caused by hydrogen sulfide. They
are also relatively immune to hydrogen embrittlement caused by phenomena other
than cathodic charging. If sensitized, austenitic stainless steels can also be

U Y 0o o s 4
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susceptible to intergranular corrosion. For a discussion of this problem, refer to
Part 2 of Chapter 3,

Duplex Stainless Steels

These steels contain both ferrite and austenite in approximately equal amounts;
Alloy 2205 is an example. Figure 2-10 illustrates the microstructure of a duplex
stainless steel microstructure. Typically, such steels contain 17 percent or more
chromium and less than 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, permitting a thinner section thickness. Thus, while
they may cost more per pound, they may cost less per piece.

With the desired microstructure, these alloys have great resistance to hydrogen
stress cracking. They are much more resistant to chloride stress corrosion cracking
than are the conventional austenitic stainless steels. (The threshold temperature for
chloride stress corrosion cracking of duplex alloys in neutral 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 same as that of the superaustenitic alloys
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Figure 210  The microstructure of a typical duplex stainless steel.

(Courtesy of Dr. E. V. Bravenec, Anderson & Assoc.)
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such as Alloy AL-6XMN. However, the threshold values for hydrogen stress
cracking and chloride stress corrosion cracking have not been defined as well for
the duplex alloys as they have for the austenitic stainless steels. Because they
contain about 50 percent ferrite, the duplex stainless steels are susceptible to
hydrogen embrittlement.

Experience has shown that special precautions must be taken when welding
duplex stainless steels, as the welds can vary considerably from the desired
microstructural balance. When they do vary, they can become susceptible to
chioride stress corrosion cracking and/or to hydrogen stress cracking. Because of
welding and other manufacturing 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" (ie., Precipitation
Hardening), for example, 17-4 PH (17Cr-4Ni-4Cu; UNS $17400), These alloys
are hardenable by heat treatment and are relatively easy to fabricate. They are most
often used for springs, valve stems, the intemnals of rotating equipment and other
applications where both high strength and superior comrosion resistance 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-temperature applications. Many of these alloys are available in
most, 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 resistant to high-
purity hot caustic. The low-carbon version (Ni 201; UNS N02201) has a
lower maximum code-allowable stress but is code-permitted at higher
temperatures.

* Electroless nickel plating (often referred 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 enhance tight sealing in valve
closures. Refer to the section entitled “Thin Metallic Barrier Coatings™ (p.
103} for a discussion of ENP.

» Ewven 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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=150°F (~100°C); the 300-series stainless steels (18Cr-8Ni family) are used
for eryogenic applications, to temperatures approaching 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 containing about 30 percent copper and a small
amount of iron, is a premium alloy for scawater, brine, alkalis and reducing
acid services. [t is available in a precipitation-hardenable form (UNS
N05500), 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, the overhead system in
atmospheric crude distillation units.

* Ni-Resist is a family of austenitic cast irons containing 13-35 percent
nickel, usually with copper and/or chromium additions; see UNS F41000
for an example. They are widely used for wear resistance, corrosion
resistance, and both low- and high-temperature services. -

* Nickel-molybdenum alloys, such as Alloy B-2 (Ni-28Mo; UNS N10665),
are resistant to severe reducing acids such as concentrated hot hydrochloric
acid.

* In combination with chromium and molybdenum additions, nickel alloys
are resistant to a wide variety of oxidizing acids. Alloy C-276 (15Cr-54Ni-
16Mo; UNS N10276) is an example. Derivative alloys containing a
tungsten addition are regarded as premium alloys for such applications.
Alloy C-22 (22Cr-58Ni-13Mo-3W; UNS N06022) is an example.

+  Stabilized nickel alloys such as Alloy 625 (22Cr-58Ni-9Mo; UNS NOG625)
and Alloy 825 are useful in applications requiring resistance to both
chloride stress corrosion cracking and polythionic acid attack.

* High-temperature wrought alloys such as Alloy 800 are used in applica-
tions such as furnace tubing and crossover piping. Cast alloys such as the
proprietary HP-modified alloys (25Cr-35Ni, with niobium and often with
other microalloying agents) are also widely used in high-temperatu-e
applications such as fumace tubes, The key advantages of these high-
temperature alloys are their creep resistance and relatively large high-
temperature maximum code-allowable stresses,

Nickel alloys are subject to a variety of failure mechanisms, including
sulfidation, high-temperature intermetallic phase embrittlement, stress corrosion
cracking and various forms of corrosion. Failure mechanisms and their
corresponding threshold values tend to be alloy-specific.

From this brief description, it can be seen that nickel alloys are useful for a
very wide variety of purposcs. Some of their uses are indicated in subsequent
sections on high-temperature effects and corrosion. However, a complete
description of the available alloys is well beyond the scope of this book. The user
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is advised to contact an alloy specialist or the Nickel Development Institute for
further information regarding specific applications.

Nickel Development Institute
214 King Street West, Suite 510
Toronto, Canada M5H 356

Tel. (416) 591-7999

Copper Alloys

Brasses and bronzes find extensive use in heat transfer systems exposed to
corrosive waters (primarily brackish or saline waters). Naval brasses such as
UNS C46400, usually as a cladding on carbon steel, are used for tubesheets and
plate components. Inhibited admiralty alloys such as UNS C44300 and the
70/30 (UNS C71500) and 90/10 (UNS C70600) Cu/Ni alloys are often used for
piping and 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 C60B00 are relatively high-strength alloys,
finding use as pump and valve components, These alloys are available in most,
if not all, product forms.

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

Mote that many of the brass alloys contain zine in excess of 15 percent. Unless
properly “inhibited” by arsenic, antimony or phosphorus, such alloys can
“dezincify” in brackish or saline waters, Some users avoid inhibited alloys,
instead, they limit zinc content to less than 15 percent.

For assistance in evaluating copper alloys, contact an alloy specialist or the
Copper Development Association for further information,

Copper Development Association
260 Madison Ave,, 16th Floor
New York, NY 10016

Tel. (212) 251-7200

Cobalt Alloys

The primary use of cobalt alloys is in hard face applications, in which they are
regarded as premium materials; Stellite 6' (60Co-29Cr-5W; UNS R30006) is an
example, The usual purpose of hardfacing is to improve resistance to abrasion,
friction, galling and/or impact. The most common uses of these alloys are in closure

"Registered Trademark of Deloro Stellite Inc.
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applications such as valve seats, where both galling resistance and leak-tightness are
required and in abrasive services such as mixers and nozzles. Grinding, requiring
wear resistance, is also a common use. Cobalt hard face alloys are typically about as
comrosion resistant as the 300-series stainless steels. :

Cobalt hard face alloys usually contain 30 to 60 percent cobalt, typically with
additions of carbon, nickel, chromium, tungsten, and/or molybdenum. They are
applied, usually in one or two layers, by welding or thermal spray processes. The
harder, more wear-resistant alloys are difficult to apply without their developing
cracks (called “crazing”™ or “check™ cracks). Applied hardnesses are typically in
the range 20 to 50 HRC. Some of the alloys can be further hardened by cold work.
Hard face alloys can be applied to almost any metallic substrace. Typical finished
thicknesses range from 1/16" to 1/4" (1.5 to 6.4 mm). ;

Selection of hard face alloys is best done by consulting with technical
representatives of the manufacturers of these products. Their recommendations are
usually based on experience and are tailored for specific applications.

Cobalt-base alloys, in both wrought and cast forms, have also been 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 an example.

Reactive and Refractory Metals

These metals and their derivative alloys are oxide stabilized. All of the oxide-
stabilized metals are reactive, that is, they become susceptible to oxidation or
corrosion if the oxide layer is disrupted. Because of this behavior, these metals and
their alloys can display both active and passive behavior. Similarly, they are all
subject to catastrophic oxidation under extreme conditions.

The definition of a refractory metal is somewhat arbitrary. For the purposes of
this book, refractory metals are defined as metals with melting points greater than
that of iron (2795°F (1535°C)).

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

Aluminum (melting point: [221°F (660°C))

Aluminum is a reactive (but not a refractory) metal. Aluminum alloys are available
in a large number of variations, emphasizing properties such as strength, fatigue
resistance, toughness and enhanced comrosion resistance. Some aluminum alloys

Basic Materials Engineerning 55

are hardenable (ic., sirengthened) by heat treatment. Aluminum and most of its
alloys have excellent low-temperature toughness, permitting its use in cryogenic
applications such as liquified natural gas (LNG) and liquified air. Aluminum and
its alloys are available in most, if not all, product forms.

Many aluminum alloys have useful corrosion resistance to clean seawater and,
in mildly corrosive atmospheres, in applications such as cable trays and as fins on
air cooler tubes. They are compatible with a wide range of organic chemicals such
as acetic acid. Aluminum alloys are also used for the storage and transportation of
many refined chemicals. However, care should be taken in organic applications,
since some compounds can vigorously attack some of the aluminum alloys.

There are many applications in which aluminum and its alloys are not suitable
materials of construction.

» Because it forms an amphoteric hydroxide, aluminum and aluminum alloys
should not be exposéd to alkalies. (Amphoteric hydroxides are soluble in
alkaline solutions.)

= Aluminum is usually susceptible to aggressive corrosion by acids ata pH of
4.5 or less. A major exception is aerated acetic acid, for which aluminum
tankage s used for concentrations up to about 99 percent.

+ Many aluminum alloys are susceptible to severe liquid metal embrittlement
by mercury, which can be a significant risk in some LNG operations.
Liquid metal embrittlement causes cracking very similar to that generated
by stress corrosion cracking. Refer to the section entitled “Stress Corrosion
Cracking” (p. 177) in Part 3 of Chapter 3 for a discussion of liquid metal
embrittlement,

+ High-strength aluminum alloys are rarely used in plant operations because
of their susceptibility to environmental cracking.

* In common with many oxide stabilized materials such as conventional
stainless steels, aluminum and its alloys are susceptible to chloride pitting.
Similarly, aluminum and its alloys are also susceptible to concentration cell
problems such as crevice corrosion and under-deposit corrosion.

Due to its galvanic activity (aluminum i anodic to most other common metals),
aluminum is often used as the sacrificial anode in distributed anode cathodic
protection systems, However, for the same reason, care must be taken when using
aluminum or its alloys in combination with other metals and/or alloys in comosive
environments. Aluminum components will cormode preferentially to protect less
active components such as carbon sicels. For example, aluminum fins will corrode to
protect steel air cooler tubes if exposed to a wet comrosive environment.

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

Chromium is regarded as a refractory metal. Neither chromium metal nor
chromium-based alloys find much use in the hydrocarbon or chemical process
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industries. Chromium plating is useful for aesthetic purposes and finds 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 the 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 point: 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
applications, It is resistant 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 becomes 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 chloring, red fuming nitric acid and liquid oxygen. In
addition, titanium can be embrittled by the formation of hydrides (see Part 1 of
Chapter 3 for a discussion of titanium hydriding).

Zirconium (melting point: 3365°F (1852°C))

Zirconium is a reactive, refractory metal, 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. Their most
common use is in the chemical process industries, where they are valued for their
resistance to hot concentrated alkalies and inorganic acids and in processes in
which contamination cannot be tolerated.  Zirconium is not suitable for
hydrofluoric acid, even in dilute applications,

Zirconium is one of the better metals for handling reducing mineral acids, such
as hiydrochloric 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 this metal
is susceptible to stress corrosion cracking in 64 to 69 percent sulfuric acid at
elevated temperatures. Zirconium also resists attack by organic acids such as
formic and acetic acids. An advantage of zirconium over nickel alloys is that it can
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handle these acids when oxygen 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 equipment is taken out of service.

Zirconium is resistant to oxidizing acids such as nitric acid. [ts corrosion rate
is less than 5 mpy' (0.1 mm/yr) in 0 to 70 percent acid at temperatures up to 500°F
(260°C). However, it is susceptible to stress corrosion cracking in concentrations
exceeding 70 percent.

Zirconium finds its largest use in processes that involve severe formic, acetic,
sulfuric, nitric, hydrochloric and phosphoric acid applications.  One such
application uses 5 percent sulfuric acid at 420°F (215°C) in a process that 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 than does tantalum. It can be used
in batch processes that range from acidic to alkaline over the course of the batch.

Because of its expense, solid metal zirconium construction is used only if no
other suitable metals or alloys are suitable. Utilization of zirconium and its alloys is
generally confined to clad plate and to thin-wall applications such as heat exchanger
tubing or sheet used for “strip lining” or “wall papering.” Refer to the section entitled
“Thick Metallic Barrier Coatings,” (p. 100) for a discussion of these techniques.

Tantatum (melting point; 5425°F (2996°C))

Tantalum is the most expensive refractory metal widely used for corrosion resistance.
It is used primarily in chemical process industries. The comosion resistance of
tantalum is often compared to glass, except that it can tolerate higher temperatures,
Although it is attacked by hydrofluoric acid and caustics as well as by oleum, sulfur
trioxide and chlorosulfonic acid, it is resistant to most other chemicals.

Tantalum is even more expensive than zirconium. Accordingly, its use is mainly
in thin-section applications such as bayonet heaters, heating coils, plate heaters or
sheet used for strip lining or wall papering. Typical applications include heaters and
condensers for organic acid recovery, ammonium chloride concentrators, hydro-
chloric acid absorbers, bromine condensers and ferric chloride heaters.

E. NOMN-METALLIC MATERIALS
1. Plastics
Infroduction

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

"mpy: mils per year, where amil is 0.001%,

fa &

£2 S

Ed



-1--——..——-1.—.-_-..-—

58 Chapter 2

Use of reinforced thermoset plastic (RTP) for vessels is an example. Acceptance of
these materials, also known as liber-reinforced plastic (FRP), was hindered for a
long time by lack of an industry standard for the design and fabrication of
equipment. This led to a number of vessel failures, which gave the material a
reputation for unreliability. In recent years this problem has largely been overcome
by the adoption of ASME RTP-1, “Reinforced Thermoset Plastic Comrosion
Resistant Equipment” [9] for atmospheric pressure equipment and Class 11 design
rules in Section X of the ASME Boiler and Pressure Vessel Code [1].

Plastic pipe, including thermoplastic, reinforced thermoset plastic and plastic
lined steel, has a number of advantages over metal pipe. Very good cormosion
resistance can be achieved if the proper plastic is selected. Installation may be less
expensive than for ordinary steel construction. Where double containment is
required for environmental reasons, plastic pipe is almost always the choice.

Plastics Used in the Chemical and Hydrocarbon Industries

Plastics used in the industries of interest may be classified as thermoplastics or
thermosets, Thermoplastics solidify by cooling and may be remelted repeatedly.
In contrast, thermosets solidify by cross-linking between reactive groups on
adjacent polymer chains, thereby forming a three-dimensional network. Once
solidified, they cannot be restored to their liquid form. Typical thermoplastics
include polyethylene, palyvinyl chloride and polypropylene. Typical thermosets
include epoxy, phenolic and viny| ester,

The primary reasons for using plastics are their good chemical resistance, light
weight and low cost compared with high-performance alloy alternatives. Their
flammability is one factor that limits their use. In addition, they are relatively
fragile compared to metals and they have relatively low strength, especially at
elevated temperatures, Some plastics are susceptible to damage by the ultraviolet
light component of sunlight. Their relatively low thermal conductivity is an
advantage in some applications, but is a distinct disadvantage for heat exchanger
applications,

Examples of plastics applications are given in Table 2-2. This compilation is
neither an exhaustive list of the plastics available nor of their applications.
However, it does illustrate that these materials are widely used. A summary of the
corrosion resistance of these plastics is given in Table 2-3, and the maximum
operating temperature for many of these plastics is given in Table 2-4. A word of
caution is in order. The comosion resistance indicated in Table 2-3 may not
comrespond with the maximum operating temperature, which is based on
mechanical properties. Before selecting a plastic for a specific application, the
behavior of the materials being considered should be evaluated for operating
conditions.

Source: Excerpted by special permission from Chemical Engineering, October, 1994, ®
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Table 2-2 Examples of plastics applications

R e e R I S

Copyright 1994, by MeGraw-Hill, New York.

Thermoplastics

Polyolefing

Polyolefins are among the most economical and widely used thermoplastics. This
group includes materials such as polyethylene (PE) and polypropylene (PP). Asa
group, these materials have excellent chemical resistance. ~ However, _-.mlcss
accommodated by design, polyolefins used above ground can be susceptible to
thermal expansion problems.

Polyethylene (PE). The largest group of polyolefins is linear polyethylene.
This group includes ultralow density (ULDPE), linear low density (L]_l)FE]. I-:_lw
density (LDPE), high density (HDPE), high molecular weight, high density
(HMW-HDPE) and ultrahigh molecular weight (UHMWPE).
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Table 2-3 Corrosion resistance of common plastics
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Table 24 Maximum operating temperatures' of common plastics,
coatings and elastomers
MAXIMUM
OPERATING
TEMPERATURE,
MATERIAL °F (*C)
THERMOPLASTICS
Polyolefing
Polyethylene (PE) 180 (B0)
High-Diensity PE (HDPE) 194 {90}
Ultrahigh-Muolecular-Weight PE (UHMWPE] 200 (93}
Polypropylene (PF) 250 (120)
Chloropolymers
Polyvinyl Chloride (FVC) 150 {66)
Chlorinated PYC (CPVC) 212 (100}
Polyvinylidene Chloride (PYTIC) 230 (120
Fluoropolymers
Polyvinyl Fluoride (PVE) 230 (110)

. Polyvinylidene Fluoride (PVDF) 300 (1500
Ethylene Chiorotrifluorethylene (ECTFE) 330 (163)
Polytetraflucrethylene (FTFE) 525(275)
Fluorinated Ethylene Fluoride (FEF) 404 (203)
Perfluoralkoxy (PEA) 300 (2607
Polychlorrifluorethylene (PCTFE) IR0 (1907

Engineered Polymers
Polyvamide (Mylon) 250 (1209
Polyary] Ether Ether Ketone (PEEK} 450 (250)
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Table 24 (Continued)
MAXIMUM
OPERATING
TEMPERATURE,
MATERIAL °F{*C)
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Table 2-4 (Continuzd)

THERMOSETTING PLASTICS

MAXIMUM
OPERATING
: TEMPERATURE,
MATERIAL °F (°C)
ELASTOMERS (cont.)
Fluorosilicone (FVMO') 350 (175)
Meoprene (CRY) 300 (1509
Epichlorohydrin (CO°, ECD") 275 (135)
Nitrile Rubber (NBR") (high-temperature type) 250(120)
Chilorosulfonated Polyethylene (CM”) 250 (120)
Polysulfide (PTR} 225 (105)
Nitrile Rubber (NBR®) (low-temperatuse type) 225 (105)
Butyl Rubber (BR’) 225 (105)

Epoxies A00 (2509
Polyesters
Isopthalic 180 (82)
Chlorendic 350 (175)
Bisphenol A Fumarate 250 (120)
Vinyl Esters
Commeon (Bisphenol A) 250(120)
High Temperature (Epoxy Novalac) 350 (175)
REINFORCED THERMOSETTING RESIN
CONSTRUCTION
Vinyl Ester 450 (230)
Pulyester 350 (175)
Epoxy 300 (150)
COATINGS AND LININGS
Vinyl Ester 355 (180)
Epoxy 250 (120)
ELASTOMERS
Perfluoroelastomer (FFKM’) 500 (260)
Silicone (VM) 450 (230)
Fluoroelastomer (FPM”) 400 (205)
Ethylene Propylene (EPM’, EPDM") 400 (205)
Polyacrylate (ACM’, ANM') 350 (175)

"These temperatures are typical of the maximum operating temperatures for these materials in
nom-comrosive enviromments.  The maximum tempersture for specific appheations depends on
the environment and may be much lower than indicated in the table,

*Sce reference {14]. € Copyright ASTM. Reprinted with permission,

*Stundard desipnation per ASTM D141%,

The primary limitation of polyethylene is its relatively low maximum
allowable temperature. For example, while PE can handle most chemicals at room
temperature, its upper temperature limit is about 130°F {80°C). HDPE may be
attacked by aromatic, aliphatic and chlorinated hydrocarbons.  Stress corrosion
cracking of HDPE may occur in some detergents and organic solvents.

UHMWPE has a polymer chain 10 to 20 times longer than HDPE. The
increased chain length improves toughness, abrasion resistance and resistance to
siress cracking. It has excellent chemical resistance as well with an upper
temperature limit of 200°F (93°C). 1t is used for chemical resistant gears and pump
impellers.

Cross-linked polyethylene can be produced by exposure of ordinary
polyethylene to radiation. Cross-linking causes networks to form between the
polymer chains, making a stronger, more impervious material. This greatly
increases its resistance to hydrocarbons. 1L has excellent resistance to most
chemicals at room temperature, Cross-linking is also used to produce heat
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shrinkable material for applications such as protecting cable connections and the
girth welds in piping or pipelines.

Polypropylene (PP). In many ways PP is similar to PE, but it has greater
rigidity and heat resistance. It has enhanced resistance to environmental stress
cracking. Nevertheless, it has been reported to crack in 93 percent sulfuric acid at
room temperature. It has good resistance to caustics, solvents, acids and organic
chemicals. 1t is not resistant to oxidizing acids, detergents or chlorinated organic
compounds.  As with other thermoplastics, it can be blended with fillers,
reinforcements and elastomers to enhance toughness and flexibility,

Chloropolymers

The chloropalymers most frequently used in the hydrocarbon and chemical process
industries include polyvinyl chloride (PVC), chlorinated polyvinyl chloride
(CPVC) and polyvinylidene chloride (PVDC).

Polyvinyl Chloride (PVC). PVC is popular in the form of plastic pipe
because of its easy-working properties. The material may be joined by either
solvent bonding or hot-air welding. Because of its relatively poor solvent
resistance and thermal stability, its service is usually restricted 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 150°F (66°C).

PVC sheet is available for use in linings and solid fabrications. PVC-lined
pipe is widespread, although it is.unsuitable as a stand-alone material for many
other applications because of its relatively low strength,

Chlorinated Polyvinyl Chloride (CPVC). CPVC's chemical resistance is
similar to, but usually better than, that of PVC. Its primary advantage over PVC is
a higher use temperature, nearly 212°F (100°C). Its primary use is for hot water
piping and for inorganic aqueous solutions. Because of its high chlorine content, it
has considerable flame resistance.

Polyvinylidene Chioride (PVDC). PVDC is commonly known as Saran.'
Its most important property is resistance to permeation by both gases and liquids.
Its chemical resistance is similar to that of PVC. A special formulation, having
enhanced chemical resistance, is used in lined pipe.

Fluoropolymers

As a group, these polymers have high chemical resistance at relatively high
temperatures. Their primary drawback is cost, except where they replace more

'Il:gimml Trademark of Atochem Inc.
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costly metals. One way to decrease overall cost is to use the fluoropolymers as
linings in reinforced thermoset plastic equipment. This will be discussed in greater
detail later in this section.

Polyvinylidene Fluoride (PVDF). Common trade names for PVDF include
Kynar' and Sygef.” lts working properties, appearance and mechanical properties
are similar to those of PVC. However, it has superior heat stability (300°F
(150°C)) and chemical resistance. While it has good chemical resistance, it can be
attacked by organic acids, amines, aromatic compounds, aldehydes, ketones and
esters at clevated temperatures. It resists oxidizing agents well, including the
halogens, and is used extensively in chlorine service. PVDF is used in lined pipe
and valves, as tower packing and a number of other applications in the chemical
process and hydrocarbon industries.

Polytetrafuorethylene (PTFE).  PTFE, also referred to as TFE, is best
known by the trade name Teflon.” (Teflon is a family of fluoropolymers, one of
which is PTFE.) It has 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 525°F (275°C), although
cold flow can occur at lower temperatures. PTFE has good impact strength and a
low coefficient of friction. However, its tensile strength, wear and abrasion
resistance, and resistance to creep and permeation are not as good as that of some
other thermoplastics.

PTFE has a very high melt viscosity that prohibits conventional processing.
Components are manufactured by compression and isostatic molding, ram and paste
extrusion and dispersion coating techniques that include a sintering heat wreatment at
about 680-715°F (360-380°C) to fuse the components into an integral whole.

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

Fluorinated Ethylene Propylene (FEP), FEP, also sold under the trade
name of Tefllon, has substantially the same chemical resistance as PTFE, but the
maximum temperature limit is lower, 400°F (205°C). The primary advantage of
FEP over PTFE is that it is melt processible. This permits the molding of complex
gromeiries not easily obtained with PTFE. Common applications include liners for
valves, lined pipe and liners for process equipment.

Perfluoralkoxy (PFA). FFA, also sold under the trade name of Teflon, is
very similar to FEP except that it has a higher continuous service temperature,
500°F (260°C). It is melt processible, with essentially the same universal chemical
resistance as PTFE.

N T e e
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Polychlortrifluorethylene (PCTFE). PCTFE has less chemical resistance
than PTFE, FEP and PFA. It is subject to swelling in some chlorinated solvents at
clevated temperature and is attacked by the same chemicals that attack PTFE.
PCTFE has better mechanical properties than PTFE, and it has the lowest water
transmission rate of all the thermoplastics. Its continuous service temperature limit
is about 380°F (190°C).

Ethylene Chiortrifluorethylene (ECTFE). ECTFE, also known as Halar," is
essentially a co-polymer of ethylene and chlortrifluorethylene, It has a useful
lemperature range from cryogenic to about 330°F (165°C). Its strength and wear
resistance are substantially better than that of PTFE, FEP and PFA. At ambient
temperatures the material may be attacked by sromatics, chlorinated solvents,
esters, ketones, aldehydes and amines.

Engineered Polymers
These polymers find limited use in the industries of interest.

Acrylonitrile-Butadiene-Styrene (ABS). ABS plastic has good resistance to
paraffinic hydrocarbons, is easily joined by threading or solvent bonding and is a
cost-effective material for transfer lines. It is used in plumbing applications and in
w air and mstrument air piping systems. [t has limited chemical
resistance and is altacked 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 lubrication
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 ambient temperature. 1t has poor resistance to acids and oxidizing agents.

Polyaryl Ether Ether Ketone (PEEK). PEEK retains its high-temperature
strength for extended times and has a maximum allowable working temperature of
450°F (250°C). PEEK is used in machine components in chemical applications
such as compressor valves, safety valve seats, oxygen sensors, pump sleeves, filters
ilmd gaskets. It has excellent chemical resistance in a wide range of organic and
morganic compounds. However, it is attacked by strong oxidizing agents. [t
undergoes surface crazing when stressed and exposed to shorichain organic
solvents such as acetone, ethyl acetate and chloroform.

Thermosels

ﬁmmt plastics are used as impregnants in graphite equipment and in reinforced
laminate and composite construction. They are also used in some paint and coating

‘Registered Trademark of Ausiment.
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products. In section entifled “Laminate and Compsite Structures™ (p. 68),
thermoset plastics are discussed.

Epaxies

Glass fiber—reinforced epoxy laminates are one of the most attractive plastics for
use in the industries of interest. Sections of plastic are laminated with glass cloth or
roving to produce articles with attractive mechanical properties.  While this
construction is not inexpensive compared with steel, it features relatively ‘easy
joining and has a broad range of chemical resistance.

Standard epoxy resins are the 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 concentration and most organic solvents.
Epoxy pipe can be joined by a number of methods including bell and spigot joints
with epoxy resin in the joint, resin-saturated glass cloth-wrapped jomnts and use of
proprietary fittings. 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 400°F (204°C). They
have poor resistance to strong oxidizing agenls, amine compounds and some
chlorinated solvents.

Epaxy Novalacs

Epoxy novalacs are formed by the reaction of a novalac resin such as o-phenal, or
o-phenol plus formaldehyde, with epichlorohydrin. The novalacs have better heat
and chemical resistance than the standard epoxies when cured with appropriate
hardeners,

Folyester

More storage tanks and duct work have been constructed from fiberglass-
reinforced polyester resin laminates than from any other plastic matenal. This is
the result of the favorable costistrength ratio and the generally good chemical
resistance of these resins.

Three types of polyester are commonly used in the hydrocarbon and chemical
process industries: isopthalic, chlorendic and bisphenol A fumarate grades.

These resins have good tensile and flexural strength but only fair
chemical resistance to acids and caustics up to 180°F (82°C). Théy are widely used
for applications such as the external casings, fan plenums and inlet louvers in
cooling towers.

Chlorendic. This resin has low elongation and is inherently brittle, but it has
good elevated temperature resistance (0 350°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 resistance to caustic.
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Bisphenol A Fumarate,  Bisphenol A fumarate resins have better resistance
to acids than the isopthalic polyesters and better resistance to alkalis than vinyl
esters, Temperature resistance is acceptable to 250°F (120°C).  Typical
applications include glass fiber-reinforced tanks and pipe.

Vimpl Esters

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 novalacs. 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 apgressive solvents and oxidizers.

Furan

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

Furan and 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, they 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, peroxides and hypochlorites.

Laminate and Composite Structures

With the exception of such specialized 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 the 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
filament winding. Pipe can be fabricated by cither of these methods as well as by
centrifugal casting. Plastics can also be made into useful shapes by injection
molding, extrusion, pultrusion, compression molding and machining shapes from
stock material.

Hand lay-up is generally used where maximum corrosion resistance is
required. In most cases, a resin-rich “corrosion barrier” is created on the inner
surface while the structural 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 Thermoset Plastic Corrosion
Resistant Equipment” [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 and Pressure Vessel Code [1], to provide design and
constriction rules for plastic pressure vessels, The combined use of these two
standards provides a sound basis for design and fabrication of reinforced thermoset
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. In addition, plastic pipe has
greater thermal expansion than does metal pipe. Failure to take these two factors
into consideration during design has resulted in almost immediate failures. Such
results have given plastic pipe an undeserved reputation for unreliability in some
plants,

Plastic pipe is usually easy to join. Joining is frequently done with solvent
welding, However, ease of fabrication has sometimes resulted in too little attention
being given to joint guality. 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 thoroughly trained in proper 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 perform
effectively. This, too, has contributed to some undeserved 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 than a decade. A major advantage of this 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 the
application from the thermoplastic liner, Thus, relatively soft liners such as
polypropylene and PTFE can be selected for their chemical resistance. This
permits designing a system that can withstand most chemical processes as long as
the liner's temperature limits are not exceeded. A limitation to the use of lined steel
pipe has been the need for frequent flanges, which are potential points for leaks.
Recent developments include a process for fabricating complex customized piping
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systems as a single unit.  Such pipe sections may contain several elbows and
straight runs between flanges.

Dual Laminare Construction

Dual laminate construction is a valuable system for chemical-resistant equipment.
This construction consists of a thermoplastic lining in a fiber-reinforced thermoset
structural body. [t is used for pipe, tanks, ducts, reactors, scrubbers and the like.
The thermoplastic material can be selected for its chemical resistance while the
thermoset resin can be selected for its mechanical properties.

Almost any thermoplastic can be used for lining. The materials most
commonly used are PVC, CPVC, PP, PVDF and FEP. The selected material
should have good resistance to chemical amack, including dissolution and
solvation. It should also resist permeation. Permeation can result in dishonding
between the thermoplastic and the fiber-reinforced thermoset body if there are air
bubbles at the interface. The permeating molecule can condense at these bubbles
and generate high pressures if the unit is heated. The permeating species may also
degrade the thermoset resin or the bond between the resin and the reinforcing
fibers. The fact that the permeating species usually can continue on through the
thermoset resin without serious damage is a mojor advantage of dual laminate
construction over plastic-lined steel construction. In the latter case, the permeating
species is blocked at the steel-plastic interface and creates disbonding,

The bond strength between a thermoplastic lining and the structural body must
be strong enough to maintain structural integrity during temperature cycles and
mechanical abuse, Thermoplastics have higher coefficients of thermal expansion
than fiber-reinforced thermosets. 11 there is thermal cycling, this mismatch can
produce failure of the bond at the interface between the thermoplastic and the
thermoset. It also produces a tensile stress in the thermoplastic during cooling.
Such stresses can result in lining failure, especially if the thermoplastic is sensitive
to environmental stress cracking in the process fluid. If the thermoplastic liner
material is bonded to the thermoset resin by the use of solvents or a special bonding
resin, no intermediate backing is needed. PVC and CPVC fall into this category. If
the liner is of the polyolefin or fluorocarbon families, an intermediate backing is
needed to provide a bond. This backing is usually a double knit or non-woven
fabric that permits forming the lining into the desired shape. The backing should
be treated to provide good wetability by the thermoset resin to minimize air
bubbles at the interface.

The dual laminate is constructed by first fabricating the thermoplastic lining by
thermoforming and welding. It is common practice to apply a conductive strip of
carbon-filled resin behind the thermoplastic welds to permit spark testing for weld
integrity. Welding can be accomplished either by using a hot air gun and filler rod
or by butt welding.
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The fabricated lining becomes the form for the fiber reinforced thermoset
body. The latter is then fabricated in much the same manner as with an unlined
unit except there is no need [or the resin-rich “corrosion barrier.”

2. Elastomers

Elastomers are defined as any polymeric material which at room temperature can
be stretched 1o at least twice its original length and upon release of the stress will
immediately retum to approximately its original length. Thus, elastomers include
rubber as well as many synthetic polymers which have been developed for special
properties. Also of interest, aithough not an elastomer as described above, is “hard
rubber,” or ebonite.

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

+ Hoses
+  Seals, including O-rings and gaskets
= Linings for vessels, tanks, ponds, bins, etc.

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

Efastomer Chemistry

Most elastomers are “compounded” to achieve specific properties. The most
important additive is sulfur, which promotes vulcanization (i.e., cross-linking) of
the linear polymeric chains. Peroxides alone, or mixed with suifur, are used as
vulcanizing agents for some elastomers. Vulcanization increases hardness,
decreases elongation and usually increnses corrosion resistance.

Natural rubber can be vulcanized to three levels:

1. “Soft" rubber, which has 0.5 to 4.0 wt. percent sulfur and achieves a
hardness of 30 to 70 Shore Durometer 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. “Hard" rubber, often 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.

» Carbon black is added 10 rubbers to increase strength; however, elongation
is reduced by this addition. Carbon black is the most common
strengthening additive, although finely divided silica, china clay, or
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titanium dioxide are also used. Normal amounts of carbon black are in the
range of 20 to 40 percent by weight.

* Mineral od is added to decrease viscosity and make forming and shaping
easier before vulcanization.

* Accelerators may be added to promote vulcanization. Retarders may be
added to retard the onset of vulcanization until the rubber is formed or
shaped., Retarders may be necessary if warm forming is used.

* (Oxygen, especially ozone, promotes progressive vulcanization, resulting in

- o loss of resiliency.
» Anti-oxidants such as amines are often used to resist aging and weathering,
» Wax is added to some formulations. The wax migrates to the surface
and forms a thin coating that effectively prevents oxygen from
degrading the rubber. Of course, if the rubber is to be repaired, patched
or lapped in the process of making a lining, the wax must first be
completely removed from the area where bonding is to be accomplished.

Elastomer Hardness

Hardness indicates the degree of wulcanization or cure. There are many
applications which require a specific hardness level such as gaskets or O-rings,
where sealability depends, in part, on elastomer hardness.

Hardness is measured according to ASTM D2240, “Test Method for
Durometer Hardness” and ASTM DI415, “Test Method for International
Hardness.” The Durometer instrument measures the indentation depth when the
instrument is pressed onto a flat surface of the elastomer. One instrument is used
for soft materials (Shore Durometer A scale) and another 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 properties of a few of the more commonly used
elastomers.

Natural Rubber (NR)

These materials (including their synthetic “isoprene” equivalents) are still the most
common elastomers in general service. They are the first choice for abrasion-resistant
linings and for hoses for acid service. Soft natural rubber liners are used in
hydrochloric acid service. Semi-hard rubbers are suitable for water services in which
metal ion contamination is important. Natural rubbers are not affected by alkalies and
non-oxidizing acids; however, they can be very vulnerable to many organic solvents.
Oxidizing environments such as nitric acid, concentrated sulfuric acid, permanga-
nates, and even aerated solutions over extended periods cause embrittlement.
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Figure 2441 Approximate comparison of hardness scales for elastomers and
plastics.

Very hard rubber (called ebonite) is considerably more corrosion resistant to
organic solvents as well as to oxidizing environments. Ebonite will swell and crack
when in contact with the more effective rubber solvents such as benzene,
chlorobenzene and carbon disulfide. Also, ebonite is much less resilient am:l_ is
subject to mechanical damage from impacts, dents in metal backing, elc, which
can occur during shipping and handling. Because of its brittleness, ebonite should
not be used in applications involving thermal cycling and/or thermal stresses.

Nitrife Rubber (NBR)

Nitrile rubber, alsb known as Buma N, is a copolymer of butadiene and
acrylonitrile,. Normal levels of acrylonitrile are 20 to 40 percent As the
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Table 2-5a Mechanical properties of commonly used elastomers

Hardness Temp.
Durometer | Abrasion Range - | Omidation
Class Code' A Resistance °F Resistance
| Matural MR
Rubher
Soft 30-50 E 2210212 P
Semi-hard 50-90 G 40 to 180 G
Hard >0 P 5010 160 G
Buna N NBR 40-95 G —4 1o 221 G
Chloroprene CR 40-95 G 4 1o 158 G
Chilorobuty! 50-60 E ~60 10 260 G
Hypalon® CsSM 45-95 E 14 1o 230 E
Fluorocarbon | FPM A0-75 P 1410230 E
Kalrez B0-90 F 2210212 E
Silicone VMO 30-90 P ~178 to 450 E
St
Ethylene EDPM 30-90 G —40 10312 E
Propylene

"In accordance with ASTM DI418.

’wwtwufﬁl.hhhm&tm.

VP = Very Poor; P = Poor, G = Good; F = Excellent.
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Table 2-5b Chemical resistance of commonly used elastomers

Class

Acids

Alkalis

Aliphatic
Solvents

Aromatic
Solvents

Chlorinated
Solvents

MNatural
Rubber

Silicone

wlwm|lm|l=]|=|o|=|0|2]|™

Ethylene-
Propylene

gmmmmﬂmﬂﬂﬂﬂ
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'Registered Trademark of E. 1. du Pont de Nemours & Company.
VF = Very Poor; P = Poor; G = Good; E = Excellent.
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acrylonitrile content increases, the resistance 1o and

i ”I:utlnw iy peiroleum  products fuels
_ Nitrile rubber is significantly better than natural rubber for use with fuels and
oils. It is attacked by strong oxidizing agents and by ketones, ethers and esters. I
is used in linings, hoses, diaphragms and seals, especially those for lubricating oils.

Chioroprene Rubber (CR)

{fhlmfpfmnmbbﬂ.alwh?nwnasﬂmmm,isnﬁmundhstmdnfﬂlnmﬂ
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 Buna N.) It is more resilient and resists heat, oxidation and ozone better
than Buna H It mlfcur to ten times as impermeable to gases as natural rubber. It is
not ﬂ:tl'npatlbl: with strong oxidizing agents such as nitric acid, peroxides and
potassium dichromate.

Chloroprene rubber is used extensively for linings, hoses and seals in oil
services. It has become the standard elastomer for hydraulic services because of its
durability. :

Butyl (lIR) Rubber

Butyl rubbers are noted for their extremely low permeability to

: gases soch as
oxygen and nitrogen. They find use in acid, alkali and animal and vegetable oil
services, but should not be used with most solvents. Both butyl and chlorobutyl
mbbmmﬂmmﬂmnmpnmumuﬂ‘F{Mnrhihmﬂmbm

tend to harden. This characteristic makes 1 and ch | rubbers
better for abrasive services ﬂhigjalernp:mnmm M B

Chiorobuiyl Rubber

Chlorobutyl rubber is chlorinated butyl rubber, which is a copolymer of isoprene

E:}:;h;m “natural” rubber) and isobutylene. This rubber is essentially impervious

Chlorobutyl rubber has found service as a container material for strong

Mw Indmdwﬂsplmx acid. It is better than natural mﬂTbbcrfnr

u“nmm”# hymmmduwnpcmruwmm:ﬂ (93°C), which is above
'F (77°C) maximum use temperature of natural rubber in this service.

A Imi!ﬁhnmﬂwmnfbmﬂmdchhmbmylnmqubbu:islh:h'vuy
pour_ﬂrmm_mmd. In many cases, using chlorobutyl with a natural rubber
backing ply is an acceptable approach to adhering these materials to steel.
ﬂowm.msmnbmmnlusm:adfnﬂm In one case, a chlorobutyl Imer
disbonded from a filter feed tank, without any visible damage to the liner. The
nutur_ai rubber ply used for adhering the chlorobutyl lining to the steel showed
swelling and lack of adhesion. Apparently, an organic constituent diffused through
the chlorabutyl liner to the natural rubber bonding layer, where it eventually
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attacked and disbonded this layer. Subsequent laboratory testing confirmed that
patural rubber was not resistant to the contents of the tank.

Chlorosulfonated Polyethylene (CSM)

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

Significant advantages are its excellent resistance to ultraviolet radiation and
atmospheric oxidation. Since it is also highly resistant to prolonged immersion in
water, it serves well in outdoor applications where weathering resistance is
necessary.

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

Fluorocarbon Rubber (FPM)

Fluorocarbon rubbers were first introduced in the mid 1950s. Viton A’ is typical of
this class of elastomers. It is a copolymer of vinylidene fluoride and hexafluoro-
propylene. .

These fluorocarbon elastomers have superb resistance 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. They have low permeability to air and extremely low water absorption.
Abrasion resistance is poor and applications involving abrading solids should be
avoided. High-temperature resistance is excellent.

Perfluoroelastomer
Perfluoroelastomers, also known as Kalrez' and Chemraz,” are probably the most
chemically resistant of all the elastomers. The chemistries of these elastomers are
based on tetrafluoroethylene, the monomer in TFE Teflon,' and contain two or
more copolymers. Kalrez is described as a copolymer of tetrafluoroethylene and
perflucromethyl vinyl ether, with small amounts of a perfluorinated comonomer,
which provides sites in the polymer for chemical cross-linking. To be useful, these
clastomers must contain fillers and be cross-linked,

There are a number of compounds for special applications. For example,
Kalrez 1050 has a high ratio of Teflon to vinyl ether and has better chemical
resistance than some of the other Kalrez products. The chemical resistance of

"Registered Trademark of E. L du Pont de Nemours & Company.
"Registered Trademark of Green, Tweed & Company, |
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Table 2-6 Standards for elastomers and rubber-lined equipment

ASTM D-1418 Classification of Elustomers

ASTM D-2000 Automotive Use Classification of Elastomers
ASTM D471 Rubber Immersion Testing

ASTM D429 Adhesion Testing

ASTM D418 Addhesion Testing

ASTM D-3486 Installation of Rubber Linings

CP 3003 British Code of Practice CP 3003, Part 1, 1967
Rubber Manuflacturers Association | Protective Linings Technical Bulletin

Kalrez is similar to that of Teflon, except that fully halogenated freons and uranium
hexafluoride cavse considerable swelling. Above 100°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 (VMO)

Silicene 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 performance up
to 450°F (232°C) is exceptional; it retains strength, flexibility and resiliency at
these temperafures. It can withstand intermittent service to 600°F (316°C).

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

Ethplene-Propylene (EPDM)

There are two ethylene-propylene elastomers: EPDM and EPR. EPDM is a sulfir-
curing lerpolymer, while EPR is a saturated copolymer.

EPDM is a much better material than polyethylene, natural rubber, or
pelypropylene for general-purpose outdoor service, It resists weather and sunlight,
oxidation and ozone. Tt is resistant to acids, bases, water and alechol but is attacked
by solvents such as hydrocarbens and chlorinated hydrocarbons, EPDM elastomer
does not show the siress cracks that plague polyethylene.
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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 subsequent processing. Carbon is usually produced
below 2250°F (1230°C). Graphite is a crystalling form of carbon produced by
processing al temperatures in excess of 3600°F (1980°C).

Carbon

Carbon is usually used for its chemical inertness. It is primarily used in the form of
brick and for packing rings. Carbon has a broad temperature capability and may be
used to 660°F (350°C) in an sxidizing environment or S000°F (2760°C) in inert or
reducing environments.

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

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

1, It thermally insulates the membrane and vessel wall from the temperature

of the fluid.

2. It holds the membrane in place,

3. It protects the membrane from 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 Babbitt. (Babbitt is the
name of a family of tin-based bearing alloys.)

Impervious Graphite

Mormal fine-grain graphite is porous. To make it impervious, it is usually
impregnated with organic resing such as phenolic or furan prior to the final heat
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treatment. A phenolic resin is used for resistance to most acids, salt solutions and
organic compounds. A furan resin is used for materials to be used in alkaline and
oxidizing services,

Impervious graphite has high heat transfer capability and is chemically stable
in many environments. It can be used al temperatures up to 338°F (170°C).
Above this temperature spalling can occur, due to a thermal expansion mismatch
between the graphite and the resin. Other impregnating resins such as FTFE are
available for higher-temperature applications. Also, the surface can be treated to
form silicon carbide in order to seal porosity and increase the resistance to erosive
WiEar.

Chemical Resistance

Table 2-7 shows the chemical resistance of graphite 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 from
the. high heat transfer rate characteristic of this material. More recently, a
fluorocarbon-impregnated plate and frame heat exchanger has become available.

In shell and tube heat exchangers, the corrosive process fluid is normally
contained in the tubes. In some cases, the shell can also be fabricated from
graphite, but a steel shell is the more typical construction. Pressure is limited to
about 100 psig for small units and 50 psig or large units.

Block heat exchangers are made from a block of graphite with a series of holes
drilled perpendicular to each other. One fuid 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 and tube exchangers, since they are more robust.

Plate and frame heat exchangers made with graphite are similar in design to
metallic plate and frame heat exchangers. The individual plates are mounted on a
rack and are manifolded to permit the hot and cold fluids to flow on opposite sides
of each plate.

Mechanical shock is the primary cause of failure for all types of graphite heat
exchangers. Care during transporting and installing the heat exchangers is an
pbvious requirement. This is especially critical with shell and tube designs. The
primary sources of in-service failures are from:

+ Mechanical shock during startup. If the hot side comes up to temperaiure
faster than the cool side, fluids having a high vapor pressure may flash,
causing breakage.

+ Vibration caused by excessive velocity flow across the tubes. This can
result in breakage.
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Table 2-7 Chemical resistance of impervious graphite in common
chemicals"?
Mazimum Recommended
Corrosive Concentrations Temperature Impregnant
-
Amines All Boiling point Phenolic
Ammonium hydroxide | All Boiling point Phenolic
Calcium hydroxide All Bailing point Furan
| Hydrofluoric acid 1o 48% Boiling point Phenolic
43-601"% 185°F {85°C) Phenalic
Over 60% Not recommended
Hydrogen sulfide-water All Boiling Phenolic
Nitric acid 10-20% 140°F (60°C) Phenolic
Over 20% Not recommended
Organic acids All Buoiling point Phenclic or
Furan
Phosphoric acid 0-B3% Boiling point Phenalic
Sodium hydroxide G-6T% Baoiling point Furan
67-80% 275°F (135°C) Furan
Sulfuric ncid 0-70% Boiling point Fhenolic
T0-85% J40°F (170°C) Phenolic
B5-00% 300°F (150°C) Phenolic
90-93% 160°F (70°C) Phenolic
93-96% T5°F (25°C) Phenalic
Civer 9%6% Not recommended

"For a more complete listing of chemical compatibility, sce Ref. [13] or literature from the
marufacturers of impregnated graphite equipment.
0 Copyright by NACE International. All rights reserved by NACE: reprinted with permission.
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+ Erosion of the graphite caused by high-velocity flow. With clean fluids, the
maximum velocity should be 8 fifsec (2.5 m/s). With dirty fluids, the
velocity should be limited to 5 fifsec (1.5 m/s),

Impervious graphite is also used in;

« Pumps. All of the wetted pans may be made of impervious graphite. To
provide greater abrasion resistance, the surfaces of pump parts may be
converted to silicon carbide.

* Fessely such as ahsorbers, evaporators, reactors and distillation columns.
Impervious graphite can be used for pressure containment, for vessel
internals, or in attachments such as rupture disks.

* Piping.

Flexible Graphite

Flexible graphite is available as both a foil 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-performance aircraft. However, only
limited use has been made of these fibers in the process industries, One example is
the use of graphite reinforcement for polyester and vinyl ester composite vessels.
Another is the common use of graphite fibers that have been impregnated with
PTFE (polytetrafluoroethylene) colloidal graphite. This material is used as packing
in valves and seals.

Graphitc foil is used extensively as a gasket material (¢.g., Grafoil'). For this
application, the 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, since 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 being the
major exception). It is also used for processes that must be protected from
corrosion-induced contamination. Being a dielectric material, glass does minimize
the anode/cathode area effect at a holiday. In addition, glass linings are sometimes

'Registered 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 frze,

5. Cement

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

The term “cement” is often used instead of the more proper term “concrete,” to
describe cement-based linings in tanks, vessels and pipe. Such “cements,” used for
lining, are mixtures of Portland cement, sand and, for some applications,
pozzolanic material. The mixture is formulated so that it has an excess of free lime
after it has cured. While Poriland 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 subsirate 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 11 or more. At this saturation level pH, carbon
steel is passivated and will not corrode,

Cement linings applied internally to vessels and tanks are usually sprayed on
("gunited™).  Internal cement linings for pipe may be ecither mill-applied
(centrifugally cast) or may be applied in site. The choice is usually based on
commercial considerations, but mill-applied cement linings are by far the most
common. (frn situ linings are generally adopted for existing pipelines in need of
repair.)

Fluid velocities in cement lined pipe are usually limited to 5-10 fi'sec (1.5-3
m/s) because of erosion concermns at changes in direction such as elbows, The
upper limit of 10 ft/sec (3 m/s) 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 system provides for continuous lining across the pipe
joint. Most users prefer the bell-and-spigot joint, which utilizes external girth fillet
welds, The intemal joint is sealed with a special shury that expands upon curing,
This system provides reliable protection across the joint area and permits a
relatively strong weld. Other alternatives inelude:
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* Gaskets with butt welds. The gasket is inserted just before the butt weld is
made. Slippage, misalignment and gasket loss are relatively commaon
problems.

= Cement with butt welds. A shurry-type compound that expands upon curing
is smeared on the butt surface of the cement adjacent to the weld
preparation just before welding.

Note that the above two methods usually produce butt welds with
serious defects due to porosity and lack of penetration. It is probably
impossible 1o obtain full penetration welds to the quality standards of most
cross-country pipeline or plant piping codes.

*  Gaskets with flanged connections,

* Hand repair. A worker can enter large-diameter pipe and hand-repair the
weld joint area, using a slurry that expands upon curing. This type of
system usually produces a successful joint.

Fittings and branch connections for cement lined 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 difficull connections are
lateral branch 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 stagnant while in operation.

6. Refractories

Refractories are available in several forms including fiber blankets, bricks and
blocks, and castables. The last group, which includes both castable ceramics and
plastic refractories, is usually employed to make monolithic linings. In some
applications, refractories are used to provide corrosion protection to the substrate
pressure-retaining material, for example, the use of refractory liners in sulfuric acid
plants. However, the major function of the refractory is to keep the pressure-
containing material cool enough to avoid high-temperature degradation problems.
Local gross failure of a refractory can cause “hot spots” that will locally
degrade the pressure-containing metal. Eventually, failure will usually occur
because of some high-temperature degradation phenomenon such as creep. Refer
to Chapter 3, “Failure Modes,” for a discussion of these phenomena. If the process
contains a corrodent such as high-temperature hydrogen or hydrogen sulfide, rapid
failure may occur, leading to a rupture. Thermochromic paints, which change
color after crossing a high-temperature threshold, are often used as a means of
monitoring refractory-lined equipment for local failures of the refractory. When
using thermochromic paints, the painted surface obviously must be lell uninsulated.
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Monolithic Linings

Castable Ceramics

Castable ceramics are the most commonly used of the monolithic lining materials.
They consist of a refractory concrete that contains both a binder and an aggregate.
The mixture typically contains 60 to 80 percent aggregate. The binder may be
either a hydraulic type such as Portland or calcium aluminate cement, or it may be
chemically setting type such as the silicates or phosphates. Of these, the calcium
aluminates are probably the most commonly used in the industries of interest.

Castables are placed by casting, gunning or hand packing. The addition of
stainless steel fibers into castable formulations was introduced in the early 1930s
and is reported to promote the formation of a number of fine cracks during the
drying and firing cycles, rather than a few large cracks.

Gunning is the most common method of application for castables. It generally
provides better properties than are obtained with casting, since it usually uses much
less water in the mix. After application, the conerete 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.

Plastic Refraciories

A plastic refractory is similar to unfired fire brick; it requires a high-temperature
heating or curing process to develop the ceramic bonding necessary to become
mechanically stable. Plastic refractories are composed of a calcined clay plus a
binder of unfired clay. The mixture is generally very stiff and is applied with an air
hammer. Until it is fired, a plastic refractory remains soft and can be easily
damaged. To improve their resistance to incidental mechanical damage before
firing, some plastic refractories use an alkaline silicate to provide some air
hardening. Plastic refractories are used in processes with service temperatures in
excess of 1800°F (980°C), in order to develop adequate ceramic bonding.

Refractory Brick

Brick is useful for chemical resistance applications and erosion resistance as well as
for thermal insulation. The construction processes for chemical resistance
applications may differ considerably from those used for other applications.

Chemical-Resistant Construction
Three components are necessary for a chemical-resistant masonry construction:

1. A chemical-resistant membrane lining is applied to the substrate material.
This membrane may be any of a number of materials ranging from a hot-
applied asphaltic pitch to some sort of sheet lining. Sheet lining materials
may be rubber or thermoplastic. The membrane is chosen for its resistance
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to attack by the chemicals present in the process at the temperature
expected at the location of the lining,

2. A chemically resistant brick or tile. The role of the brick or tile is to
provide thermal and mechanical protection to the membrane and the
substrate material. The brick or 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-resistant applications, These include bricks made of red shale
or fircclay. Other brick materials are carbon, foamed glass, silica and
silicon carbide. Like brick, tile is made from a variety of materials. The
most common tiles are quarry tile, paver tiles and glazed tiles. Tile
thickness varies from about % in. (6 mm) for glazed tile to 1/, in. (3 cm)
for paver tile. Quarry tile is usually either % in. (13 mm) or % in. (19
mm} thick. ‘

3. Chemical resistant mortar and grout for bedding and joining bricks and
tiles. The 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 aré 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 usually 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 provides 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. The primary disadvantage of the
material is its poor resistance to high-velocity gas (50 fi/sec (15 m/s) or greater). It
can be eroded at even moderate velocities (10 ft/sec (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 term 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 comtact 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 fowers).
Mevertheless, in some applications it may be a cost-effective alternative. Wood
occasionally finds service in a wide range of eguipment 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 fashioned or obsolete. Siebert [10] reports a number of cases where wood
had given good service, but 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-molybdenum alloy tank was specified. A woeden tank
would have been much less expensive.

Wood deteriorates from two principal causes, chemical and biological attack,
The chemical resistance of wood depends primarily on the resistance of the wood's
cell walls to chemical action and on the extent the chemical penetrates into the
wood. Wood pgenerally provides durable service for any solution that is not
actively destructive to the wood fiber. In water, wood swells without degradation.
Long-term service is usually determined by the resistance of the wood to
delignification.

Unfortunately, wood shrinks when it dries out. If the wood is kept wet,
dimensional stability is good. This swelling action is used to seal wooden tanks,
buckets, pipes and the like. Similar behavior is seen in dilute agueous solutions
and solvents such as alcohol.

Woods give their best service in the pH range of 2 through 9 and can be used
atup to pH 11. 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, forming a brittle
oxycellulose. For this reason nitric acid, chromates, potassium permanganate and
chlorinated water attack wood,

Biological deterioration of wood is caused primarily by aquatic organisms,
insects and fungi. Mitigation of biclogical deterioration is often based on pressure-
treating the wood with preservatives such as creosote. Such treatments 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 in 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 in service restricts the 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 jacketing. 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 with bituminous materials, coatings, plastic or elastomers to extend their
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. Other impregnants promote resistance to weathering and fire,
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
vinepar 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 fir and various pines are usually chosen for
cooling towers and for many chemical exposures. Redwood and fir 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 general 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 stagpered 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 thermal conditions that would cause
steel members to buckle.

F. COATINGS AND LININGS
1. Introduction

Coatings and linings are used for many reasons. They:

* Act as a physical barrier to corrodents to protect the substrate material from
contact with a corrosive process fluid or environment, Examples include
alloy cladding, most weld overlays and most paint coatings.

* Reduce the amount of cathode current by using the coating as a dielectric
bamrier. For example, coating the more noble metal tubesheet of a heat
exchanger helps protect the less noble channel or channel cover.

*  Provide the substrate surface with cathodic protection such as galvanizing,

*  Maodify the surface 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 the carbon steel pipe.

* Create a smooth surface for mixing and/or draining.

* Modify the surface of the substrate material. Examples include providing
protection from galling by use of a hard face plating or weld overlay and
the use of peening to place the surface under compression, therehy
inhibiting stress corrosion cracking.

* Restore lost thickness. A common application is the use of a plasma-
sprayed coating to repair a wom rotating equipment shaft. In many cases, a
coating or lining may serve more than 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 thermal protection when used as refractory linings for the pressure-
containing metal or alloy.

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

To ensure success in using coatings and linings, the choice of type and product
must be based on a firm 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 dielectric barrier coatings and linings depend on their mtegrity lo ensure
protection, usually because cathodic protection cannot be relied on to protect the
substrate from flaws or pinholes in the coating. Thickness provides one and
sometimes two advantages:

» Fewer pinholes and other through-thickness flaws (holidays).

«  Virtual elimination of cathode current from the substrate, thereby limiting
the anoedic current at any pinholes or other holidays. Since the pitting
corrosion rate is directly proportional to the anode current density, limiting
the anodic current density limits the pitting corrosion rates at pinholes and
other holidays.

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

On offshore structures, the splash zone cavsed by wind and wave action is not
continuously wetted. The splash zone therefore cannot be reliably protected by the
cathodic protection system used to protect the submerged sections of platforms 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, such products are often
smeared on over wet andfor unclean surfaces. Successful application limits access
and/or flow of corrodents.

Rubber is also commonly used as a coating or lining. Rubber is frequently
selected for coating the internals of butterfly valves and some rypes of tanks and
pumps for services such as seawaler, in many chemical services and in some
abrasive slurry 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 liew 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 uvsed to handle inorganic acids. This type of piping system is
particularly useful in situations where internal holidays cannot be tolerated el
internal joint protection is required. Providing such protection with thin-film paint
coatings is virtually impossible.

Thick polymers, sometimes *filled” 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 are also
sometimes used in mildly abrasive services, with good results.

Polymer tapes, with a combined adhesive-backing thickness of about 0.050" 1o
0.075" (1.3 to 1.9 mm), have been extensively used as tapewrap for external
protection. These wraps are fixed to the cleaned surface with an adhesive,
Tapewraps have worked well in applications where properly applied tape is not
subsequently subject to age-induced embrittlement, rock damage in the ditch,
impact damage, soil stress, etc.

For buried pipelines (a major application), tapewraps have an erratic history,
Even though tapewraps are sometimes provided with a protective covering (often
referred to as a “rock guard™) to help prevent tearing of the tape during and afier
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 seriously damaged during the construction phase of a
pipeline. Pipeline construction, which is normally schedule driven, employs over-
the-ditch tapewrapping. Examples of construction-related problems include
inadequate cleaning, insufficient 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
and welding.

Early failures can also occur because of tearing due to soil stressing,
penetration by rocks in the ditch, or embrittlement 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 protection.

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 form a
cortinuous phase. In such situations, cathouic protection is ineffective. For
example, in crude oil storage tanks, tar-like deposits may cause the formation of
isolated “pockets” of saline water.

Rubber Linings

As mentioned above, rubber linings are used extensively in chemical process
plants, in abrasive services and in many severely corrosive services such as minernl
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acids. A discussion of some of the important elements of the process of rubber
lining will illustrate many of the features of other lining processes as well.

Rubber linings combine the chemical resistance of rubber with the strength of
steel or concrete, These linings may be directly exposed to the environment or
used as a membrane for brick-lined equipment. Typical rubber lining applications
are shown in Table 2-8. :

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

* WNatural and synthetic natural rubber (soft, semi-hard, hard)
* Chloroprene rubber (Neoprene)
* Bautyl and chlorobutyl rubbers

Linings for equipment require modification of the hasic polymer by the
addition of fillers, vulcanizers and other agents. As a result, the composition of

Table 2-8 Rubber lining applications

Storage, day and weigh tanks

Reactors

Columns

Towers

Crystallizers
Evaporators
Filters
Centrifuges
Agitators
Pumps

Pipes
Valves

Transportation: rail and truck
Membranes for brick linings
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Table 2-9 Composition of natural rubber linings

Ingredient Soft Semi-Hard Hard
Rubber . ~80% 55-65% §5-65%
Filler + ~20% 35-40% 34-40%
Vulcanizers 1-2% 1-2% 1-2%
Durometer A Hardness 30-50 50-90 >90

rubber sheet stock may be only 50 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 resulis in increased
chemical resistance,

Since rubber lining sheet stock is made from many raw materials (resins,
fillers, accelerators, vulcanizers, ete.), 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.
The results may not be applicable to an “equivalent” formulation.

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

Minimum: '/" (3 mm)

Preferred: /" (4.7 mm)

Maximum in one layer: 4" (6 mm)

If more than 4" is required, the rubber should be applied in two or more
layers.

Sheet stock for lining can be made ol a single rubber or of more than one
composition. For example, it is common to have a natural rubber ply on the
underside of a synthetic rubber lining to facilitate bonding to the steel. Another
commeon practice is to use triple 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 soft rubber for abrasion resistance.
Other combinations can be used for special applications.

Considerations for Rubber-Lined Equipment

There are a number of factors that should be taken into account when rubber 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, the more difficult it is to get a defect-free rubber lining. The number of
these internals also increases the lining cost since each fitting must be lined unless
it is made of a corrosion resistant material.

Another consideration is where the lining is to be installed. “In most cases, i is
preferable to line a vessel in a shop where it can be vulcanized in an awtoclave.
However, this can present a problem in the winter since transportation of hard or
semi-hard rubber-lined equipment in cold weather can result in cracking.

A further consideration is the wvulecanization method, which must be
appropriate for the equipment and rubber. Altematives include:

* Vulcanizing in an autoclave. This produces the best bond and lowest
porosity and is the prefermred alternative in most cases. However, large
equipment may exceed the size limitations of the available autoclaves.
Using the equipment as jts own autoclave. 1If the equipment is designed 1o
withstand the pressures involved, and if high-pressure steam is available,
this may be a viable altemative. Temporary insulation may be required to
obtain the desired wall temperaiure.

* Vulcanizing with steam or hot air at ambignt pressure. This requires the
use of rubbers designed for this curing method since the temperatures
obtained are lower than with autoclave curing. Again, the vessel should be
insulated to get the highest possible wall temperature.

«  Self~vulcanization or chemical vulcanization.  This is usually the best
choice when concrete equipment is lined, The 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 fo Be Lined

Metal Equipment

Most problems with rubber-lined equipment can be traced to either inadequate
design or improper application. For a discussion of these Wopics, including detailed
drawings that illustrate many important design and fabrication features, refer o
reference [11]. 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 deformation or deflections that could result in
damage to the lining during transportation, installation, or operation. This often
requires @ more robust construction than would be used for normal fabrication,
Where stiffeners are required, they should be attached to the exterior side of the
equipment.

Failure to consider the brittle nature of cured rubber linings has resulted in
equipment failures. In one case, semi-hard natural rubber-lined equipment was
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shipped during the winter. The combination of thermal stresses and mechanical
stresses from shipping and handling in cold weather resulted in the equipment
having many lining cracks when it arrived at its destination,

Rubber lining requires that the lined surfaces be accessible and that there be
adequate ventilation to carry off solvent fumes from the adhesive. In enclosed
vessels there should be at least one manway at least 24" (600 mm) in diameter and
one additional nozzle of not less than 3" (75 mm), to permit adequate air
circulation.

It is important that the rabber adhere to the surface, with no air pockets, which
may subsequently cause blisters during curing. In addition, there should be no
sharp cdges, which 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 construction should not be used. Bolied joints should be used
only if they can be dismantled for lining.

All attachments to adjacent equipment should be flanged since welding is not
permitted on lined equipment. To facilitate lining, nozzles should be as short as
possible. Flange faces should be designed to allow the lining to continue over the
face in order to eliminate an edge exposure of the lining to the process fluid.

Rubber gaskets of 30-50 Durometer A should be used when the rubber on the
flange faces exceeds 65 Durometer A, An anti-stick material should be applied 1o
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 bolts should be specified or
suitable spacers designed and provided. Torque values should not exceed 40 fi-lbs
(55 N-m}.

For vessels, internals such as heating coils, immersion heaters, sparger pipes
and other unlined parts should be installed after completion of the lining. These
parts should be designed so that local overheating is not possible. They should not
be closer than four in. {100 mm) from a lined surface.

Pipework and Fittings

Lining pipework and fittings is similar to lining vessels except that access is a
greater concern.  For pipework and fitings 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 inspect. It is best to use straight lengths of pipe. The lengths of pipe may
contain tees or a single bend provided that the nominal size is six in. (130 mm) or
above and the leg length of the tee or bend does not exceed the dimensions of a
standard tee or bend. Use separate standard (1.503) bends and standard tees. Bends

should not exceed 90 degrees.
Refer to Table 2-10 for guidance on maximum pipe length.
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Table 2-10 Maximum lengths of pipe

recommended for lining'
Nominal Bore Length of Pipe
in. (mm) it {mm)
1.0 (25) 6.5 (2000)
1.3 (32) 8.25 (2500)
1.6 {40y 10,0 (3000)
20 (50) 1.5 {3500)
2.6 (65) 13.0 (4000}
1224 (B0-600) 19.5 (6000)
"Refer to Ref. [11].

Source: Reprinted with permission of MTL.

Fabrication of Metal Equipment

Metal equipment intended for rubber lining must be fabricated to special standards to
ensure that a sound lining can be applied. The welds must be continuous and butt
welds must be used for the main seams. Lap seams and the like are not consistent
with sound linings. 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
removed. The weld should be free from undercutting, cracks, porosity, surface
cavities of any type and lack of fusion. All weld defects should be repaired and the
surface reground, Welded attachments such as insulation cleats and lifting lugs
should I:n: completed before the equipment is prepared for lining.

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

Surface Preparation of Metal Equipment

The surfaces 1o be lined must be smooth and should have large radius contours.
External comers should be finished 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 surface defects such as weld spatter, scores and pits should
be removed as should all foreign material such as grease, oil and chalk, All earbon
steel or cast iron surfaces to which linings are to be applied should be abrasive
blasted to a “white metal” quality per NACE Standard No, TMO170 (cquivalent to
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Steel Structures Painting Council SSPC No. 5). After blast cleaning, all dust and
other residues should be removed and the surface primed within four hours, before
any visible rusting occurs.

Inspection of Metal Equipment

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

* As the equipment is fabricated, to ensure that the equipment meets the
specilied requirements,

*  After the welds and edges are prepared,

* After the equipment is blast cleaned. The surface should be clean, with no
dust or rust stains present. It should meet the specified “white metal”
standard. -

* Afler the lining is fitted but before vulcanization. Lining defects are easier
to repair al this point than at any later time.

* After the first stage of vulcanization (when the process 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 before it has been put into
service, Ifthe lining is very hard, it may be desirable to inspect it after is
has been transported but before it is installed.

* Periodically during the life of the equipment and whenever any remedial
work is done on the equipment.

Inspecting the lining normally involves;

* A visual examination for blisters and to ensure that the lining joints are
properly made. Generally, blisters are repaired since they can lead to lining
failure. Small 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 is started.

* A lest of the lining continuity. This is done with a high-frequency AC
spark-testing instrument typically set between 20 and 55 kV, depending on
the thickness and type of rubber and the joint design.

* A test of the hardness of the cured rubber.

* Atest of the lining adhesion, especially if there is reason to suspect that it is
inadequate. However, this test is destructive and requires lining repair.
Therefore, it is not normally done on actual equipment. If the owner
requires a high level of adhesion, the more common practice is to have the
[abricator prepare test panels of the same type and thickness of rubber that
is cured at the same time as the equipment,
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Concrete Equipment
Concrete equipment should be designed to eliminate structural cracking. The
equipment should not have expansion joints unless absolutely necessary. There-
fore, special attention should be given to thermal stresses. Extra reinforcement
may be required.

Fipes and fittings should be provided with flanges and cast into the concrete,
They will nermally be rubber lined before being cast into the conerete.

All comers in the concrete equipment should be designed to be formed with a
45 degree fillet and with a minimum leg length of 0.8 in. (20 mm). After the
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
must be controlled so that laitance is removed without exposing the aggregate
profile. Cold acid etching with hydrochloric acid is an alternative cleaning method.

Failures in Rubber Linings

A common cause of failure of rubber-lined equipment is mechanical abuse, This
can take the form of abrasion and wear from slurries and crystals. Cuts, gouges
and tears at stress points and excessive vacuum and/or exposure to excessive
temperatures that causes blistering and disbonding are sources of failure,
Deflections of vessel shells during transportation or erection or by impact can also
cause cracks in semi-hard and hard rubber linings. ,

Chemical attack can result in surface hardening or softening of the rubber
lining, Another mode of attack is diffusion and permeation of chemicals through
the lining, resulting in attack on the bond between the rubber and the steel or
concrete surface. This can result in disbonding, 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 150°F (65°C). During upset, it was
possible for a chlorinated hydrocarbon to enter the tank. After eight months of
operation, the acids permeated the lining and attacked the steel, resulting in a
lining to swell, which then perminsd permeation of the vessel's inorganic contents
through the lining.

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 temperatures below freezing or warmer than 120°F
(49°C). Sudden changes in temperature should be avoided. Equipment stored or
used outdoors should be painted a light color to reflect heat.
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Semi-hard and hard rubber linings are more fragile. They should be stored
indoors and should never be exposed to freezing. These linings are subject to
cracking caused by thermal stresses,

Rubber-lined vessels and tanks may be protected during storage by filling them
one-quarter full with a liquid such as five percent sulfuric acid or five percent sodium
carbonate. This will keep the lining flexible and thus minimize expansion and
contraction. It will also prevent ozone in the air from causing the lining surface to
deteriorate. The liquid should not be permitted to freeze. Exposed rubber at openings
such as nozzles should be covered with plywood or other material.

3. Thin Dielectric Bariier Coatings

Most paints and coatings provide protection because of their barrier and dielectric
properties.  The major exception is inorganic zine paint, which is not a dielectric
product. In fact, inorganic zinc paint provides cathodic prolection to the substrate,
rather than serving as a dielectric barrier.

Coatings used for atmospheric protection must have good resistance to their
environment and to problems caused by through-thickness flaws. This is because
cathodic protection cannot be used to supplement the protection such coatings
provide. Tests for adhesion, resistance to undercutting, etc., can be used to rank the
probable performance of such coatings for specific applications. Data are usually
avaiuble from the technical representatives of paint and coating manufacturers to
assist in making choices.

When choosing coatings for immersion service, some thought should be given
to providing supplementary cathodic protection.  Even though the coating may be
dielectric, some cathode current does pass through the coated areas. If
concentrated al pinholes, this current can generate a relatively large anode current
density, hence a high pitting rate, at such flaws.

A rule of thumb is that the maximum effective lincar distance that a cathode
can interact with an anode is three to five diameters. When considering thin-film
coatings for corrosion protection, keep in mind that, for immersion service, the
practical upper fimit of service temperature is about 200°F (93°C) for catalytically
cured coatings and about 400°F (205°C) for baked-on products. Each generic
coating usually has a fairly well defined upper limit for successful performance.
However, there is usually some variation among particular products within a
generic family. Manufacturers should be contacted for their recommendations and
advice on service condition limitations unless the user has prior successful
experience with a particular product,

Piping

Supplementary intemnal 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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Because of the beneficial effect of cathode current reduction, internal pipe
coatings can extend the life of piping systems in electrolytically corrosive services.
However, the method is not widely used in plants, Non-metallics, plastic liners,
bimetallic piping and alloy piping are usually employed as they are more reliable
and provide a much longer useful life. In addition, internally coating girth welds
and branch connections in small-diameter plant piping is usually not possible.

Intemal coatings are successfully used in large-diameter pipelines in corrosive
water service. The primary usage is in water injection pipelines used for oil field
reservoir pressure maintenance. For lines over about 12 (30 mm) diameter,
crawlers have been developed that will properly clean and coat girth welds. Jn sifu
MmmhwmmwmmﬁaMcmmh
pipeline. This practice is usually used to salvage a pipeline that has developed
internal corrosion problems, but it has also been used to intemally coat new
pipelines. A number of proprictary polymer internal liner systems have been
developed for the salvage of corroded pipelines.

Vessels and Tanks

The three- to five-diameter rule of thumb requires that thin-film internal coatings
in immersion service be supplemented with cathodic protection. Both impressed
and sacrificial systems have been successfully used. In the event that cathodic
protection is not practical, thick dielectric coatings, weld overlays or some other
mitigation measure should be used.

4. Thick Metallic Barrier Coatings

Since metallic barriers such as cladding, weld overlays and metallic plating are
anything but dielectric, they depend solely on their barrier ability for protection of
the substrate, When they are used in electrolytically corrosive applications, the
user should be alert to possible galvanic activity and potential problems involving
unfavorable anode/cathode area relationships.

Cladding and Weld Overlays

In many reactors, vessels and heat exchangers, clad construction is the most cost-
effective way to achieve both pressure containment and corrosion resistance. In
this technology, a relatively thin clad or weld overlay layer is used to withstand
process-induced corrosion while the pressure shell is made of a higher-strength,
lower-cost material such as carbon or low-alloy steel. Such services, because they
do not operate with a continuous electrolytically conductive phase, cannot depend
on cathodic protection,
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Unlike most sprayed metal contings (discussed later), neither clad nor most
overlayed products are likely 1o 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 construction approach has the added advantage of eliminating
the risk of externally induced chioride stress comrosion cracking, which would
accompany the use of solid austenitic stainless steel.

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

1. Roll bond clad plate is available only in relatively thin substrate
thicknesses; the practical limit is about 35" to 4 (90 to 100 mm). Thicker
substrate thicknesses are available as an explosion-bonded product. Clad
plate is usually cheaper than overlayed plate.

2. Weld overlays are thought to resist interlayer disbonding better, particularly
in hydrogen service.

The recommended minimum thickness of cladding depends on both its
susceptibility to mechanical damage in service and on economics. For vessels in
which the risk of mechanical damage is small, cladding can be as thin as 0.050"
(1.3 mm). Cladding is specified to be as thin as practical for expensive cladding
materials such as tantalum or zirconium. For vessels subject to in-service
mechanical damage, such as heat exchanger shells subject to bundle removal/
insertion, the clad layer should be at least " (3 mm) thick.

The recommended minimum thickness of a weld overlay depends on two
considerations;

*  As with cladding, the service susceptibility to mechanical damage.
+ The concern, 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
composition that at least partially accommodates weld dilution, is often specified.
Current technology can usually supply a consumable that provides the metal
surface with a composition that is, for practical purposes, unaffected by dilution.
The thickness of a single layer overlay is usually specified to be '," (3 mm)
minimum.

For severe services, a two-layer overlay is often specified. with each layer
being a minimum of "/;" (3 mm) thick. In two-layer overlays, the first layer is
usually made of a consumable that partially compensates for weld dilution. In one
common example, Type 309L-Cb SS is used for the first layer and Type 347 SS for
the second layer,

i
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Hard Facing

Weld overlays are frequently used as “hard face™ layers on valve intemals, integral
wear rings in pumps, etc. Such overlays are frequently used to establish a hardness
difference of at least 50 BHN 1o prevent galling. Hard face overlays are most
frequently used to reduce wear, friction and/or impact damage.

Hard face overlays are frequently thin, typically about 0.050" (1.3 mm)
finished thickness. For wear resistance, however, they are often thicker (typically
%" (6.4 mm)). The overlay material is often much more brittle than the substrate
material. In cooling from the welding process, the brittle weld overlay sometimes
forms a crack network (called “crazing” or “checking™) that extends through the
thickness of the overlay. Since the overlay material may be more noble than the
substrate, an unfavorable cathode/anode area relationship may develop in a
cormosive medium,

If the substrate will not be resistant to corrosion by the process, consider the
possible beneficial effects of weld dilution. In the event that dilution by the weld
metal will not be adequate, choose a 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

This technique is not normally 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 chemical process vessels. Normally, strip lining is used for the
purpose of salvaging the pressure shell of a vessel that has undergone intemal
corrosion. The technique involves welding thin strips (usually about 4 x 30" (100
mm X 750 mm)) circumferentially to the vessel wall using either butt-welded or
overlapped strips. Some users require one or more plug welds to strengthen the
weldment, Each finished strip is usually 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 RP0292 [12]).

These techniques provide true barrier protection. Since the barriers are usually
quite noble with respect 10 the substrate material, they in fact form a galvanic
couple with the substrate. In practice, accelerated corrosion due to a failed strip is
rare. 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 restricts the flow of corrodent behind the failed strip. In other cases,
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the absence of accelerated corrosion is due to the lack of a liquid electrolyte
condensing in the pocket formed by the perforated strip.

Splash Zone Protection

Some companies prefer to use Ni-Cu alloys such as Alloy 400 sheathing in the
splash zones of offshore structures. This practice has a long history of success.
Even when penctrated, Alloy 400 sheathing is usually effective. Apparently, the
penetrations are usually 1o small to provide flow of sufficient aerated seawater.
Oxygen depletion by either the entrained marine life or by comrosion may
contribute to mainaining the passivity of the carbon steel.

5. Thin Metallic Barrier Coatings

" The most common of the thin-film metallic coatings are:

* Electroplated chromium, usually for wear and/or galling resistance

* Electroless nickel plate (ENF), usually for galling resistance or to assist in
making a tight seal in a valve closure

= Vapor-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.
In the presence of a strong corrodent and/or an effective cathodic depolarizer such
as dissolved oxygen, a pinhole or holiday has a very unfavorable anode/cathode
area relationship, With the cathode being covered with a good electrical conductor,
no reduction in cathode current density occurs. The 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 have dissolved, leaving the
pinhole and the metallic barrier intact, This phenomenon is particularly common
with chromium plate and ENP sold to the user as a form of corrosion protection. In
one notable case, an ENP applicator advertised that its product protected carbon
steel valve internals from corrosion by seawater. The advertising did not mention
that the scawater had been deacrated 1o less than 10 ppbw.

Thin film metallic coatings, particularly ENP, are occasionally used to reduce
product contamination in process streams of already low comrosivity. The base
material is usually carbon steel and the applications usually involve components
that can be coated without 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 find limited use in most plants. Very specialized
products are used as protective coatings on high-temperature steam and combustion
gas turbine components. Such applications are outside the scope of this book.
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Aluminum vapor deposition coatings are sometimes used to protect carbon
strer:rl,‘Cr—Mu steels and high-alloy tubes gl:'l'!:::l'rn sulfidic corrosion, carburization and
nitriding. They are also used in some hydrocarbon plants to minimize downstream
contamination that could result in plugging or degradation of catalysts or product
streams. These coatings are about 3-5 mils (0.075-0.13 mm) thick. They consist
ufaflmﬂmgically bonded layer containing various aluminides and an outer layer
that is virtually pure aluminum. Their long-term success in protecting against high-
temperature corrosion generally depends on their freedom from through-thickness
dt-fms and the development of service-induced, through-thickness flaws. Given
the bfmlc nature of the coating, its susceptibility to impact damage, cracks due to
bending and the absence of protection at welds, such coatings have a mixed history
of success,

Aluminum vapor deposition coatings have gained a reputation for improvi

heat nmrsf;— performance by reducing fouling. Ein gum],mpuhmvﬂ. Mﬂvﬁ
c:;‘imd_ﬂu time between decoking runs or equipment inspection, which are usually
determined by other factors. These coatings have been used successfully to protect
downstream equipment from sulfide scale fouling, Upstream carbon steel, low-
alloy steel and 12 Cr SS components, subject to mild to moderate rates of sulfidic
corrosion, have been coated to essentially prevent scale formation.
_ [n‘ 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, failures were due to operating temperatures in excess of the
tmnpemun'csmgdlu form the coating. Nevertheless, some case histories of
SUccess can be cited for using vapor-deposited aluminum to protect austenitic and
high-alloy steels from high-temperature attack.

Given the mixed history of service for aluminum vapor deposition coatings,

the user is well advised to verify with oth i
it fy er users any claims of successful

6. Sprayed Metal Coatings

Sprayed metal coatings (the process is often called “metallizing™) are in common
use. Various heat sources are used such as flame, arc and plasma. In this process,

molten metal is sprayed onto the surface to be protected. i
, 5 d metal
are subject to several disadvantages: : PSSR

. Vﬂl’)l' liu]ie Enﬂiilmgical bonding takes place in most such coatings; the
coaling .sucks 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 50 percent voids.
Such coatings usually contain some fraction of oxidized metal, which act as
additional embedded defects.

» Many sprayed metal coatings are subject to disbonding induced by tensile
stresses such as bending and by thermal stresses, and may be subject to
undercutting in commosive environments.

As a resull of the shortcomings of sprayed metal coatings, hot-dip products are

usually preferred. However, sprayed metal coatings are useful for several
purposes, usually involving applications where hot-dip application is not feasible.

Carrosion Protection

Sprayed metal coatings are useful for shop and fabrication yard applications, for
situations in which it is impractical to hot dip fabricated components. A good
example is the use of such coatings for platforms and structures 1o be used
offshore. In sclecting metal spray coatings intended for corrosion protection,
choose coatings that are anodic with respect to the substrate, Aluminum, zinc or an
aluminum-zine alloy are usually selected for coating carbon steel. It is usually
possible to select a coating that is not only anodic but is also resistant to the
contacting fluid. For example, aluminum is very resistant to wet CO, cotrosion
and is therefore a good choice for coating carbon steel that would otherwise be in
contact with the wet CO,.

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 porosity, the user should
regard such recommendations with some caution. Low-porosity sprayed metal
coating technologies should be preferred.

Cathodic products such as stainless steels are sometimes marketed as corrosion
coatings to protect anodic substrate materials. However, potential porosity and
refatively poor adhesion of the coating provide a significant risk that a very
unfavorable anode/cathode area relationship could develop, leading to rapid failure
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 coating.
Sealed or unsealed, such coatings should be considered with caution.

Erosion and Wear Protection

Some sprayed metal coatings, usually applied by the plasma spray method or by
detonation spraying, have been successfully used to enhance resistance to erosion
and wear. Be careful when loading these coatings in bending. They may be quite
brittle and may readily disbond or spall if subjected to tension or impact loading,
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Thermal stresses, caused by rapi ; : .
. 1 y rapid or nonuniform heating or cooling,
disbond such coatings. E oling, also may

Melal Restoration

Worn shafts, rolls, etc., are often mefal sprayed to restore thickness, then machined

to original dimensions. If not loaded i i
& Olgiul in bending, such restorations are usually

7. Galvanizing

Galvanizing is a coating process that deposits zinc on a substrate metal. It i
comm!:mly used to protect carbon steel from either atmn'spgz?ia COIrosion ul:
currcrsnm ﬁ‘nmlmild to moderately corrosive immersion service, Galvanizing
provides cathodic protection to the carbon steel. It can be applied by any of four
methods, after first degreasing and pickling the product form to be galvanized:

* Hot-dip galvanizing (carbon steel dipped in molten zing). This is the most
common method of application. It is used extensively for structurals
Piping and water tanks. For piping, galvanizing may be either iniﬂmal:
r:xlemalror both. The process is also used for structural bolting. The outer
surface is essentially pure zinc, with the inner layers composed of Fe-Zn
mterm-:talhf: compounds and a diffusion layer metallurgically bonded to the
steel. Coating thicknesses typically range from about 3 to 5 mils (0.075 10
0.13 mm),
Zine pfa{:‘ng. The coating is essentially pure zinc. The advantage of this
process is the accuracy with which the thickness can be controlled, Its
major disadvantage is the potential of the process to hydrogen-embrittled
fc{rrtn: steels. Adequate coating of edges can also be a problem. Coating
thickness is on the order of 0.5 to 1 mils (0.01 to 0.025 mm).
ii’:jt‘:: :ﬁrﬂ_’}rﬁﬂg (me:ﬂ:‘za‘ngj. This is not a common zinc coating, The
vantage is the abili i i i
e I:E; s (:},?} t;: ;ﬂ}ul in place. Sprayed zinc has a typical
. Shemafiz:‘ng (mechanical galvanizing). This process is commonly used to
galvanize nuts and bolts. Tn the process, zinc dust is heated to just below its
meltmgrpnmr. Nuts and bolts are tumbled with the dust in a rotating drum
generating a cementation-type coating. Thickness can be readily cnn:
trolled, ranging from about 0.3 to 2 mils (0.0075 to 0.05 mm).

Some users are sensitive to galvanized products being adjacent to austenitic

SHEHIESS steel I:MPlﬂgr vessels andfor ¢ 'I =
: ; ent. Refe
discussion of zinc embrittlement. quip er to Part 3 of Chapter 3 for a
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8. Other Metallic Coatings

Cadmium is often supplied as a coating on small hardware items such as light-duty
screws, nuis and bolts. [t is adequate for mild service but should not be allowed to
substitute for galvanizing,

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

Electroplated products are sometimes embrittled by hydrogen generated during
the plating process. The embrittlement phenomenon is occasionally called “cathodic
charging.” Materials subject to this problem include ferritic or martensitic steels.
Austenitic alloys are relatively immune to this type of embrittlement, except under the
maost severe conditions. In particular, this mechanism has been a recwrent source of
failurs in medium- to high-strength bolts. Low-' to medium-strength bolts, with
tensile strengths up to about 70 ksi (480 MPa), are relatively immune 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 1 of Chapter 3 for a discussion of hydrogen embrittlement and bakeouts.
It is particularly important to require such bakeouts for embrittled materials subject to
impact, tensile or bendng loads.
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FAILURE MODES

The procedure used to select materials of construction must include
consideration of various forms of materials degradation, including electrolytic
corrosion, high-temperature corrosion and stress corrosion cracking. In addition,
embrittlement by high- and low-temperature phenomena, as well as by various
chemicals, must be properly addressed. The avoidance or control of such
degradation measures is necessary to achieve the desired design life. In this
chapter, the most common forms of degradation phenomena, and the methods of
mitigation that are usually adopted, are discussed.

PART 1: EMBRITTLEMENT
PHENOMENA

A. INTRODUCTION

Before discussing the effects of embrittlement, we must first define several terms
and concepts that involve crack propagation,
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Brittleness. A “brittle” crack propagates with little or no macroscopic
plastic deformation. Characteristically, brittle crack propagation absorhs
little energy, is rapid and results in ruptures. The various engineering
codes contain specific guidance on avoiding brittle fractures via impact
testing rules.

Duerile.  "Ductile” crack propagation is accompanied by gross plastic
deformation. Such propagation absorbs significant energy and is typically
very slow. Fast ductile fractures can result when the remaining ligament is
too small to support the gross load. However, fast ductile fractures exhibit
the gross tearing typical of ductile crack propagation.

Risk of Fracture. A distinction should be made between brittleness and the
risk of fracture. A brittle material will not 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 used safely if the applied stresses are

kept small enough that inherent flaws do not propagate into unstable cracks
(i.e., brittle fracture).

Fracture-Safe design.  Brittle fracture can occur in most metals and alloys
due 1 a thickness effect; this subject is the focus of fracture mechanics, It
turns out that for cach metal and alloy there is a combination of critical crack
size, stress intensity and thickness above which cracks will no longer
propagate in a ductile manner. Brittle fractures of this type are rarely
encountered in the low- 10 medium-strength carbon and low-alloy steels
utilized in ordinary chemical and hydrocarbon plants. These materials
typically have tensile strengths of 70 ksi (480 MPa) or less. As a result,
fracture mechanics has not been commonly used in most plant designs,
though it is used with some frequency by the chemical and hydrocarbon
industries for high-pressure processes in which relatively high-strength
materials of construction are employed. In the near future, the ASME Boiler
xtlermn Vessel Code, Section VIII [1], is expected to issue the rules for
Division 3, which uses fracture mechanics as the design basis for high-
pressure vessels.

Leak-Before-Break. A common application of fracture-safe design is to
ensure that a pressure system will “leak-before-break.” This design
meduu utilizes fracture mechanics to ensure that the applied stress is
insufficient to cause a through-thickness crack to propagate in a brittle
manner. Propagation of a through-thickness crack will be ductile. The
material will be of adequate toughness to ensure that the through-
thickness crack will be easily detectable before it becomes susceptible to
brittle propagation. Hence, a pressure system will start leaking at the
lhmugh—l:.hi:knm crack long before there is any danger of brittle crack
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
that brittle fracture will not occur as long as the combined stress in
tension is less than about ten percent of the material’s tensile strength.
(This will hereafter be referred to as the “en percent rule”.) Thus, in
carbon and low-alloy steel applications in which the applied stress in
tension is less than ten percent of the tensile strength, the design will
inherently provide for leak-before-break. The ten percent rule principle
has been incorporated into the major domestic vessel and piping
engineering codes. Mote that while low-stress conditions do not permit
brittle fracture, stable crack propagation by other mechanisms such as
stress corrosion eracking can still be active,

Embrittlement 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. Cracking that occurs below
the threshold temperature is at least partially brittle. Such cracking is often
catastrophic. Cracking that occurs above the threshold temperature is by a
ductile mechanism.

Often, the term embrittlement is applied to the ambient temperature ductility
of an alloy that has become embrittled by high-temperature service and which
remains ductile at high temperature. In some cases, process fluids can embrittle
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 embritilement. Only the relatively common
forms of embrittlement will be discussed.

B. CARBON AND LOW-ALLOY STEELS
1. Temper Embrittlement

Temper embrittlement occurs in 2%4Cr-1Mo and 3Cr-1Mo steels. These alloys
are used for the pressure shells of heavy walled reactors such as hydrotreaters.
Temper embrittlement occurs at 700-1100°F (370-595°C); it is reversible by
exposure to higher temperatures. In the 700-1100°F (370 to 595°C) range,
tramp clements such as tin, phosphorus and arsenic segregate at the grain
boundaries. In addition, silicon and manganese contribute to grain boundary
embrittlement. While tramp elements cannot be completely eliminated from the
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alloy during steel making, modern mills can now control the tramp elements, and
silicon and manganese, such that temper embrittlement of these alloys is no
longer a major concern.

Temper embrittlement does not affect high-temperature ductility. Its effect
is limited to temperatures less than about 250°F (120°C). Accordingly,
components suspected to have suffered temper embrittlement can be safely
operated if they are not pressurized at temperatures less than 250°F (120°C).

2. Creep Embrittlement

Creep embrittlement can occur in 1Cr-%Mo and 1%4Cr-"4Mo steels exposed to
sustained temperatures exceeding 850°F (455°C). Note that creep embrittlement
is not really embrittlement in the sense that the metal has lost inherent ductility.
The loss of ductility is mostly due to a loss in load-bearing capacity because of
the formation of gross cracks in the structure.

The effect of creep embrittlement usually takes at least 10-15 years to
become evident, but there are reports of such embrittlement in as little as eight
years, The mechanism is unpredictable, as there are many vessels and piping
systems operating above B50°F (455°C) that have not expericnced creep
embrittlement. Cracking due to this phenomenon occurs mainly in heat affected
zones, usually at nozzles having sharp changes in cross section. Such cracking
has also been seen in base metals adjacent to heat affected zones. Once cracking
has occurred, embrittlement is irreversible.

The mechanism of creep embrittlement seems to involve the formation of
very fine intragranular precipitates which strengthen the metal.  The
strengthening effect of the grains is thought lo force deformation to be
confined 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 embrittlement. We do not know
how to prevent or minimize creep embrittlement, or even if it will occur, in
1Cr-%:Mo or 1%Cr-%Mo steels. In low-stress applications, the consequences
of creep embrittlement are usually acceptable, since leak-before-break will

govern. For higher stress applications, the best policy is to present the user
with two choices:

1. Select the less expensive 1Cr-Y%Mao or 1%4Cr-"40 o material with the risk of
replacement or repair, the anticipated life is at least 15-20 years.

2. Select 2%Cr-1Mo, a more expensive alloy, with chemistry controlled to
prevent temper embrittlement,

Failure Modes 113

3. Strain Ageing

Strain ageing occurs in most carbon and low-alloy steels. In this mechanism, 2
cold-worked material that is allowed to age at ambient or relatively low-
temperatures will develop an anomalously high-strength and hardness,
accompanied by reduced ductility. This type of embrittlement is relatively rare,
since cold-worked materials are usually stress relieved before being placed in
service. Typically, a limit of five percent cold work (defined in terms of Qutclr
fiber strain) is permitted 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 embrittlement caused by
such procedures,

4. Hydrogen Embrittlement

Hydrogen embrittlement can occur in carbon and low-alloy steels, in feritic and
martensitic stainless steels and in duplex stainless steels. It is normally not a
problem in cither the austenitic stainless steels or nickel-based high alloys.
Atomic (i.c., nascent) hydrogen does not diffuse very well in austenitic stainless
steels, although it is 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
embrittlement,
Hydrogen can dissolve in steel as a result of a number of phenomena:

+ A chemical or corrosion reaction can create nascent hydrogen, usually in
the presence of a cathodic poison. Refer to Part | of Chapter 2 for a
discussion of cathodic poisons. Any corrosion reaction thal can cause
hydrogen stress cracking can provide enough dissolved hydrogen to cause
hydrogen embrittlement in susceptible alloys.

« High-temperature, high-pressure gaseous hydrogen service (discussed on p.
133 in this chapter) can saturate a steel with dissolved hydrogen.

= Exposure to excessive cathodic protection or cathodic charging can saturate
a steel with nascent hydrogen. The most common example of this problem
is hydrogen embrittlement 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 embrittlement by cathodic charging.

« Welding with moist consumables is a well-known source of hydrogen
embrittlement in carbon and low-alloy steels.
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At temperatures less than about 250°F (120°C), dissolved hydrogen inhibits
the dislocation mechanisms responsible for plastic defprmation in metals,
resulting in loss of ductility. The effect is particularly evident 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
(315°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
100°F (18 to 38°C). The risk of hydrogen embrittlement rapidly diminishes at
temperatures above 175°F (80°C). For this reason, low-alloy steels such as the Cr-
Mo st-T*cls used in gaseous hydrogen service are usually not pressurized until the
operating temperature is brought up to 250°F (120°C) or warmer.

The 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 embrittlement. Higher-strength
steels (with specified minimum tensile swrengths in excess of about 90 ksi (620
MPa)) can be severely embrittled, This strength relationship is the reason that
bolting is the product form with which one most commaonly encounters hydrogen
embrittlement problems in plants. Often, the embrittlement of bolting is due to the
bolts being electraplated without a subsequent hydrogen bakeout.

For carbon and low-alloy steels, the relationship between susceptibility to
hydrogen embrittlement 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
environments. Examples include sulfide stress corrosion cracking and hydrofluaric
acid cracking. The mitigation measures used to minimize the risk of hydrogen
embrittlement 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. These 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 the material strengths are too low and
the stresses below 250°F (120°C) are insufficient to propagate cracks. However,
there are at least four situations which should be given special attention;

1. The rate and extent of hydrogen embrittlement are affected by the amount
of residual cold work. Accordingly, it is good practice to swess-relieve
components 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 threshold 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. Components charged with hydrogen during high-temperature, high-

pressure hydrogen service can become hydrogen embrittled. This can pose

an operating risk, especially upon cooldbwn. Such components (usually

Cr-Mo low-alloy steels) may be subject to brittle fracture if exposed to

inadvertent tensile or bending stresses due to activities such as

maintenance, revamp fabrication, etc.

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

alfected zone hardness can be created. This is a common problem when a

thin section is welded to a thick section, as in tube-to-tubesheet welds, Heat

affected zone hardnesses of 200 BHN or less are regarded as being immune

1o the effects of dissolved hydrogen.

4. Delayed hydrogen cracking (also called wnderbead cracking or cold
cracking) is sometimes associated with hydrogen embrittlement; it is a form
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 consumables.  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 after it has been finished. In the event that
this mechanism is of concem, inspection should be delayed until at least three
days after completion of the weld. The primary mitigation measures are:

s Bakeout, if necessary
w  Preheat
»  Control of welding consumables to avoid moisture absorption

L

5, Caustic Embrittlement

The term caustic embrittlement is a misnomer. The loss of ductility
characteristic of caustic embrittlement is due to the reduction in load-carrying
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capability caused by the formation of a network of cracks. In this case, the
cracks are caused by alkaline stress corrosion cracking.

6. Low-Temperature Embrittlement

Low-temperature embrittlement occurs in carbon and low-alloy steels when they
are exposed to temperatures below their brittle-ductile transition temperatures.
The effect is reversible: as soon as the alloy is warmed to a temperature above
the transition range, the alloy behaves in a ductile manner. This type of
embrittlement is the subject of Charpy 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 Al-1 and Table
Al-1 for materials selection guidance for low-temperature services,

C. STAINLESS STEELS
1. Ferritic Stainless Steels: 885°F (475°C) Embrittlement

Most of the femritic stainless steels are straight chromium stainless steels,
containing 12 percent or more chromium. These steels can become embrittled in
the range 750-975°F (400-525°C). The mechanism is called 885°F (475°C)
embrittlement. This embrittlement is reversible by exposure to higher tempera-
tures.

There is widespread industry agreement that pressure-containing alloys
subject to this form of embrittlement should not be exposed to service
temperatures exceeding about 650°F (345°C). However, ferritic stainless steel
non-pressure components such as vessel trays or internal shell cladding are
sometimes used for resistance to corrosion. In refineries, a common example
of such an application is coke drums, which are often internally clad with a
ferritic stainless steel to protect the substrate carbon steel shell from sulfidic
corrosion,

885°F (475°C) embrittlement is not normally a problem in the 12 Cr alloys
such as Type 405 SS. For ferritic stainless steels containing 15 percent or more
chromium, embrittiement can become severe. One should be very cautious of
accepting “upgrades™ of straight chromium stainless steels without first checking
on their thermal history and the intended service temperature.

The higher chromium grades of the ferritic stainless steels such as Type 446
become susceptible to embrittiement by the formation of intermetallic phases,
such as sigma or chi phases, at temperatures exceeding about 1050°F (565°C).
Most of the straight chromium grades are also susceptible to sensitization-
induced corrosion problems. Refer to Part 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 al temperatures exceeding 650°F (345°C). Therefore, the
practical effects of their high-temperature embrittlement and sensitization are
confined to non-pressure 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-containing streams
such as refinery coke drums and crude units processing sour crudes.

Similar to carbon and low-alloy steels, the ferritic 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, Martensitic Stainless Steels

The martensitic 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.

3. Austenitic Stainless Steels: Sigma Phase Embrittlement

The 300-series stainless steels can be subject to sigma phase embrittlement, a high-
temperature embrittiement mechanism. Occurrence depends primarily on service
temperature and fs accelerated by the presence of ferrite. While the normal
austenitic grades such as Type 304 55 can develop sigma phase embrittlement, this
type of embrittlement is more commeon in austenitic products that contain small
amounts of ferrite, Examples include austenitic weld metal and castings.

Sigma phase formation occurs in the range 1050-1700°F (565-925°C). The
upper temperature limit for sigma phase formation varies from about 1600 to 1800°F
(870 to 980°C), depending primarily on alloy chemistry. The upper limit is
somewhat academic for ordinary austenitic stainless steels, since it is near or exceeds
the oxidation limit of most of these alloys. Embrittlement usually occurs very slowly.
Type 304 5S will usually show only two to three percent sigma phase in its
microstructure after 10 years at 1200°F (650°C). When exposed to temperatures near
hl@pﬂlmhnrmembﬁﬂmnmmhﬁhn:ummmp in a few
weeks. The rate of embrittlement is increased by cold work prior to exposure to
embrittling temperatures. The non-stabilized alloys such as Type 304 SS embrittle
more rapidly than do the stabilized alloys, typically represented by Types 321 and 347
§8. Sigma phase embrittlement is reversible by solution annealing.

The effect of sigma phase embrittlement on toughness depends somewhat
on both temperature and alloy chemistry, For non-stabilized austenitic stainless
steels, a sigmatized alloy can be brittle at temperatures as high as 1400°F
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(760°C). Above this temperature, sigma phase embrittlement has linde effect on
toughness. The behavior of the stabilized grades is less clear, but they appear to
recover some ductility as a function of increasing temperature.

The austenitic stainless steels are essentially immune to the effects of low-
temperature embrittlement. Most of these alloys are exempt from impact testing
for design temperatures down to —320°F (~195°C). Some types such as Type
304 SS are exempt down to —425°F (-255°C). Note that the exemption
temperatures for weld metal are usually warmer than those for parent metal.

4. Duplex Stainless Steels

These steels are susceptible to 885°F (475°C) embrittlement and to sigma phase
formation. They are usually not selected for service temperatures exceeding
about 650°F (345°C). Because of their ferrite content, the duplex stainless steels
are susceptible to low-temperature embrittlement. However, the duplex stainless
steels tend to have relatively 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 embritilement if exposed to
sustained high-temperature service. Such embrittlement is due to the formation
of intermetallic compounds, Conditions and rates of embrittlement vary from
one alloy to another. Check with alloy manufacturers for specific information.

High alloys containing enough nickel to ensure an austenitic microstructure
are, like the austenitic stainless steels, essentially immune to low-lemperature
embrittlement.

E. HYDRIDING

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

Hydriding is related to hydrogen embrittlement. Hydrides are britle,
thermodynamically stable compounds. Once they form, the metal or alloy is
irreversibly embrittled. Re-refining is required to destroy the hydrides.

Titanium is the most common material of construction that can be hydrided.
In the case of titanium, hydriding can be caused by either hydrogen gas or by a
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comrosion reaction. The threshold temperature for diffusion and hydride
formation is about 175°F (80°C).

* Titanium can absorb hydrogen directly from anhydrous process streams
containing hydrogen gas. This form of embrittlement is relatively
uncommon since only a small amount of moisture is necessary for its

* Nascent hydrogen generated by a comosion reaction involving cathodic
poisons (such as sulfides, cyanides, and arsenic or antimony compounds)
can diffuse into titanium to form hydrides.

* Cathodic 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 an alloy tubesheet with titanium tubes,

PART 2: HIGH-TEMPERATURE EFFECTS

A. MECHANICAL EFFECTS
1. Introduction

High-temperature 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 weaker than the grains themselves. This temperature is the threshold
temperature above which the material is susceptible to creep.

For metals and alloys at temperatures less than their creep thresholds, strain
is not time-dependent for constant stress. However, at temperatures above the
creep threshold, creep can occur. Creep is defined as time-dependent strain at
constant stress—or, stated 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.
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Time
Figure 3-1 The three stages of creep.

In primary creep, the material plastically deforms while undergoing rapid
work hardening. No significant damage is generated. During secondary creep,
grain boundary yielding produces local work hardening and the nucleation of
grain boundary voids. During tertiary creep, the grain boundary voids link up
and gross necking or thinning develops. Tertiary creep ends in an exponentially
accelerating strain rate, rapidly leading to fracture. Fracture by this phenomenon
is called stress rupture.

The lower (threshold) end of the creep temperature range for carbon steel is
about 750°F (400°C). The Cr-Mo steels have creep threshold temperatures of
about 900°F (480°C) and higher. The conventional austenitic stainless steels
have creep threshold temperatures of 1050 to 1100°F (565 to 595°C). A safe
estimate for the creep threshold temperature of a material is the upper
temperature limit permitted by ASME Section VIII, Div. 2 [1].

Piping and equipment engineers are not ordinarily concerned with
accommodating for creep. However, some engineering codes such as ASME
B31.3 [2] for piping and ASME Section VIII, Div. 1 [1] for vessels contain
provisions for creep design. If creep is a concem, coarse-grained materials are
favored. Carbon steels killed with silicon are usually recommended for
temperatures where creep is a concern. Examples include ASTM A106 for pipe
and ASTM AS15 for plate.
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3. Stress Rupture

If sustained maximum operating temperatures will create significant creep strain,
the component is at risk of failure by stress rupture, typically associated with
tertiary creep. Stress rupture design includes “safety” factors intended to define
inspection intervals and/or schedule replacement before the onset of tertiary
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
materials, secondary creep strains of 10 to 20 percent are not uncommon. In the
high-temperature cast materials such as HK-40 (25Cr-20Ni; UNS J94204),
secondary creep strains arc usually on the order of 2 to 3 percent.

When operating in the creep range, care must be taken to avoid temperature
or stress excursions; ‘of the two, temperature excursions are by far the more
damaging. A 50°F (28°C) excursion can casily reduce the operating life by 50
percent or more. Furnaces and heaters are about the only equipment having both
temperatures and stresses high enough to require creep to be taken into account
during plant design. Refer to the section “High-Temperature Alloys™ (p. 140)
for a discussion of creep design.

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

B. METALLURGICAL EFFECTS
1. Sensitization

Conventional stainless steels, both austenitic 300-series alloys and the straight
chromium grades such as Types 405 and 410 SS, can be subject to intergranular
comrosion or cracking as a result of a phenomenon called sensitization.
Sensitization refers to the precipitation of chromium carbides in the grain
boundaries of the alloy as a result of exposure to temperatures in the range of
800 to 1600°F (425 to 870°C). As the chromium carbides develop, the nearby
metal becomes depleted in dissolved chromium. This creates a zone adjacent to
the grain boundary of locally corrosion susceptible iron-nickel alloy. In the case
of the straight chromium grades, the local composition may approach that of
plain carbon steel. Not only does a chromium-depleted zone have less corrosion
resistance than the adjacent unaffected alloy, but the two can interact
galvanically. Such action can significantly accelerate intergranular corrosion
rates. 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 the lower threshold temperature that causes
sensitization.  However, for solution-annealed austenitic stainless steels,
sensitization at temperatures less than about 850°F (455°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 1500°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 pmbkms 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 CO,) 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. 1If
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chlorides are involved, such corrosion may become agpressive due to the
formation of ferric chloride.

Intergranular Corrosion

Some fluids, including most oxidizing acids, will cause intergranular corrosion
in the chromium-depleted 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
intergranufar stress corrosion cracking,

The most commen fluid causing intergranular corrosion in hydrocarbon
plants is pelythionic acid. Both austenitic and straight chromium grades of
stainless steels can be attacked by polythionic 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, uswally from hydrogen sulfide, in the
process stream. During a shutdown, in the presence of air and liquid water, often

Figure 3-3 Intergranular 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 polythionic acid. The polythionic acid
then corrodes the chromium-depleted grain boundaries of the sensitized alloy.
Since stainless steels are usually supplied to fabricators 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 scnsitized equipment from
polythionic attack:

= Prevent air ingress. The system is kept sealed and at a positive pressure to
ensure that any leaks that do occur are from the inside to the outside

* Prevent the formation or ingress of liquid water. Prior to shutdown, the
system is usually purged with a dry inert 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 newtralizing 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 Polythionic Acid Stress Comrosion Cracking
During Shutdown of Refinery Equipment” [3] for details of recommended
practices.

External polythionic acid attack has been observed to occur in plants having
atmospheric sulfide pollution. However, the problem does not usually 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-Carbon 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 the stabilized grades. The low-carbon grades are typically chosen for
services in which welded fabrication is required, but the operating temperatures
will be less than the sensitization threshold. For the purposes of materials
selection, this is usually taken to be less than about 800°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 stainless steels are also available; 29Cr-4Mo, UNS 544700 is
an example.

Chemically Stabilized Alloys

Types 321, 347 and 348 55 and their H prades, and Type 316Ti S8 are generally
regarded as relatively immune to sensitization. They contain carbon scavengers
(titanium in Type 321 and Type 316Ti and niobium in Type 347 and Type 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-stabilized 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 Type
347 has a greater tendency to crack during welding. Stabilized ferritic stainless
steels such as Types 409 and 439 SS have also been developed.

ASTM specifications used to purchase austenitic stainless steels, including the
stabilized grades, generally require that the product form be fumished in the
solution-annealed condition. In this condition, the stabilized grades are not
resistant to sensitization caused by long-term high-temperature service.
Accordingly, many of these ASTM specifications warn the user that solution-
annealing the stabilized grades may result in inferior resistance to intergranular
corrosion. These specifications permit the user to require that the mill solution
anneal be followed by a stabilzation anneal. The ASTM specifications do not
describe a recommended procedure. A widely used procedure is to hold the alloy
at about 1650°F (900°C) for two to four hours, followed by air cooling. This
procedure encourages the formation of stable carbides, formed either from titanium
for Types 321 and 316Ti SS or from niobium for Types 347 or 348 SS, without
chromium depletion. Note that the purchaser must specify stabilization annealing
or else the mill will fumish the alloy in the solution-annealed condilion,

Special alloy composition requircments may be required to assure the
elfectiveness of stabilization annealing [4]. These requirements place limits on
the ratios of TVC in Type 321 SS and of Cb/C in Type 347 55. 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
stabilization anneal should be restabilized, Type 321 5§ 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 NO8£25) 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, The alloy manufacturer should be consulted before undertaking
postweld heat treatments.

Virtually all 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 attack, the user should consider
sensitization and resistance to intergranular corrosion. Check the technical
literature about the alloy or consult with the alloy manufacturer regarding
resistance to intergranular corrosion 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 not exceed 800°F (425°C). For these
alloys in the cold-worked condition, the upper temperature limit is usually
taken to be TO0°F (370°C). '

+ The low-carbon “L" grades are acceptable in weldments for which the
maximum design temperature does not exceed 800°F (425°C). For these
alloys in the cold-worked condition, the upper temperature limit is usually
taken to be T00°F (370°C).

« Stabilized alloys should be selected for processes in which the maximum
design temperature exceeds 800°F (425°C).
= Types 316Ti and 321 SS are acceptable in weldments and in processes

for which the maximum design temperature does not exceed S00°F
{480°C).

»  Type 347 S8 is acceptable in weldments and is usually selected for
processes in which the maximum design temperature exceeds
900°F (480°C). In processes with maximum design temperatures
less than 975°F (525°C), this material is essentially immune to
sensitization.

Note that, while Type 347 SS is more resistant to sensi-
tization than is Type 321 55, the latter is favored whenever pos-
sible. Type 321 SS is less susceptible to welding problems than is
Type 347 58,

+ Stabilized ferritic stainless steels may be substituted for higher grades in
services that do not demand the superior corrosion resistance of the higher
grades. However, as mentioned earlier, these alloys are susceptible to
885°F (475°C) embrittlement.

« Stabilized Cr-Ni alloys are available for processes in which the corrosion
resistance of the 300-series is inadequate.

Heat Treatmant

Solution annealing will dissolve carbides formed by sensitization. This is
usually impractical for welded components because of distortion problems. Ifa
welded austenitic stainless steel is subjected to subsequent solution annealing,
the assembly will still be susceptible to sensitization if exposed to sustained
service temperatures exceeding 800 to 850°F (425 1o 455°C),

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

Spheroidization and graphitization can occur in carbon and C-%Mo steels at
high-temperature. Low-alloy steels with chromium contents of about 0.7 wi.
percent or more are considered immune to these effects. Spheroidization and
graphitization occur at temperatures above 850°F (455°C). Since most users
avoid the selection of carbon steels for use above 800°F (425°C), the effects of
these two mechanisms are often not considered. However, many plants use
carbon steel lined with refractory for high-temperature services. Refractory
failures occasionally expose these carbon steels to temperatures substantially in
excess of 800°F (425°C). Selecting carbon steel for such services does camy a
risk, 5o understanding what could happen is important.

Iron carbide (cementite: Fe,C), one of the primary components of carbon
steel, is thermodynamically unstable. However, its rate of decomposition in
carbon and C-%Mo steels is negligible at temperatures less than 850°F (455°C).
The rate of decomposition begins to accelerate at temperatures exceeding 850°F
(455°C). Like most high-temperature, diffusion-controlled phenomena, the rate
is exponentially related to temperature. At 900°F (480°C), 50 percent
conversion to graphite occurs in about 10,000 hours. At 1100°F (595°C), the
conversion time is only about 1000 hours.

The process of iron carbide decomposing to form iron and graphite is called
graphitization. Decomposition is accompanied by a moderate reduction in the
strength of the steel. This reduction will accelerate 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 the graphite that develops for:ns a
continuous (or closely spaced discontinuous) band. Ruptures have occurred
from this cause, most frequently in C-%Mo 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 AS15. Silicon-killed steels are preferred for
high-temperature services.

Spheroidization refers to the formation of spheroids of iron carbide from the
normal microstructure, pearlite. The mechanism occurs at temperatures above
900°F (480°C), again at rates which are exponential with temperature. However,
for sustained high-temperatures, graphitization becomes the dominant
mechanism,

Unless carried to extremes by prolonged exposures at high-temperatures,
spheroidization is often regarded as beneficial, since it greatly improves the
impact toughness of carbon steel with only a minor loss of strength.
Normalizing a pearlitic carbon steel causes partial spheroidization, resulting in
improved toughness. Too much spheroidization will cause an unacceptable loss
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of strength. The user should be wary of requests to allow multiple
normalizations and/or postweld heat treatments.

Above BS0°F (455°C), prolonged exposure causes carbon steels to lose
strength; they can become susceptible to stress rupture if the stress is large
enough. Above 1000°F (540°C), oxidation and spalling can occur, further
enhancing the risk of early failure. In general, it is safe to tolerate short-term
excursions to 1000°F (540°C) if the applied stress is less than the maximum
code-nllowable stress. Ewven short-term excursions above 1000°F (540°C)
should be avoided unless the applied stresses are very small.

3. Welding

Welding can cause several problems related to high-temperature effects
including:

¢ Microstructural problems. Examples include grain coarsening in the
heataffected zone, which can result in reduced toughness and, in the case of
stainless steels, sensitization. Postweld heat treatments such as normalizing
for ferritic steels, and stabilization annealing or solution annealing for
austenitic stainless steels, are useful in mitigating these problems.

*  Residual stresses, which can contribute to stress corrosion cracking. Stress
relief by postweld heat treatment is usually required in processes that can
cause stress corrosion cracking,

* Thermal gradients, which can generate thermal stresses. Accordingly, they
can cause mechanical distortion, Thermal stress problems are usually
addressed by a combination of mechanical stabilization such as bracing,
slow heating and cooling, and cold straightening. Recall that cold
straightening can be a cause of strain ageing.

Welds between dissimilar metals can generate several subsequent problems:

* Warping, buckling and/or excessive residual stresses. These affects are
oftzn due to differences in the coefficients of thermal expansion during the
heat of welding (or subsequent cooling). Heat treatments of weldments
containing dissimilar metals can also cause such problems.

*  Galvanic effects.

* 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 and 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 minimize the
effects of weld dilution.

4 9 5% 4 2 a
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Lamellar tearing is an unusual type of failure associated with damage that
can be caused as a weldment cools. This type of failure usually involves plate
and/or plate products and is associated with a restrained weld joint geometry (see
Figure 3-5). As the weldment cools, restraint causes the region just below the
weld to be in tension. If this region has inadequate through-thickness (often
referred to as the “short transverse” direction) toughness, tearing can occur.
Lamellar tearing is normally not a problem in plate less than 1 (25 mm) thick.

The cause of poor through-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 flattens the non-metallic inclusions and
orients them parallel to the direction of rolling. The surfaces of the flattened
non-metallic inclusions are perpendicular to the through-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

o Purchase plate with a low concentration of non-metallic inclusions. This
can be done by using the purchasing specifications developed for plate
resistant to hydrogen induced cracking (HIC). Refer to the discussion of
HIC resistance in the section entitled “Wet Sour Service” (p. 196).

= Use ASTM A435 “Standard Specification for Straight-Beam
Ultrasonic Examination of Steel Plates” to ensure that the plate
manufacturer or vendor has inspected the plate for the presence of
injurious non-metallic inclusions,

v

Figure 3-5 Lamellar tearing in a T-joint.

Failure Modes 131

»  Consider ordering plate with proven through-thickness properties (see
ASTM A770 “Standard Specification for Through-Thickness Tension
Testing of Steel Plates for Special Applications™).

= Welding technique

s Use a “butter” layer of low-strength weld metal on the surface of the
plate for which lamellar tearing is to be avoided, This technique may
require adjusting the weld joint efficiency if the minimum specified
tensile strength of the filler metal is less than that of the base metal,

un  Modify the joint design or type of weld to minimize restraint, For
example, using fillet welds rather than 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 the 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 with 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 fluid catalytic cracking unit. Special alloys such as the Alloy 800
series (20Cr-32Ni, with Ti and Al; UNS NOSB0O/E810/8811) or HP-Mod. are
usually 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 the parent alloy and the carburized layer. Such
cracking causes the carburized layer to disbond, thereby exposing fresh material
to subsequently carburize. Thermal cycling is the normal cause of such failures,

Metal loss is the form of failure in a carburization mechanism known as
metal dusting, which can occur very rapidly. This very limited mechanism
involves process streams with COJ/CO, ratios on the order of 3 to 5, at
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temperatures in the range 1200-1550°F (650-845°C), usually involving Fe-Cp
and Fe-Cr-Ni alloys having a chromium content of 25 percent or less [5]. Metal
dusting usually causes smooth, circular pits, typically worst in stagnant areas. In
some cases, pitting damage is general, resulting in overall surface wastage.

When selecting materials for high-temperature hydrocarbon services, the
potential for carburization should be determined. Process licensors usually
provide excellent guidance for materials selection. Alloy manufacturers can also
provide excellent advice. If carburization is anticipated, it is normal practice to
provide a nominal carburization 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, particularly low-grade fuel oils, contain elements that can cause
accelerated high-temperature corrosion. The major culprits are vanadium and
sodium. At temperatures above about 1200°F (650°C), vanadium oxide vapor
and sodium sulfate react to form sodium vanadate, which in turn can react with
metal oxides on the surfaces of heater tubes, hangers, tubesheets, eic. 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 accelerated by
the presence of sulfur in the fuel. Sulfur contributes to the problem both by
sulfidation and by an additional lowering of the melting point of the vanadium
oxide flux. Failures generated by this mechanism tend to be rapid.

Concentration thresholds for fuel ash attack are not well defined. However,
concentrations less than 5 ppmw vanadium appear to have liitle effect.
Concentrations up to about 20 ppmw are safe as long as the maximum metal
temperature is less than about 1550°F (845°C). The safe maximum metal
temperature for concentrations in excess of 20 ppmw vanadium appears to be
1200°F (650°C).

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 percent 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 such as turbine blades from this type of attack. Vapor
deposition coatings of aluminum and chromium have been tried as tube coatings
with some success.
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3. Hydrogen Gas

For the purpose of materials selection, hydrogen service is defined 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 Embrittlement

As discussed earlier, hydrogen gas can cause carbon and low-alloy steels to be
hydrogen embrittled at temperatures ranging from subambient to about ‘250"1'*‘
(120°C). However, hydrogen gas itself is not a problem, since it cannot dissolve
or diffuse in metal. The 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 430°F (220°C) cannot provide enough nascent
hydrogen to embrittle carbon or low-alloy steels.

As is discussed in the 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 treatment is normally not
required for carbon steels in hydrogen service.

Gaseous hydrogen service can cause hydrogen embrittlement 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 can embrittle the steel
upon cooldown, if cooling is too fast to permit the escape of excess hydrogen as
the metal cools, Note that such steels have a very low solubility for hydrogen at
temperatures below about 400°F (205°C). Weld repair requires bakeout and

preheat.

Hydrogen Attack

Hydrogen gas can cause surface decarburization as well as internal
decarburization and fissuring. (The latter is called hydrogen atrack in carbon
and low-alloy steels.) These types of deterioration involve exposure to high-
temperature services having high hydrogen partial pressures. See Figure 3-6 for
an example of the 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 material strength, it is
not normally regarded as a problem.

1 Hydrogen attack can occur at temperatures above about 430°F (220°C).
Dissolved hydrogen can attack iron carbide {(Fe3C-cementite), generating methane
£as (t‘;H4j{, which is trapped in the metal because the methane molecule is too large
for deﬁlsmn.r Attack is usually at grain boundaries. As the concentration of
meﬂ-!ana gas increases, increasing pressure begins to tear the grain boundary apart,
causing first fissures, then cracks, then networks of cracks. Simultaneously, the
loss of carbides lowers the strength of the material. Combined, the two effects can
substantially reduce the expected life of a component. Both chromium and
mnlybf;lenum form more stable carbides, leading to a preference for Cr-Mao alloy
steels in hydrogen service. Unless severely cold worked, austenitic stainless steels
are unaffected by hydrogen attack.

The Nelson curves are used to select materials that will be immune to
hydr!:rgcn attack in gaseous hydrogen service. Refer to Appendix 4 and API
Publlcatiul:l 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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Melson curves. Some users and process licensors specify the use of a 50°F
(28°C) margin. Make sure that the maximum design temperature is large
enough to include the maximum operating temperature plus the selected margin.
{Mote 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 psia
{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 selecied. Inclusion-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 mere than 5
percent should be stress relieved. Welded attachments 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 of high-temperature 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 APl Publication No. 941 [6] for
details on incubation times.

To summarize, when selecting materials for hydrogen service:

= The Nelson curves utilizing the maximum operating temperature plus 25°F
{14°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 stress relieved.

» Seamless tubing and pipe are preferred, as they avoid potential problems
associated with longitudinal welds.

= Hardness controls should be employed:

s 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 MROI75. 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 hardnesses should be shown to be satisfactory in
the Welding Procedure Qualification Record via a hardness traverse across
the weld metal-parent metal interface.

Since proper vse of the Nelson curves will prevent hydrogen attack on
materials of construction, hydrogen gas is regarded as a crack-inducing agent
rather than as a corrodent. As discussed in Part | of this chapter, hydrogen gas
service 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 (120°C). This concern is usually addressed by not
pressurizing at operating temperatures colder than 250°F (120°C).

+ The potential for delayed hydrogen cracking that could occur in weld
repairs subsequent 1o service. This concern is addressed by an appropriate
bakeout prior to repair welding,

4. Nitriding

Stainless steels and many higher alloys such as Alloy 800 will slowly develop a
brittle nitride layer if exposed to a nitriding atmosphere at temperatures
exceeding about 750°F (400°C). By far 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 mitriding 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 formation and spalling when heated in air or
steam.  Table 3-1, developed from data in Appendix 1, 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 axidation allowance; '/,¢” to /4" (1.5 to 3 mm) is typical.

Most often, hot lines and equipment are thermally 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 stream chemistry is
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Table 3-1 Onxidation/scaling temperatures for
common materials of construction

MATERIAL | SCALING TEMPERATURE
Carbon Steel 1000°F (540°C)
1%Cr-¥:Mo 1050°F (565°C)
2%Cr-1Mo 1075°F (580°C)
3Cr-1Mo 1100°F (595°C)
5Cr-Y4Mo 1150°F (620°C)
9Cr-1Mo 1200°F (650°C)
12Cr 1500°F (815°C)
3% Ni 1000°F (540°C)
ONi 1000°F (540°C)
18Cr-8Ni 1650°F (900°C)
Types 309 & 2000°F (1095°C)
310 88"

'Mickel comtent increases spalling resistance.  Thus, the
higher Ni grades (such as Type 310 85 instead l:!t"l‘j-'pc 309
§8) are favored, particularly in cyclical services, where
{hermal stressing will encourage spalling,

gither non-oxidizing or that the process-side surface is protected by an i::.lsylalmg
or refractory liner. In such cases, the limiting factor will be the availability of a
code maximum allowable stress. _

Alloys containing significant amounts of molyb-dcnlum are potentially
subject to catastrophic oxidation. The superaustenitic stainless steels such as
Alloy AL-6XN, a 21Cr-25Ni-6.5Mo-N alloy (UNS NO08367) are an exmﬂq!e,
This problem is associated with the formation of a heavy molybdenum oxide
scale, usually as a result of an improper heal treatment or a severe thermal
excursion while in service. Experience has shown that removal of such scales
prior to service (or retum to service) will prevent the problem. Removal usually
requires a pickling treatment.
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Heat tinting, such as the blue tinge ofien seen on welds, is a common
condition associated with welds and thermally cut surfaces. For carbon and low-
alloy steels, such tinting is usually ignored. However, the subsurface areas of
heat-tinted stainless steels may be significantly depleted of chromium. For
demanding environments, heat tinting is wsually removed by mechanical
methods such as grinding or by chemical cleaning or both.

6. Sulfidation and Sulfidic Corrosion

Sulfur and sulfur compounds may attack carbon and. low-alloy steels at
temperatures above 500°F (260°C) and nickel base alloys such as Alloy 600
{15Cr-T2Ni-8Fe; UNS NO6600) at temperatures above about 600°F (315°C).

Sulfidic Corrosion
Sulfidic corrosion is most often associated with sulfur in crude oil (as organic
sulfides and/or as H,S). It can cause severe pitting 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.

MeConomy Curves
Use the McConomy curves for services that do not contain hydrogen. Refer to
Appendix 5 [9].

These curves were developed from empirical data, obtained from crude oil
heaters used to preheat sour crudes feeding atmospheric crude units. Expericnce
has shown that the total sulfur content (in wi. percent) is not a precise indicator
of the corrosivity of a crude oil, at least partly because not all organic sulfur
compounds are corrosive to carbon and alloy steels, even at elevated
temperatures, Nevertheless, the McConomy curves are generally used to
estimate corrosion rates for carbon and low-alloy steels in sour crude streams,
without the addition of hydrogen, at elevated temperatures. There is no better
nonproprietary method available.

Long-term experience with the McConomy curves indicates that they
often predict excessive corrosion rates. Appendix 5 includes a discussion of how
to use the McConomy curves and how to use adjustments that can be employed
to obtain more realistic corrosion rales.

Mote that many hydrocarbon plants have successfully operated 5Cr-Y:Mo
and 9Cr-1Mo piping and equipment with sour crude streams at temperatures
exceeding 850°F (455°C). There appear to be two reasons for this success:

1. Heated sour oil, at temperatures exceeding about 850°F (455°C), becomes
less corrosive due 1o the liberation of corrosive species. Note that the
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McConomy curves show a maximum mrromnmle at abmnF 850°F
(455°C). At higher temperatures, the residual sour oil :sllcss m:rfmvcﬁ )

2. Coke builds up on the process surfaces, prolectii; Luss SIFREES 50
sulfiur corrosion.

Couper-Gorman Curves _
thh#prwGMmmmfwmiﬁuﬂmMninhyd@gmgashavmga
partial pressure of at least S0 psia (345 kPa). R:ferlnﬁ?pmdlx 6 [10].
wmmauuufmbmmlisindhmdbycnherthehlnﬂmmny or
Couper-Gorman curves, silicon-killed carbon steels are generally prefmnd, as
they seem to be more resistant to sulfidic corrosion than mﬁlhe aluminum-killed
carbon steels. Th:chncioeufm—gl'nilledsiﬁnnnahlladm_kmayh:
precluded by a requirement for the low-temperature toughness provided by the
practice steels killed with aluminum.
- m plants, mixed sulfur-hydrogen sulfide streams are usually handled
in carbon steel for temperatures up 1o about 575°F (300°C). Mal_ay users
consider it safe to use carbon steel to about 600°F (315°C). Corrosion rates
estimated from the McConomy curves are generally regarded as excessive for
mﬁ;;iz:pumm at which sulfidic corrosion rates would be excessive, nj»fu
aliernatives can be used to extend the useful limits of carbon and low-allay steels:

1. Refractory linings are often used in both vessels and piping. A low iron-
containing refractory is required, since spalling of the refractory has been
associated with iron oxide contaminants in the refractory.

2. An aluminum diffusion coating is sometimes employed o extend the
usefulness of carbon steel. This coating is applied by a propristary process
for vapor-diffusing aluminum on and into the steel. An unpnna;nt exsm:ple
is heater tubing, extending the useful temperature range 1o B00°F {4?5 C}f
Such coatings have also been used on low-alloy steel? for protection ©
heater tubes from external sulfidic corrosion. The effectlvass of this type
of coating is inconsistent. It appears that an imperfect coating can lead 10
early failures.

Pure liquid sulfur is stored in pits made of Type V concrete. Piping ﬁ:fr
liquid sulfur is usually carbon steel. Heating, nu_rmnlhr by steam tracing, ;:':
employed to keep the sulfur molten. Liquid sulﬁF in the presence of air can :
very corrosive 1o carbon steel. Nitrogen blanketing or alloys such as Alloy 2
Cb-3 (20Cr-35Ni-2.5Mo-Cb; UNS NO8020) or Type 310 SS are employed.

Sulfidation

Sulfur and sulfur compounds may attack nickel-base alloys at temperatures
above about 600°F (315°C). See Figure 3-7 for an example of the damage



140 Chaplor 3

Figure 3-7 Sulfidation of Alioy 20 Cb-3.

caused by sulfidation. The threshold temperature for this attack depends on both
the process and the alloy composition. At least one user regards the threshold to
be as low as 300°F (1 50°C) for Alloy 400 (67Ni-30Cu; UNS NO4400) in
rcq’u::lng hydrogen sulfide. Sulfur attack can assume several forms and can be
Quite severe, particularly under reducing conditions. While pitting can occur,
severe sulfidation vsually involves either intergranular attack or fluxing due to

unbuth:]lnymdpmommmpmiﬁms.ihcﬁrnﬂmumhniml assistance of
alloy manufacturers should be sought for differentiating among alloys.

D. HIGH-TEMPERATURE ALLOYS

Conventional 300-series stainless steels are useful in many services up to about
1500°F (815°C). Above this temperature, their maximum code-allowable
stresses are too low for most practical long term non-creep designs. Higher
chromium-nickel conventional austenitic stainless steels such as Types 309 and
3llﬂ S8 do find use in low-stress applications such as shrouds used as refractory
liners and fare tip applications, up to about 2000°F (1095°C),
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In addition to having less than adequate maximum allowable stresses at
high-temperatures, the 18Cr-8Ni stainless steels become susceptible to oxidation
and spalling at temperatures above about 1650°F (900°C). At higher
temperatures the minimum chromium content for reliable resistance to oxidation
is 25 to 28 percent, depending on alloying additions such as aluminum and
silicon.

In this section, the term high-temperature alloys is taken to mean alloys
intended for service temperatures above 1500°F (815°C). For moderate stress
service, there are several high-nickel alloys for which conventional engineering
codes provide maximum allowable stresses useful for non-creep design. The
Alloy BOO series is an example. However, many high-temperature applications
such as furmace tubes involve stresses that will generate creep.

There are a few conventional alloys that can withstand oxidation at
temperatures up to about 2200°F (1205°C), usually because of relatively high
silicon content. However, for most applications above 2050°F (1120°C), either
ceramics or engineered materials are required. An example of the latter are the
coated and internally cooled alloy blades that are used in high-performance
combustion gas turbines.

Most designs for temperatures exceeding 1500°F (815°C) must allow for
creep and/or stress mpture. Such designs take into account material behavior not
normally encountered in conventional design. It is normal practice to use an
“operating margin” when designing a high-temperature system. Often, the
operating margin is 50°F (28°C), that is, the design temperature is taken to be
S0°F above the maximum operating temperature. In the creep range, this margin
amounts to a design life extension, often 50 10 100 percent or more, Needless to
say, design life guarantees are easily achieved unless the system is abused by
operation at excessive temperatures,

For most applications, the maximum allowable stress of a high-temperature
alloy is taken as the 100,000 hour stress rupture value. APl Recommended
Practice No. 530 “Recommended Practice for Calculation of Heater Tube
Thickness in Petroleum Refineries™ [11] is a good source of stress rupture data
for conventional high-temperature alloys such as the 300-series stainless steels,
HK-40 and Alloy 800. This reference also includes stress rupture data for
carbon steel and the Cr-Mo low-alloy steels. However, most of the modemn
alloys preferred for high-temperature service are not included in AP1 530. These
are proprictary alloys and their design data are provided 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
serics, most of the alloys used in high-temperature fumace and heater
applications are available only in the form of castings. Examples include tubes,

La

T

fa & A & & & 4




ernm_--,‘w-'-"

[LEa s

142 Chapler 3

tubesheets and hangars. Centrifugal castings are preferred for whbulars. This
restriction is due to their chemistries, usually because of their high carbon and
silicon content. Various alloying additions impart greater resistance to creep,
oxidation, nitriding, carburizing, etc. However, these alloys do have some
disadvantages:

* Even when new, they are usually britte, preventing their being used in
fabrication procedures requiring forging, rolling, drawing, etc.

*  In service, most of them become even more brittle as they age, the result of
the formation of brittle intermetallic compounds. Aged alloys are ofien
impossible to repair by welding.

* They usually require special welding procedures, as they are unusually
prone to cracking induced by welding.

Some users insist that components external to the heater or furnace be made
of a wrought alloy. This insistence is based on the belief that the cast alloys are
too brittle and are therefore unsafe for use outside the fired area. This belief is
changing as some of the newer cast alloys show both improved initial ductility
and improved resistance to in-service embrittlement.

Conventional alloys such as the HKs, per ASTM A297 and ASTM AG0B,
have been largely displaced by a number of proprietary alloys. Some of these
alloys are marketed as variants of “HP-Mod.” This is a generic alloy family with
compositions based on a 25Cr-35Ni content, with varying microalloying
additions of Ti, Cb, W, etc. While the HP-Mod alloys are probably the most
widely used of the modemn cast high-temperature alloys, there are numerous
other alloys of different chemistries offering advantages in cost or extended

operation,  The newer alloys have a number of advantages, particulacly for
furnuce or heater tubes:

* Because of their higher strength, they need less section thickness. This
reduces the thermal gradient (ie., thermal stress) across the tube wall
thickness. The reduced thermal gradient is a real benefit, since it
substantially extends the creep life. Less section thickness often does not
translate into less cost, since the improved alloys are usually more costly
than the older alloys.

“Comrosion” allowance, including allowances for carburization,
nitriding, oxidation, etc., should be kept to a minimum. Such increases in
thickness also increase the thermal gradient, thereby decreasing the creep
life. Similarly, the ID surfaces of centrifugally cast tubulars should be
bored and honed to a smooth finish, as this reduces thermal stresses as well
as improves resistance to degradation processes such as carburization.

* From a process standpoint, reducing the section thickness without reducing
the tube diameter allows more mass flow. In the case of catalyst-based
applications such as reformer fumace tbes, reducing section thickness

Failure Modes 143

results in a larger catalyst charge. In both cases, the result is improved
production rates,

+ Most of the newer alloys have a higher useful maximum design

temperature, penmitting greater process efficiency.

Materials selection among the available alloys is a complex process. All of
the high-temperature alloys undergo various temperature- and pmcem_-i!:du'ned
degradation phenomena such as various forms of embrittlement, senstlization,
carburization, oxidation, sulfidation and creep. Most alloys are quite sensitive Lo
cyclic operation, which accelerates both creep damage accumulation and
degradation mechanisms such as carburization. )

In many cases, materials selection is based on the recommendations of
process licensors, as they have the experience necessary to optimize the selection
of materials. In other cases, the user must depend on the alloy manufacturers’
data base, past plant experience and/or in-plant or laboratory testing. In
situations where adequate information is not available, the user is advised 1o
cither obtain the assistance of a competent specialist or survey the advice of a
varigty of manufacturer technical representatives.

PART 3: CORROSION

A. CORRODENTS
1. Acids, General

Acids are often classified as oxidizing or non-oxidizing (the latter are sometimes
referred o as reducing acids). Some acids can show more than one kind_af
behavior, depending on concentration and/or temperature. Materials selection
for acids and their derivative compounds depends in part on whether they are
reducing or oxidizing. In addition, the corosivity of the solution often d.epem?s
on the presence of strong oxidizing salts such as ferric chloride (FeCly) or cupric
chloride (CuCly). Both salts are also strong pitting agents. Such oxidizers are
sometimes present as contaminants. Particularly in reducing acids, corrosivity
can be dominated by aeration and/or the presence of oxidizing contaminants.
In general, oxide-stabilized corrosion resistant materials perform well in
the presence of oxidizing acids. Examples include the refractory metals such
as titanium, the austenitic stainless steels and Ni-Cr-Mo alloys such as Alloy
20 Cb-3, Alloy C-276 (15Cr-54Ni-16Mo; UNS N10276), Alloy 625 (22Cr-
60Ni-9Mo-Ch; UNS N06625) and Alloy 825. For alloys, it is a general rule
that the higher the alloying content, particularly 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 pitting and 1o
chloride stress corrosion cracking. Increasing the Mo content reduces
susceptibility to localized corrosion phenomena such as pitting and crevice
corrosion.  Alloys such as Alloy C-276 find use in both oxidizing and
reducing acids. They are usually specified for reducing acids which contain or
can become contaminated by oxidizing agents.

Alloys designed to operate well in reducing acids may perform poorly in
such acids if they are aerated or contain oxidizing contaminants. Alloy 400 and
Alloy B-2 (65Ni-28Mo-Fe; UNS N10665) arc examples. Accordingly, it is
important to determine if reducing acids will contain 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” grade. Many acids will attack the
sensitized band in the weld heat affected zones of the conventional grades.

If pilot plant testing is required to select materials or wverify materials
selection, the program should include testing in all applicable phases. Consider
vapor phase coupons and partially submerged coupons in addition to normal
immersion testing. The coupon rack should include weld metal, heat affected
zone and deliberately sensitized specimens. [f fabrication or construction will
include cold work, stress reliefl and/or postweld heat treatment, appropriate
coupons should be included in the test program.

In surveying materials for a specific application, keep in mind the following
alternatives:

* Non-metallic materials such as fiber-reinforced plastics are available for
both piping and for most equipment such as vessels, tanks and pumps.

* Liners such as rubber, polymer or glass are frequently cost effective.
Plastic-lined piping is a common choice in acid systems,

* Cladding and/or weld overlays, using carbon or low-alloy steel for pressure

containment and a corrosion resistant alloy for corrosion resistance, are
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 the 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 expert assistance if the
process involved will include complicating issues such as contaminants, tem-
peratures 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, hydrofluoric, nitric, sulfuric and phosphoric acids account for
most of the strong inorganic acids encountered in hydrocarbon and chemical
process plants. Hydrochloric, hydrofluoric and phosphoric acids are non-
oxidizing. Nitric acid is a strong oxidizer. Sulfuric acid can be either oxidizing
or non-oxidizing, depending on temperature and concentration. Sulfuric acid
becomes increasingly oxidizing at concentrations of about 25 wt. percent and
higher. Below 25 percent, the uncontaminated acid is regarded as nun-ox?dim?g.

Because of their relatively severe corrosiveness, many of the inorganic acids
are difficult to handle with alloys. In addition, use of highly alloyed materials
substantially increases both capital and installed costs. 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 are 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 many industrial applications. )

Industrial users of inorganic acids are served by a very competitive
component and equipment supply industry, Many equipment fabricators offer
proprietary as well as conventional alloys, plastics and liner materials. Mlany
companies provide excellent technical assistance in the selection of materials.
When using such sources, be aware that the recommended materials, while
satisfying the technical selection eriteria, may not be the most cost effective.
Also, do not overlook information available from trade organizations. The
Nickel Development Institute and the Copper Development Association (see p.
53) are good sources, References [12], [13] and [14] are also useful.

Sulfuric Acid

Carbon steel is normally used for storage tanks and sometimes for piping for
sulfuric acid at concentrations of 70 wt. percent and above, at temperatures up 1o
104°F (40°C). Typical industrial concentrations are 93 and 97 percent. The
selection of carbon steel depends on controlling velocities to less than about
three ftsec (0.9 m/s). The velocity limitation is critical, since successful use of
carbon steel depends on not disturbing the protective, but non-adherent, soft,
insoluble iron sulfate scale layer. Linings and anodic protection are also
specified, sometimes from concerns over product purity. Note that some design
and construction details can be important. Examples include avoiding accidental
entry of water and proper precommissioning cleaning. Refer to NACE RP0391

Lt
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“Materials for Handling and Storage of Concentrated (90 to 100 percent)
Sulfuric Acid at Ambient Temperatures” [15] for further details.

Hydrogen damage can occur in carbon steels in sulfuric acid services.

* Hydrogen induced cracking (HIC) damage, including blistering, has been
observed in tanks and other components built of plate. Both of these
phenomena can be minimized by wsing clean carbon steels of the type
recommended for HIC resistance. [For a discussion of HIC resistance, see
the section entitled “Wet Sour Service” (p. 196).]

* Hydrogen grooving has been observed in carbon steel tanks in sulfuric acid
service. This phenomenon is caused by bubbles of H, eroding the
protective scale covering from the steel, permitting continued attack of the
substrate. This problem is usually associated with manholes or nozzles and
can be minimized by use of corrosion-resistant linings or alloys.

* Type 316L SS, rather than carbon steel, is becoming the standard metallic
material of construction for piping concentrated sulfuric acid for
temperatures up to about 80°F (27°C). Alloy 20 Cb-3 is usually specified
for valves. 14 wit. percent silicon cast iron (see ASTM AS518) or cast Alloy
20 Cb-3 (see ASTM A351, AT43 or AT44, Gr CN-TM) is usually

recommended for pumps. The 14 percent silicon cast iron material is not
recommended for fuming sulfuric acid.

Where low velocities or occasional upset-induced higher corrosion rates
cannot be accepted, corrosion-resistant alloys are specified for concentrated
sulfuric acid. Comosion-resistant alloys are also usually required if better
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 316L S8 can be used, in conjunction with
anodic protection. However, applications are limited because of the possible
consequences of failure or disruption of the anodic protection system.

* Lead has been widely used in both the manufacture anid use of sulfuric acid.
As with carbon steel, the successful use of lead depends on not disturbing
the protective, insoluble lead sulfate layer. Velocities should be limited to
three ft/sec (0.9 m/s). Lead is resistant to sulfuric acid at temperatures up to
275°F (135°C) for concentrations up to about 60 wt. percent. Above this
point, lead is useful at higher concentrations, but at lower temperatures.
Thcmofhdhwlﬁu'kmidmiﬁeisbzingmmjledhymimmm
and disposal concemns. 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 175°F (80°C).
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Corrosion rates are usually on the order of 10 to 15 mpy (0.25 10 0.38
mm!rr]. - -

+ Alloy C-276 is resistant at all concentrations at maximum lemperatures
ranging from about 125°F (52°C) to 200°F (93°C).

« Alloy 825 offers corrosion resistance similar to that of Alloy C-276, but ata
lower temperature range (about 100 to 200°F (38 t0 93°C)).

« Alloy 400 is used for temperatures up to about 200°F (93°C) for
concentrations up to about 60 wi. percent in the absence of seration and/or

« Alloy B-2 is resistant to boiling sulfuric acid up to a concentration of about
70 wi. percent. In concentrated acids, it is resistant af temperatures up o
about 225°F (107°C). Noie that this alloy is sensitive to aeration and/or the
presence of oxidizing contaminants. _

« Zirconium is useful up to at least 60 wi percent concentration at
temperatures up to the boiling point. For concentrations between 60 and 80
percent, zirconium is useful for temperatures up to about 200°F {93°C).

+ Tantalum is essentially inert 1o all concentrations of sulfuric acid at
temperatures up to about 300°F (150°C). Above this lemperature,
concentrated acid corrodes tantalum at very moderate rates up to about
500°F (260°C). Tantalum is highly resistant to dilute acid up to the boiling
point.

In commen with most mineral acids, sulfuric acid in various concentrations
and temperatures can be handled by fiber-reinforced plastics, liners such as
rubber (e.g., neoprene), polymers such as polypropylene and glass and plastic-
lined pipe.

Refer to Appendix 11 for a materials selection graph for sulfuric acid.

Hydrochloric Acid

This acid is destructive to all conventional carbon, low-alloy and stainless steels,
unless it is inhibited. Inhibited 5 to 15 wt. percent acid is used at low velocities
for cleaning carbon steel piping and equipment. Nickel and nickel alloys are
required for even moderate corrosion resistance. In commeon with other reducing
acids, acration 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
concentrations up to 20 wi. percent at room temperature for non-acrated
processes. These alloys can be used to concentrations of only 10 percent if
the acid is acrated. Alloy 400 is generally preferred becauss of its superior
tolerance at higher concentrations and temperatures. Both alloys are very
sensitive to oxidizing contaminants such 35 the ferric ion, that is, Fe(+++).
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* Alloys 825 and C-276 can be used at concentrations up to 37 wt. percen
Bﬂjlhll:‘nt tal!'lperaturcs. These alloys are usually chosen for a:mtegeac:i-i:;

Hhclds F:uni&ming oxidizing contaminants,

;?Icru::.ﬂmempmm service, Alloy B-2, zirconium or tantalum may be

s Alloy !BnE will tolerate acration, but it is sensitive to oxidizing

mnmmmanls such as the ferric jon.

= Zm:nnmmr is only slightly corroded by hydrochloric acid at ap

concentrations, for temperatures up to about 275°F (135°C). However
1Lis sensitive to oxidizing impurities. ‘

" Ta_maium is regarded as resistant 1o all concentrations of hydrochleric

acid at temperatures up to about 300°F (150°C). However, tantalum
and‘ its alloys are very susceptible to hydriding, requiring careful
: :!es:gn. Refer to Part | of this chapter for a discussion of hydriding,

* Titanium Iallnys .I'f“e 4 wide range of response to variations in
concentration, oxidizing contaminants and temperature for hydrochloric
agd service. The Ti-Pd alloy (Gr 7) is regarded as the most resistant of the
T} al!ﬂ}n:: for hyqrodllm-ir: acid service. These alloys find use in relatively
dilute acids, particularly if the acid contains oxidizing impurities. Titanium
should not be F:lcmd for hydrochloric acid service unless the application
has a proven history or the selection is Justified by adequate testing.

Hydrochloric acid in various cancentrations and at vari
I ous temperatures can
b;: handled by ‘ﬁb:?nremlfnrced plastics, liners such as rubber, polymers and
glass- and plastic-lined pipe. Polymeric materials are the normal choice for
handling and storing hydrochloric acid.

Refer to Appendix 11 for a materials selection graph for hydrochloric acid.

Hydroflueric Acid

EACdE Technical Committee Report SA171 entitled “Materials for Receiving,
se?:cﬁ?.r? :::Uﬁm:; #ydm;‘.lum—ic Acid” [16] provides detailed guidelines on

metallic and non-metallic materials for bo ic aci
and anhydrous hydrogen fluoride. or both hydrofluoric acid

* Carbon stcjal 1s commonly used for the storage and piping of non-aerated
hydrofluoric acids, at concentrations of 70 wt. percent or more, for
temFm'aturcs up to 90°F (32°C). The resistance of carbon steel in this
service d:pemis on the formation of a stable surface film of non-adherent
iron ﬂunrbd_r-. Cnn_m':qumﬂy. control of velocities, to a maximum of 2 fi/sec
(0.6 m/s), is required. Hydrofluoric acid can cause hydrogen embrittle-
ment, hydrogen stress cracking, hydrogen induced cracking damage and
stress oriented hydrogen induced cracking in carbon steels. The 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 discussion of wet sour service
mitigation measures, see the section entitled *Wet Sour Service” (p. 196).]

» Lead has been a conventional material of construction for non-aerated
hydroflucric acid service process equipment. It is useful for concentrations
up to about 60 wi. percent, at ambient temperature. Use of lead is
becoming less 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
175°F (80°C).

s Alloy 400 is very sensitive to the aeration and’or the presence of
oxidizing contaminants.
s Cold-worked componenis 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,

Refer to Appendix 11 for a materials selection graph for hydrofluoric acid.

Nitric Acid

Carbon and low-alloy steels are not suitable materials of construction for nitric
acid service, Fourteen wi, percent silicon cast iron (see ASTM AS518) is very
resistant to concentrations exceeding about 45 percent, up to the boiling point.
This material is useful for pumps (CF-3M, the cast version of Type 304L S5,
and titanium are also commonly used for pumps). Use of Types 316 or 316L 58
is generally avoided, since these alloys are susceptible to intergranular attack.

The standard material of construction is Type 304L S5, for temperatures up
to about 2Z50°F (120°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 100°F (38°C).

Titanium is resistant to nitric acid concentrations below about 20 wt. percent
or between 70 and 90 wt. 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 wt. percent, Tantalum is resistant to all concentrations of nitric
acid,

Nitric acid corrosion of Type 304L S8 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 andfor deposition of this
contaminant,
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organic acids and their derivatives. Chloride contaminants are usually avoided due
to the risk of chloride stress corrosion cracking or chloride pitting. For higher
temperatures, nickel alloys are often useful.

*+ Be alert o potential problems with nickel alloys that do not contain oxide
formers such as chromium. 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 contaminants such as FeCl, or
dissolved oxygen. In the event that this type of alloy is a candidate, make
sure that the process stream will not contain oxidizing contaminants.

* The oxide-stabilized alloys such as Alloys C-276, 625 and 825 usually
perform well in the presence of oxidizing contaminants.

The following organic acids are common enough in chemical process and
hydrocarbon plants to justify individual discussion. Note that because many
applications involving organic acids are in proprietary processes, the user should
be able to depend on the process licensor for guidance in materials selection. If
process licensor assistance is not available, alloy manufacturer assistance and’or
references [12], [13], [14], [17] and [18] may be useful.

Acelic Acid

Type 304L SS is often specified for the storage of pure acetic acid in
concentrations up to 90 wt, percent, at temperatures up to 60°F (16°C). Type
316L SS is usually specified for process equipment. It is suitable for all
concentrations and for temperatures up to the normal boiling points, Zirconium
is often used for severe applications, at temperatures up to about 375°F (300°C),
particularly if product contamination is a concern.

Higher alloys such as Alloy 20 Cb-3, Alloy C-276, or titanium are
sometimes specified for high-temperature services or applications involving
contaminants.  High-strength titanium alloys may be susceptible to stress
corrosion cracking in hot acetic acid. Alloy B-2 is specified for hot, highly
concentrated solutions under reducing conditions.

Aluminum tankage is used for aerated acetic acid for all concentrations up
to about 99 wi, percent, at ambient temperatures. Type 316L S5 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 S8 is generally specified for the storage of all concentrations of
formic acid at ambient temperature. Type 316L SS is usually specified for
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process equipment. Type 316L SS is also used at all concentrations for
Em Up to at least 200°F (93°C) if moderate corrosion can be
Mooty frosion rates can approach 50 mpy (1.3 mm/yr) under severe
= Copper and 90/10 Cw/Ni alloy (UNS C70600) have been used at
1 peratures up to the boiling point, at all concentrations, where moderate
rrosion can be accepted (non-aerated conditions must be maintained).
- wﬁlby ztl;ghu- alloys are resistant at clevated temperatures, including Alloy
QD-IL C?-!. Alloy 28 (27Cr-3INi-3.5Mo; UNS N08028) and Alloy
(21Cr-25Ni4.5Mo; UNS NOS504). These alloys are resistant at
t:m?mnuu up to !;5ﬂ°F (65°C). Alloy C-276 has been used at all concen-
“‘t'“;':nﬂp to ﬂle boiling point, with only minor corrosion reported.
Ty mtﬂs:;epn_rwd as beling very resistant to formic acid. However, it is
sty ceptible to rapid ananlf b@r_anhydmus formic acid. The use of
iy £h concentrations of formic acid at elevated temperatures should be
Zim;::nq“:; testin?pr o
and tantalum have been reported in successful use
temperatures up to 200°F (93°C) and 300°F (150°C), respectively. i

As with 1 i i £ ic li
_ 3 acetic acid, fiber-reinforced plastics, rubber and polymeric liners

Falty Acids

;I;f:;sﬁtr}r acuds such as lauric and oleic acids are generally regarded as very mild

ds. Type 316L SS is generally used. Type 317L SS may be needed if product
purity is a concern, particularly for high-temperature processes. Alloy C-276
and Alloy 625 are usually specified for the most severe services.

Dr- and Tricarboxilic Acids

Most of these acids such as oxalic, maleic and phthalic acids are only mildly

corrosive. Type 316L SS is the normal material of construction. Oxalic acid is

;'[l;fﬂsgm It is aggressive to the austenitic stainless steels, including Type

o e aiﬂ:'mnally all concentrations and temperatures, Alloys such as Alloy
seful to about 90°F (32°C) while Alloy B-2 and Alloy C-276 are useful

! I 200°F (93°C). There is a wide ra :
m | - nge of rubber and
aterials resistant 1o oxalic acid g r and polymeric

Naphthenic Acids

Naphthenic acid is the collective name given to organic acids contained in

::m':‘:mﬁ: iilil: and crude oil fractions. 1t can cause corrosion at femperatures
as 350°F (175°C). However, serious corrosion, observed as severe
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pitting and/or grooving, usually does not occur until the temperature exceeds
450°F (230°C).

Naphthenic acid corrosion occurs in crude distillation units, but is usually
worst in vacuum distillation units. Corrosion is most aggressive 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
950°F (480 to 510°C)).

The concentration of naphthenic acid is usually reported as the total acid
pumber (TAN) and is stated in units of mg KOH per gram of oil. A TAN value
of less than 0.5 mg KOH per gram of oil is considered to be relatively harmless.
TAN values between 0.5 and 1.5 are regarded as being slightly to moderately
corrosive. Severe attack can occur for TAN values exceeding 1.5. There is no
reliable correlation among the TAN, operating temperatures and corrosion rates.
While the TAN value is a general 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 containing naphthenic acids is
operaling experience.

One should be alert to the fact that refining a crude oil containing
naphthenic acids will concentrate the acid fraction in the beavy end draws such
as gas oils and in distillation tower bottoms. Even in a crude oil with a TAN less
than 0.5, concentrations with TANs of 1.5 or more may occur in distillation
products.

Experience indicates that the entrained chloride content can accelerate
corrosion, while H,S can slow the rate of corrosion. Typically, naphthenic acid
corrosion is worst in the vacuum distillation unit of a refinery, where the
hydrogen sulfide concentration is minimal. Serious corrosion has been reported
al temperatures as low as 350°F (175°C). Corrosion rates are lower in the
atmospheric distillation column, which has a higher concentration of hydrogen
sulfide. Naphthenic acid in hydrotreater feeds is destroyed by the addition of
hydrogen. Thus, naphthenic acid is not considered to be a problem downstream
of the point of hydrogen injection.

Velocity and turbulence are known to accelerate naphthenic acid corrosion.
Furnace tube and transfer line velocities should not be allowed to exceed 200
ft/sec (62 m/s). Some refiners limit velocities to 130 fi/sec (40 mfs). Long-
tadius piping elbows and bends should be specified.

In most refineries, naphthenic acid corrosion is mitigated by use of
austenitic stainless steels containing at least 2.5 wt. percent molybdenum. Type
316 SS can be used, but it must be specified to have a minimum of 2.5 wi.
percent molybdenum. ASTM specifications permit a range of 2.0 to 3.0 wi
percent molybdenum for Type 316 S5. With modem sieel-making processes,
alloy manufacturers can routinely target the molybdenum content of Type 316
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55 towards the lower limit, 2.0 wi. percent. This concentration of molybdenum
is insufficient for protection from naphthenic acid corrosion. Type 317 85 is
sometimes specified, since the molybdenum content of this grade ranges from
3.0to 4.0 wt. percent. Type 317 55 may be required for severe combinations of
TAN, temperature, and velocity or turbulence. The “L" grades of Types 316 and
317 are preferred for welded construction.

Controlling naphthenic acid attack illustrates one of the classic compromise
situations in refinery materials selection. Naphthenic acids do their damage in a
refinery during removal of sulfur from the crude oil. Normally, stabilized grades
of stainless steel such as Type 321 5SS would be used to prevent polythionic acid
attack. However, Types 321 and 347 S8 are susceptible to naphthenic acid
attack, thereby requiring the use of a molybdenum-bearing grade. The refining
industry has developed different approaches lo the dilemma.

* Some users and process licensors choose to accept the risk of polythionic
acid attack; Type 316L S8 is usually specified. Polythionic acid attack is
controlled by operational measures such as preventing air ingress, or by the
use of neutralizing washes [3].

« Some wusers and process licensors are more concerned about
polythionic acid attack than they are about naphthenic acid corrosion.
This concern dictates the use of stabilized alloys such as Type 321 58.
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 55 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 polythioni¢ acid attack and
naphthenic acid corrosion. :

Maphthenic 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 of naphthenic 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,Cl and
Fe,Cl, 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 corrosion cracking,

* Most of the destructive acid salts are highly soluble in water and can form
acidic solutions which may be concentrated.
= If the anionic species is a sulfide or other cathodic poison, cracking

mechanisms such as hydrogen stress cracking or hydrogen induced
cracking can be significantly accelerated,

= Acidic chloride salts such as NH,Cl 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, with a very high chloride concentration. In addition, the
deposit acts as a diffusion barrier, leading to oxygen depletion beneath
the deposit. Galvanic effects from the active-passive cell can
accelerate corrosion mechanisms. This situation can cause stress
corrosion cracking at temperatures well below the 140°F (60°C)
threshold chaructesistic of the austenitic stainless steels in neutral saline
walers,

s Acidic salt solutions will act as weak mineral acids, causing
accelerated general pitting corrosion.  These solutions also tend to
destabilize otherwise protective scale formations, In non-turbulent
regions, this phenomenon usually causes localized accelerated pitting,
with the production of large quantities of loose, soft scale. In wrbulent
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.

1. In a water-saturated vapor system, salt deposits may absorb enough water
vapor to produce a wet spol under the deposit, leading to severe under-
deposit pitting. This phenomenon is a cause of pitting failures in carbon
and low-alloy steels, but is particularly 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 otherwise “dry” system. A

hygroscopic salt deposit may form an aggressive corrosion cell under such
conditions.

Meutralization, 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 most common mitigation
method used to dilute and dispose of harmful acid salt solutions and deposits.
Note that the wash water must be free of dissolved oxygen, or destructive
corrosion will occur. A concentration of 50 ppbw dissolved oxygen is usually an
acceptable limit. In a refinery, 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 hydroprocessing effluent systems. It corrodes numerous materials, in a
number of ways:

* Erosion corrosion of carbon steel can occur when fluid velocity exceeds
about 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 comosion such as pitting occurs at wet salt deposits on
carbon and stainless steels. Wash water (oxygen free) is often used for
mitigation.

* Rapid pitting corrosion can occur with copper alloys and Ni-Cu alloys such
as Alloy 400. These alloys therefore are not recommended. In addition,

the copper alloys are usually susceptible to ammonia-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 materials is as follows:

*  Carbon steel: most susceptible

= Alwminum: susceptible

*  Stainless steel (300-series); velocity sensitive; can be stress corrosion
cracked by chloride excursions

*  Alloy 825: resistant

*  Titanium: resistant, but not recommended for streams containing hot
hydrogen

*  Alloy C-276: resistant

When preparing the template, indicate the concentrations of the expected
acid salts. Consider whether they are corrodents or erack-inducing agents or
both. In the Notes section of the materials selection template, indicate if acid
solutions or salt deposits are anticipated. If deposits are expected, show the
deposition threshold temperature. For vapor systems, show the water 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. Amines

The primary use of amines is in acid gas (CO, and/or H,S) removal systems.
Amines are also used as neutralizing agents and as film-forming inhibitors.
Materials selected for amine systems in which the H,S concentration is less than
five mole percent may be different from systems in which the H,S content is five
mole percent or greater. For systems used to remove CO,, stainless steels are
usually required unless the amine system is inhibited, Inhibited systems built of
carbon steel have been shown to work well but are subject (o severe corrosion in
COy-rich vapor spaces if the system is not carefully designed and operated.

For systems in which the acid gas is composed of at least five percent H,S,
carbon steel is commonly used. The iron sulfide surface scale that forms on
carbon steel usually protects it from CO, corrosion. Refer to the section “Carbon
Dioxide” (p. 158) for a discussion of the combined effects of H,S and CO,.

Amine solutions can cause pitting and stress corrosion cracking in carbon
steels. Postweld heat treatment is usually recommended for amine services, in
which the amine concentration exceeds two wi. percent, to avoid stress corrosion
cracking. Exceptions are equipment and piping in uncontaminated (i.e., fresh)
amine service, in which stress corrosion cracking does not occur. Rich amines
(amines saturated with acid gas) can cause erosion corrosion in carbon steel
tubing and piping. A maximum velocity of 6 f/sec (2 m/s) is recommended.

Type 3041 S5 is used for heat transfer services operating above 230°F
(110°C) and for all services for which the metal temperature exceeds 300°F
(150°C). Type 304L S8 is also used for piping downstream of control valves in
rich amine service to prevent corrosion damage caused by fashing. A 10-ft
spool piece is usually sufficient. In the event that the control valve is at a vessel
inlet, specify the use of a Type 304 S5 (304L if welded) splash plate in the
vessel. The inlet nozzle may require a lining, Type 316 S§ is usually specified
for valve trim.

Lean amine pumps are usually supplicd with carbon steel casings and either
carbon steel or cast iron intemals. Hot lean amine (> 175°F (>80°C)) and rich
amine pumps should be supplied with a minimum of 12 Cr 5S casing and 12 Cr
S5 internals. CA-6NM is the recommended material for 12 Cr 55 castings.

Refer to APl Recommended Practice 945 “Avoiding Environmental
Cracking in Amine Units” [19] for a detailed discussion of materials of
construction of amine units.

6. Ammonia

Dry ammonia is non-corrosive to most materials of construction. The major
exception is carbon steel, which can undergo stress corrosion cracking in truly
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anhydrous ammonia. For a discussion oi'ummunu—uuhred cracking, see the
section “Stress Corrosion Cracking” (p. 177).

Wet ammonia (ammonium hydroxide) causes pitting in copper-base alloys,
In addition, most such alloys are susceptible to stress corrosion cracking by weq
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 the 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

“_Fﬂ_l carbon 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
carbon steel is usually acceptable for wet CO, if the CO, partial pressure is less
than about 4 psia (27 kPa). A corrosion allowance of up to %" (6.4 mm) is
usually specified. However, it is easy 1o estimate the corrosion rate of carbon
ﬂﬂ":l. using the de Waard-Milliams nomograph (20, 21] (sce Appendix 2). If the
estimated corrosion rate is unacceptable, consider the use of corrosion 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. Surfaces protected by scales such as mill
seale (Fe;0,) or other surface deposits are usually at least partially protective. In
u:idit_'mn, these rates are valid only for non-turbulent systems. Thus, the rates
predicted by the nomograph can be influenced by several factors.

Surface scales produced by carbonic acid corrosion such as FeCO, can
result in significantly reduced corrosion rates. Protection by such scales is
influenced by several factors, including temperature, pH and velocity. The
user should review the paper by de Waard and Lotz [21] to determine if
reduced corrosion rate estimates are justified.

* Experimental and field data indicate that nomograph rates are unreliable for
systems in which the carbonic acid is condensing, that is, in systems
involving the formation of dew point water. The nomograph rzies are too
large; de Waard and Lotz [21] suggest derating the nomograph rates by a
multiplier of one-tenth.

* At higher temperatures, the wet CO, corrosion rate begins to decrease due
to the formation of a protective corrosion scale, Hence, the rates estimated
for design conditions may actually be less than the rates estimated for
operating conditions. Thus, the user should check the rates under operating
conditions before determining the basis for materials selection.
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» Carbon steel protected by mill scale or other surface deposits may corrode
at rates substantially less than those predicted by the de Waard-Milliams
nomograph. However, such scales (particularly mill scale, Fe,0,) may be
susceplible 1o slow dissolution by carbonic acid, 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
sieel surface usually develops a characteristic appearance, leading to the
descriptive term “mesa” corrosion.

¢« In process sireams containing oxygen or other cathodic depolarizers,
carbonic acid pitting rates may be much higher than predicted by the de
Waard-Milliams nomograph,

* In twrbulent systems, the rate may be greater than | in. per year (253 mm/yr).

Wet liquid—vapor process streams that contain both H,S and CO, are usuvally
substantially less cofrosive than CO, alone at the same CO, partial pressure. A
commonly used rule of thumb is that carbon steel construction is suitable if the
vapor stream contains at least five mole percent H;S. Exposed carbon steel will
usually form an adherent sulfide coating. Unless the process stream dissolves or
ecrodes the sulfide coating, further corrosion is at very low rates. In such
systems, the de Waard-Milliams nomograph does not apply.

Some hydrocarbon streams, including many produced crudes, contain a
substantial concentration of dissolved acid gases, including CO,. Such streams
frequently also contain entrained free water. The medium and heavy erude oils
are usually effective inhibitors. Light crudes with sufficiently high gas—oil ratios
are produced in the form of a foam, which ncts as a corrosion inhibitor. In many
streams, the water may be at least partinlly emulsified, making the stream either
less corrosive or non-corrosive. Prolonged shutdowns in such streams tend 1o
promote corrosion because the fluid will gradually partition into separate phases.
It is good practice to take into account the inhibiting and emulsifying properties
of the hydrocarbon phase when determining the materials of construction and the
corrosion allowance in such systems.

It is mot unusual to inject demulsifiers into crude streams upstream of
desalters and water knockout vessels. The downstream crude will retain some
demulsifier. If the downstream crude stream is subsequently pipelined or
shipped to storage, it will often continue to drop out free water. Water slugs
and/or corrosion can occur because of the subsequent water dropout.

8. Caustics

Corrosion-induced metal loss by caustics is uncommon, However, a localized
form of pitting, called caustic gouging, can oceur with carbon steel, particularly
in high-temperature services such as boiler systems. Such systems typically



160 Chapler 3

have some form of caustic-based water treatment program. Debris or deposits
permit the formation of under-deposit solutions of hot concentrated sodium
hydroxide, which attack the substrate steel. The key to preventing this form of
pitting is to chemically clean the caustic-exposed system before commissioning
and then keep the system clean during operation. Modern phosphate-based
treatments avoid this problem,

Metals and alloys that can form 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.

The 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 neutral chloride solutions are not 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, which contains
chlorides at concentrations of 3.5 to 5.5 wt. percent. Pitling rates in aerated
saline waters are usually on the order of 3-5 mpy (0.08-0.1 mm/yr). Rates can
approach 25 mpy (0.64 mm/yr) in turbulent saline water such as the unprotected
splash zones of offshore structures. Saturated chloride solutions (i.e., brines) are
not as corrosive and are often used as chemical inhibitors for carbon steel, These
brines are less corrosive because of their lower solubility for oXygen.

Carbon steel is the normal 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 involved.

I. When the pH is below about 4.5, general corrosion in the form of small,
closely spaced pitting is the normal form of attack. The mechanism is
essentially one of mild acid attack. See Figure 3-8 for an illustration of the
dependence of the corrasion rate of carbon steel on the pH of the corrodent.

The presence of aeration (at least 1 ppmw dissolved O,) accelerates
corrosion due to the action of dissolved oxygen as a cathodic depolarizer.
+ Under-deposit corrosion, which is a form of concentration cell corrosion,
can be very severe in acrated waters with low pH and chlorides. Velocity

can also accelerate the rate of metal loss due to erosion corrosion.
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Figure 3-8 Ilruélratlng the dependence of the corrosion rate of carbon
steel on the pH of the corrodent. (Reprinted from [31). Published 1524 by
the American Chemical Society.)

2. Chlorides in water can disrupt scales that would otherwise protect the
substrate steel. Pitting corrosion, sometimes producing “carbuncles,” is the
normal form of attack. If the scale is mill scale (Fe,0,), 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 disruption is somewhere between
about 50 and 500 ppmw chloride. The threshold is affected by stream
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velocity, with 15 ft'sec (4.6 m/s) being considered safe for even
concentrated brines,

Aecration greatly accelerates pitting rates. Aeration in chloride-bearing
waters poses a high risk of under-deposit pitting corrosion.  Consequently, a
minimum flow velocity of at least 2.5 fi/sec (1.5 m/s) should be maintained to
keep entrained debris from settling to form a deposit.  The minimum {low
velocity may have to be increased in streams having settled debris. Designs
should avoid deadlegs.

Stainless steels, both the 12 Cr and austenitic prades, can be susceptible to
pitting, under-deposit and crevice corrosion in aerated chloride-containing
waters. Free-flowing, clean chloride solutions such as seawater permit the use of
Type 316 85 (Type 316L 55 if welded; CF-3M for castings) if the temperature is
not allowed to exceed 140°F (60°C). The latter temperature is the threshold
temperature for chloride stress corrosion cracking of Type 316 55 in neutral
saline waters. ,

Nickel-rich alloys such as Alloy 825 and Alloy C-276, the superaustenitic
stainless  steels, duplex stainless steels (especially those with enhanced
molybdenum content) and titanium are often chosen for severe chloride services
and chloride services subject to stress corrosion cracking,

The chloride content of water used for hydrostatic testing is often a concern,
Most users require that hydrotest water contain no more than 50 ppmw chloride.
The concern is usually about pitting in carbon steel components or bacterial
corrosion, pitling, crevice corrosion and/or chloride stress corrosion eracking in
austenitic stainless steels.

In most carbon steel systems, serious corrosion damage due to improper
hydrotesting is rare. When it does happen, the cause is usually a long period of
idleness between hydrotesting and commissioning. Pockets of residual hydrotest
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 left over
after draining usually evaporate before they can cause serious corrosion
problems.

Auslenitic stainless steels are much more susceptible to chloride damage as
a result of improper layup after hydrotesting, Because of the potential 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 stainless steel piping and equipment, Chloride stress
corrosion cracking is usually not a concern, since the exposure temperature is
less than 140°F (60°C).

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-chloride water by one of the following means,

» Test with high chloride water, then drain and flush with a low chloride
water. Proper drying is needed, especially if austenitic stainless steels are
involved.

= Test with high chloride water, drain and then thoroughly dry the system.
Sometimes this method includes physical entry to perform manual drying.
Often, hot air (<140°F (=60°C) for austenitic stainless steels) is used to dry
the system, with the discharge air monitored for dew point. Occasionally, a
flushing 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 with 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 either making sure that the residual hydrotest
water does not contain nutrients or is treated with a sufficient dose of
biocide,

10. Flue Gas

Flue gases often contain potentially corrosive compounds such as 80, 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 caleulated [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 desipn, since they are difficult to mitigate by either materials
selection or operation/maintenance.

Materials used to control corrosion damage include alloys, “wall papering”
with thin sheets of alloy, polymeric coatings and linings and corrosion-resistant
ceramics/refractories. Plant-specific measures are 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

Hy&npnmﬁd:mmuwmpﬁﬁagmdgmﬂcmmhwbmmw
ulhym:nummmmmmsm{zwq. [For a discussion of
corrosion by high-temperature sulfur, see the section “Sulfidation and Sulfidic
Corrosion” (p. 138).] Wet hydrogen sulfide can cause several types of problems:

* Usually mild pitting and/or mild general corrosion in carbon and low-alloy
steels. However, there are conditions in which wet H,S can cause severe
pitting, grooving and/or general corrosion. Such conditions usually involve
the presence of cyanides or high concentrations of NH,HS.

* Extremely high pitting rates for carbon and low-alloy steels and even for
the 12 Cr and austenitic stainless steels when there is 1 ppmw or more
dissolved oxygen. Normally, oxygen ingress is avoided by keeping
systems pressurized or by process controls. If oxygen ingress cannot be
avoided, mitigation measures are usually necessary. Such measures include
use of coatings, cathodic protection and highly alloyed materials (e.g., the 6
Mo superaustenitic stainless steels),

* Hydrogen embrittlement of carbon and low-alloy steels. Similarly, it can
also cause sulfide stress corrosion cracking, hydrogen induced cracking and
stress oriented hydrogen induced cracking. [For a discussion of these
phenomena, see the section “Stress Corrosion Cracking” (p. 177).]

Iron sulfide can be pyrophoric, that is, it can spontaneously ignite. Proper
safety precautions must be provided for those process streams in which
pyropheric iron sulfide can form or deposit. For formation to occur:

* A layer of iron oxide (rust) must be present

* The rust layer must be water wet

* The process stream must provide hydrogen sulfide at a vapor concentration
of at least 0.2 mole percent

* The oxygen concentration must be less than about one mole percent

Criteria for spontaneous ignition are:

* The iron sulfide mass must be dry of water
The ignition atmosphere must contain at least 11 percent oxygen

* There must be sufficient sulfide mass to store the heat of the exothermic
reaction that converts iron sulfide 1o iron oxide. Without sufficient mass,

the heat of reaction will be dissipated by radiation and the sulfide will not
heat up enough to initiate spontancous ignition,
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Mitigation measures include using coatings and adjusting the process
conditions to prevent the formation of iron sulfide.

In the event that pyrophoric iron sulfide is suspected, an effective measure is
to keep it either blanketed with inert gas or water wet until it can be either
neutralized or disposed of.

12. Insulation

Corrosion under insulation has been and continues to be a major problem in
plants. Both metal loss corrosion such as pitting and environmental cracking
such as chloride stress corrosion cracking occur. Problems have occurred in
piping and equipment insulated for both low- and high-temperature services, for
virtually all types of insulation, including products used for personnel protection
and fireproofing. Some of the worst problems have occurred in insulated piping
and equipment subject to periodic “deluge” testing of fire water systems. Bypass
loops, typically hot only during startup or shutdown, are frequent locations of
aggressive external corrosion. Improperly “mothballed” plants typically suffer
their worst corrosion under insulation that should have been removed.

Often, a “vapor barrier” is relied upon to prevent liquid water from
penetrating the outermost layer of insulation. However, even the best such
barriers only slow down the penetration rate. They are permeable to water vapor
and are subject to punctures, slippage, ageing, delamination, etc. The best
position to take with vapor barriers is that they are not barriers, particularly in
cold services where vapor penetration can cause the formation of destructive ice
lenses.

Experience has taught that insulated piping and equipment with operating
temperatures less than about 250°F (120°C) should be carefully coated with a
high-performance coating prior to being insulated. NACE has published a report
that gives guidance on the selection of coatings for under-insulation protection.
Refer to Publication 6H189: “A State-of-the-Art Report of Protective Coatings
for Carbon Steel and Austenitic Stainless Steel Surfaces Under Thermal
Insulation and Cementitious Fireproofing™ [24].

In addressing this old and well-known problem of corrosion under
insulation, it is important to give atiention to the chemistry of insulation products
o be used on austenitic stainless steel. Insulation products should not be
permitied to contain leachable chlorides.

13. Oxidants

Strong oxidants such as chlorine and oxygen are usually handled in carbon steel
at ambient temperatures, if dry. They require special alloys for higher
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temperature use. Carbon steel is permitted at temperatures up to 300°F (150°C)
for chlorine and for temperatures up to 150°F (65°C) for oxygen. However,
greases, oils and other hydrocarbons can spontanecusly ignite in such services,
Accordingly, aspects such as precommissioning cleaning, lubrication, seals and
packing require special attention. Use the Notes section of the materials
selection template to document special requirements.

14. Water

Pure waler is non-cormosive to ordinary engineering materials. However, most
waters contain dissolved salts and may contain dissolved oxygen andfor acid
gases such as CO;, or H,S. Such waters are often quite corrosive.

Anzerobic water (water without dissolved oxygen) may become cormosive
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 seciion
“Microbiologically Induced Corrosion™ (p. 173).]

Dissolved oxygen plays a Key role in determining the corrosivity of a water,
Oxygen acts as a cathodic depolarizer, not as a corrodent. Experience has shown
that water that contains less than about 10 ppbw dissolved oxygen is essentially
deaerated. Waters containing less than about 200 ppbw are Usually not corrosive
unless they contain acid gases or have pHs less than about 5. MNeutral walers
containing from 200 ppbw to about | ppmw are mildly corrosive to carbon steel,
Corrosion rates are usually on the order of 3-5 mpy (0.08-0.1 mm/yr). Waters
containing oxygen in excess of one ppmw should be considered corrosive and
subject to chemical treatment or some other mitigation measure,

Clean aserated seawaler can be aggressive to carbon steel, with corrosion
rates of 25 mpy (0.64 mm/yr) or more under turbulent conditions.

Deaerated seawater is essentially non-corrosive to carbon stesl. However,
because of its sulfate content, deaerated seawater can become very corrosive in
the presence of SRB. Once inoculated with SRB, a non-piggable piping system
is almost impossible to sterilize, unless it is chemically cleaned. 1

Stagnant seawater exposed to carbon steel becomes deaerated as the iron
cormodes. SRB can become aggressive as soon as the seawater is deaerated.
However, the long-term corrosivity of deaerated seawater depends on the
surface-to-volume ratio. In systems such as piping, the high surface-to-volume
ratio leads to rapid exhaustion of the available sulfate nuirient. Such systems
usually become dormant because they quickly consume the available nutrients.
Stagnation prevents nutrient replenishment.  Accordingly, carbon steel in
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stagnant seawater often has very low corrosion rates, on the urﬂe; 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 mginnm. deaerated seawater can cause
i t long-term damage to carbon steel. _
sl@ml:n!faniliﬁes. Ihufnsuuru water for the fire water system 15 aﬂrated
However, if the fire waler system is stagnant, the dissolved oxygen is soon
scavenged by the carbon steel piping, making the waler non-COITOSIVE. Again, if
this water contains dissolved sulfates (such as seawater), SRB can become 2
j lem.
maﬂfnp::z{ed walers, dissolved salts and/or velocity E‘.’::’II“' cmr_usiﬁtyh If :::
i salts the formation of a dense scale, the waler 15 usually non-
ﬂﬁ: [Tbep“z::hycr acts as a barrier to oXygen diffusion and promotes
rapid polarization of the anode surface by anion saturation.) The !.a!lga'ller
index and the Ryznar stability index [25] are commonly used to dtt-?nnmr the
corrosivity of waters based on their chemistries. Refer to Appendix 9 for a
discussion of how such indices are used to estimate water corrosivity.

While scale formation may favorably reduce corrosivity, it can cause other
serious problems such as plugging and “hot spots™ in heat transfer equipment. If
a water is determined to be “scaling” the process should be analyzed 1o
determine if the side effects are acceptable.

The velocity of an aerated water affects its corrosivity. ?"?“?“ alloys sulch as
admiralty brass are limited in their use because of their sensitivity to vral_nclt}r in
corrosive waters. In some systems, low-velocity components such as piping may
be made of carbon steel. Higher velocity components such as pumps and control
valves may require alloys such as 12 Cr S8, Table 3-2 provides gmdan_cz_ﬂrf the
recommended limits for water velocities, The recommended lower limit 15 to

ling by the formation of deposits.

Fiw%:tf:ri j“':ﬁ' low total diswlvcz solids (TDS) have a w‘u:lF range of
comosivities. Very pure waters, such as distilled and totally n:_ieic:_n:z.ed waters,
are non-corrosive if uncontaminated. They can be very cotrosive if they absorb
an acid gas such as carbon dioxide, which can mpi:}ly reduce the pH of ﬂa_e
water. This problem can be severe in boiler systems if the steam condensate 15
allowed to absorb CO, in the condensate handling and storage sysiem. [The
source of CO, is usually carbonate salts inthe boiler feed water, which
decompose in the steam system and carry over into the Wnd:!zsme system.)

Partially deionized waters such as wm;u:‘l::t have amomn:;lmn;_ cations

hydrogen) can be very corrosive. waters are un
{Ulh%:::; mﬂnhil'?g high m;t':?mmtlm of dissolved salts also become more
corrosive if they absorb acid gases. However, the presence of the d:ssul?red salts
buffers the water, preventing a rapid reduction in the pH value. Thus, high-TDS
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Table 3-2 Recommended limits for water velocity for some common
materials of construction

MAXIMUM MINIMUM
VELOCITY VELOCITY
MATERIAL {M/sec)/(m/s) (ft/sec)/(mis)
Carbon Steel 12/3.7 250.77
Cement-Lined Carbon Steel 10/3.1 None
Fiberglass BR25 None
Inhibited Admiralty Brass /1.3 2.50.717
Inhibited Aluminum Bronze 10/3.1 2.500.77
90/10 Cu/Ni 10/73.1 2.5/0.77
70/30 Cu/Ni 12/3.7 2.50.1
Type 316 S8 30/9.2 2.50.77

waters conlaining dissolved CO, are much less corrosive than low-TDS waters
that have absorbed CO,,

Waters that have absorbed both oxygen and an acid gas such as CO, or H,8
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 alloys, paints, coatings, linings 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 insufficient oxygen to act as a cathodic 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 particularly vulnerable
to mtmted comosion. For example, titanium tubes have caused severe
crevice corrosion in alloy tubesheets in aerated scawater.

Materials selection for waters can be a real challenge. In most plants, it is
safe to assume the cooling, utility and fire waters to be non-comosive, because of
cither 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 corrosivity 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 maierials selection follow.

For non-comronive, 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 commaon alternatives are:

+ Carbon steel with corrosion protection such as the use of coatings, linings
and/or cathodic protection.
+ Corrosion-resistant alloys.

= The austenitic stainless stecls are usually not employed in corrosive
waters because off the dangers of chloride-induced pitting and stress
corrosion cracking. However, Type 316 SS (Type 316L if welded;
CF-3M for castings) has found extensive successful use in freely
flowing, clean aerated seawater for temperatures below 140°F
(60°C). Type 316 SS is a common material of construction for the
internals of seawater pumps.

»  12Cr steels such as Type 410 S8 and CA-6NM are often used for
pump and valve casings and internals in clean, moderately corrosive
and brackish waters, However, these alloys re quite susceptible to
chloride-induced pitting and 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 as heat exchanger tubes.

= Alloys such as the nickel-rich cast irons, 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 polyethylene, PVC, or
fiberglass,

s Fiberglass is commonly used for piping and vessel shells in
comosive water service. Note that none of the non-metallic materials
are suitable for services in which they are likely to be mechanically
abused. Examples include pipe movement, water hammer and
hydraulic surges.

= PVC, CPVC and polyethylene piping are commenly used in
corrosive walers.
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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 selecting concrete or the cement from which it is to be made.

There are other measures that can be used to prevent corrasion:

* 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 deacrated water storage tanks, inert gas blanketing can be used.

15. Seawater

Protection against seawater, while addressable by the guidelines given above, is
such a common aggressive water that it warrants special discussion, Seawater is
normally used on a once-through basis and is usually chemically treated to
control colonization by and growth of marine organisms. If uncontrolled,
colonics of marine organisms such as mollusks can slough, causing plugging
and/or severe pressure loss in downstream piping or components such as
exchanger tubing. Biocides are used in both continuous and slug treatments,
Chlorination, with hypochlorites, from bottled chlorine or from electrolytic
uh.lm.i"c‘ is the most common biocide chemical wsed for acrated seawaler.
Biocides such as glutaraldehyde are generally used for non-aerated (ie.,
anaerobic) seawaler,

Even acrated seawater systems often develop colonies of SRB, which shield
themselves from aeration by generating protective slime coverings. In order to
control these colonies, occasional mechanical cleaning or aggressive chemical
treatments may be necessary. Such chemical treatment programs may include
acid cleaning or surfactants. Provision for such treatments should be included in
the design of seawater piping systems.

Some seawater systems are anaerobic. Examples include stagnant systems
and systems in which the seawater is deliberately deaerated by either chemicals
such as sodium sulfite or processes such as stripping with an inert gas. In

evaluating stagnant systems, consideration should be given to the following
CONCEmS:

* 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 volume-to-surface ratios, such as large storape
tanks, stagnant conditions can cause significant corrosion damage to
unprotected steel. The dissolved oxygen content is sufficient to sustain
relatively long-term conventional corrosion. Once activity begins, it can
cause extensive H,S comrosion because of the relatively large amount of
available sulfate nutrient.

= Cyclic systems., Systems in cyclic service, such as ballast lines, are
periodically replenished with 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 acrated and anaerobic conditions,

For the purposes of materials selection, seawater should be considered
anaerobic if the oxygen content is less than 10 ppbw and aerated if the oxygen
content is at least 1 ppmw. These thresholds are based on the observation that
SRB are aclive at oxygen concentrations less than 10 ppbw and are inactive at
concentrations exceeding | ppmw. For the intermediate range, there are no hard
rules regarding aeration. Fortunately, the intermediate range scems to be rare.
This is at least partly due to the fact that when SRB activity begins o generale
H,S, the H,S acts as an oxygen scavenger. This activity quickly reduces the
residual dissolved oxygen content to virtually zero.

Carbon steel is the normal material for anserobic seawater periodically
treated for SRB control. Carbon steel is much cheaper than the materials
normally chosen for aerated seawater. Accordingly, it is sometimes worthwhile
to avoid or minimize the aerated seawater option, Seawater can be deaerated
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
scawater, thus minimizing the amount of equipment necessary for handling
acrated seawater. Copper alloys should not be specified for anaerobic seawater,
since they can be severely corroded by H,S generated by SRB.

Materials selection guidelines for aerated seawater include the following:

= Polluted seawater is usually more corrosive than 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 cracking 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 pitting rates of 20 to 30 mpy (0.5 to 0.76
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mm/yr). Extreme pitting rates can be on the order of 50 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 the 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 structures should be designed to resist
corrosion.  Use of cathodic protection and/or coatings should be
considered.

In tropical climates, concrete construction may be susceptible to
destruction by boring mollusks. Concrete exposed to tropical seawater
should be protected by liners, jacketing or other means to control 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 internals.

Type 316 58 (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 ift

s  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 applications, crevice
corrosion can be prevented by other, less noble, components
providing cathodic protection, for example, cast iron pump case with

Type 316 88 internals.

Note that any condition that diminishes or prevents oxygen-rich seawater
ﬁ:nr_n contacting the stainless steel surface will usually cause localized
pitting. Sources include deposits, marine fouling, stagnant seawater and
crevices.

Cu/Ni alloys such as 90/10 CwNi are usua!ly successful in applications
such as heat exchanger tubes. Alloy 400 or titanium tubes are required
for severe services.

Brasses provide moderate corrosion resistance 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 15 percent zinc, as
they are subject to dezincification.

* Ni-Al bronze, aluminum bronze and inhibited admiralty brass are often
used as the standard materials of construction 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 sometimes recommended for pump casings in
such services.

* Alloy 400, Alloy 20 Cb-3, the superaustenitic stainless and duplex
stainless steels {especially those 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 are also useful in applications
where Type 316 S8 is subject to chloride stress corrosion cracking.

= Dual metallurgy pipe is an option in applications where weight is a
consideration, such as on offshore platforms. Such pipe uses carbon steel
for pressure containment and corrosion-resistant alloy as a liner.

« Mon-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, MIC 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 matter of considerable
concern in many applications.

Most MIC 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. [t generally occurs at ambient
temperatures but may occur at temperatures as high as 200°F (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 dissolved, m order to function). Often,
MIC is caused by a mixiure of several microorganisms living in colonies. [t
should be noted that while strictly anaerobic environments are not common in
nature, anaerobes are commonly found within the anacrobic microenvironments
that can develop in even highly aerated systems. For example, anaerobic
conditions can be established under the slime film formed by some acrobic types
of microbes.

A number of organisis are commonly associated with MIC, including
sulfate-reducing bacteria (SRB), sulfur/sulfide-oxidizing bacteria, iron/
manganese-oxidizing bacteria, aerobic slime formers, methane producers and
acid-producing bacteria and fungi.

= Sulfate-reducing bacteria (SRB) are anacrobes. They reduce sulfate to
hydrogen sulfide or, in the presence of irom, ferrous sulfide. [In the
absence of sulfate, they can become fermenters and use the resulting
organic compounds to produce acetate, hydrogen and carbon dioxide.
Some of these bacteria are capable of consuming hydrogen and thereby
act as cathode-depolarizing agents.

* Sulfur/sulfide-oxidizing bacteria are serobes. They can form bulky
deposits that may develop into anaerobic sites suitable for the growth of
SRB. Some types reduce sulfur to sulfuric acid, forming areas with pH
values as low as 1. These bacteria are usually found with SRB, where
they are able to draw energy from a synergistic sulfur cycle.

« lron/manganese-oxidizing bacteria derive energy from the exidation of
Fe'' to Fe'"". They are found in tubercles covering pits in the surfaces of
carbon steel, low-alloy steel and stainless steel.

« Aerobic slime formers produce extracellular polymers, commonly
referred to as slime.  Slimes create an excellent environment for
anagrobic SRB organisms,

* Methane producers consume hydrogen and are capable of cathodic
depolarization, They often exist in symbiotic relationship with SRB.
The SRB produce hydrogen, carbon dioxide and acetate by fermentation,
and methanogens consume these compounds, thus permitting the
fermentation to continue.

* Acid-producing bacteria and fungi have been reported to be involved
with corrosion of gas lines and aluminum fuel tanks.

The organisms that produce MIC usually form discrete biodeposits—either
nodules or flat shiny deposits. An exception is when the organisms exist in high
concentrations in anaerobic soil environments, where they do not need to form
cither a film or a deposit 1o become active. Under such conditions, these
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organisms can still produce metabolic products in sufficient concentration to
promote corrosion.
There are four prerequisites for MIC:

1. Microbes must be present in the environment.

2. The service lemperature range must support microbial metabolism. Most
organisms are most active in a narrow temperature range (10 to 20°F (5
to 11°C)). However, certain organisms can be active 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 anzerobic 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

Steels and stainless steels are the materials that seem to support the greatest
amount of MIC activity in the hydrocarbon and chemical process industries.
This may very well be because of the extensive use of these materials in these
industries, The results of a 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 sensitization increases
susceptibility to MIC. Accordingly, it is prudent to avoid sensitization, since it
can lead to selective attack 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 may 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 fuel tanks and transfer lines. In
this case, microorganisms grow in the water layer under the 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
comosion. Hence, MIC of copper alloys has been considered insignificant. But
there are copper-resistant organisms that have been associated with the corrosion
of copper. Corrosion of copper condenser tubes by microbially produced
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Table 3-3 Percent colonization after four years'

B PERCENT
" COLONIZATION
Type 304 §S 100
Type 316 5§ 21
Type 316L §§ 15

6% MosS 2
Ti 0

'Refer to Ref. [26].
Source: Reprinted with permission of NACE International.

am_m;miu has been reported. In addition, sulfuric acid produced by microbial
activity has been associated with corrosion of underground copper pipes.

There are no reported cases of MIC on titanium.
. Some non-metallic materials such as 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
resistant 1o attack by most microbes, SRB can selectively attack the organic
surfactant used on the glass fibers. As a result, the glass-resin bond can be
disrupted and the composite damaged. Also, hydrogen-producing bacteria can
disrupt the glass fiber-resin bond.

Some anacrobes oxidize sulfide or sulfur to sulfuric acid. These bacteria

proliferate inside sanitary sewer lines and can be responsible for rapid corrosion
of concrete mains,

3. Mitigation Methods

?l'h: 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 requires the combined commitment of design, construction
u]d operation. Other measures include using barrier materials such as those
discussed in Part 2 of Chapter 2 or using materials resistant to damage by MIC.
Once an MIC problem. develops, the common control methods inc'ude:
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* Mechanical cleaning using brushes, pigs, sponge balls, water or gas jets.
Operational procedures such as backwashing or flow jogging are also used.
These methods are intended to disrupt and disperse microbial colonies.
However, they are ineffective at killing microbes. Consequently, these
methods are usually used in conjunction with a subsequent chemical
treatment.

* Chemical methods such as acid cleaning and the use of biocides or biostatic
agents, inhibitors, surfactants and dispersants.

Acid cleaning is in a class by itsell in terms of effectively killing
microbial colonies. Other chemical treatment methods such as biocide
treatment, 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 products such as tubercles. Consequently, other chemical
treatment programs are usually used in combination with some sort of
mechanical or chemically assisted cleaning.

C. STRESS CORROSION CRACKING
1. Introduction

Failures due to stress corrosion cracking (SCC), while not common, may occur
without waming, and when they do occur, they may have catastrophic
consequences, In evaluating the risks of stress corrosion eracking, keep in mind
that safety may be a central issue.

Each type of stress corrosion cracking requires very specific coincident
conditions in order for the mechanism to produce cracks. Such conditions
include a susceptible material and the appropriate combination of stress,
temperature, crack-inducing agent, pH, aeration, etc. For example, chloride
stress corrosion cracking 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 could otherwise cause chloride cracking
of austenitic stainless steel.

There are at least three types of siress corrosion cracking:

*  Hydrogen stress cracking (e.g., sulfide stress cracking).

* Anodic stress cracking phenomena such as alkaline stress cracking of
carbon steels and chloride stress cracking of austenitic stainless steels.

* Intergrarmular stress cracking such as that caused by polythionic acid stress
cormosion cracking.
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Stress corrosion cracking is usually associated with the residual stress fields
of welds, although cracking can occur in stressed or cold-worked parent metal.
It has been shown that the development of a stress corrosion crack requires the
presence of a fensile stress. Such cracking does not occur with shear or
compressive stresses. Most forms of stress corrosion cracking depend on the
presence of an electrolyte, usually liquid water, containing the crack-inducing
agent.

It is common practice 1o specify special metallurgical and fabrication
requirements to prevent or minimize the risk of stress comosion cracking in
pressure retaining services. The three most common measures are hardness
controls, normalizing, and postweld treatment.

Hardness Conlrols

Hardness controls should be required for any stress cracking mechanism
involving hydrogen embrittlement or hydrogen stress cracking.

Hardness controls are used primarily 1o reduce the risk of crack initigtion.
Crack propagation risks can be reduced cither 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).

The following measures are recommended when hardness controls are
indicated:

* NACE RP0472 ("Methods and Controls to Prevent In-Service Cracking of
Carbon Steel Welds in P-1 Materials in Corrosive Petroleum Refining
Environments™ [7]) limits the hardness of carbon steel weld metal to 200
BHN or less. Weld procedure qualification testing is required to ensure that
the heat affected zone hardnesses 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 of NACE RP0472 is referenced, it is also the intent
to reference the following limits:

s | <Cr<3: 225 BHN
s 3<Cr<9% 241 BHN (approximately RC 22)

Be especially alert to potential hardness problems in welds involving
dissimilar metals and in welds involving unusually different thicknesses at
the weld joint. Tube-to-tubesheet welds and thin fillet welds used to attach
tray support rings are examples of the latter problem.

* In the absence of a better specification, materials subject to hydrogen stress
cracking mechanisms should be required to meet the limitations of NACE
MRO175 (“Sulfide Stress Cracking Resistant Metallic Materials for Oilfield

Failure Modes 179

Equipment” [8]. Refer to the section “Wet Sour Service” (p. 196) for a
discussion of MRO175.)

Normalizing

Nomalizing, or normalizing and tempering, are used to increase the fracture

toughness of carbon and some low-alloy steels. Other heat treatment methods such as

quench and tempering may be used for materials such as some of the Cr-Mo steels.
Note that NACE MR0175 [8] requires that all carbon and low-alloy steels in

wel sour service have a toughness-enhancing heat treatment, Normalizing is
conventional. Hot rolling is acceptable for carbon steel in wet sour service.

Postweld Heal Treatment (PWHT)

Postweld heat treatment is primarily a stress reduction technique. It is the
primary mitigation measure for avoiding alkaline stress corrosion cracking in
carbon steels. 1t is also useful for minimizing 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, PWHT and normalizing may be unnecessary if the
combined stress in tension is less than the “ten percent rule.” Examples of such
applications are small day tanks, many atmospheric vessels, low-pressure
equipment and piping, and drains. Under such conditions, the residual stresses
and/or untempered hardnesses of welds and/or heat affected zones may indeed
initiate cracking 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 are often not cost effective for such
low-stress situations. If capital cost is a concem, the ten percent rule may justify
avoiding expenses such as those of hardness controls, PWHT and normalizing.

There are at least four exceptions where risk-limiting measures may be
justified in low-stress situations:

1. For new equipment subject to local laws that mandate conformance to an
engineering code in which such measures are required

2. In cases where through-thickness cracks, even though stable, would release
a lethal, flammable or corrosive substance in a site of potential harm

3. For thin-ligament pressure-containing 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 or piping where subsequent inspection and/or repairs
after long-term service would be excessively expensive (e.g., where
congestion may make it very difficult to mobilize equipment or where such
activities would lead to unacceptably long plant shutdowns)

In the event that the risk of stress corrosion cracking is too high for carbon
or low-alloy stecls, consider selecting a material immune to stress corrosion
cracking. For example, use carbon steel clad with Type 304L SS in severe
amine services.

What follows is a brief summary of some of the common crack-inducing
agents, conditions and materials that are known (o cause siress comosion
cracking.

2. Crack-Inducing Agents

A distinction should be made between an active crack-inducing agent and one
that, while present, causes no harm. Most crack-inducing agents require the
presence of an electrolyte in order to be active. For example, H;S is not
regarded as a crack-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 information necessary to determine
ifa crack-inducing agent is active or can become active,

Amines

Amines can cause alkaline stress corrosion cracking in carbon steels. This is a
form of anodic stress corrosion cracking. It has become standard practice to
postweld heat treat all welds in carbon steel components if the amine
concentration exceeds two wt. percent, 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 occur 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 differentiate among amines, requiring postweld heat 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 for others. Until extensive and firm experience-based industry guidelines
are established, the best policy is to require postweld heat treatment for carbon
steel welds in all amine services unless user experience indicates otherwise.
Note that API Publication No. 945 “Avoiding Environmental Cracking in Amine
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Units™ [19] does not cile a pressure threshold below which postweld heat
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
that most “anhydrous™ ammonia contains sufficient water 1o prevent this
problem. Postweld heat treatment of carbon steel welds is recommended.

Aqueous ammonia can cause stress corrosion cracking in copper and copper
alloys. Such ammonia is usually unintentionally present, often being a degradation
product of filming amines used for corrosion inhibition, from amines used in the
gas sweetening plant or from water treatment chemicals such as hydrazine. Such
alloys should not be used if they could be accidentally exposed to ammonia.

Carbonates and Bicarbonatas

Combinations of carbonates and bicarbonates, present at concentrations
exceeding 1 wt. 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 soil 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 from alkaline stress corrosion cracking.  Postweld heat
treatment is normally required.

This type of stress corrosion cracking can be inhibited, as is shown by the
successful use of inhibited hot carbonates in some proprictary CO, reml?val
systems in which carbon steel is the recommended material of construction.
Carbonate/bicarbonate cracking has occurred extemally in some hot buried
carbon steel pipelines. Such cracking is relatively uncommon and is usually
associated with disbonded coatings. Cracking in pipelines occurs most often in the
parent metal, so postweld heat 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 ar!d
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. Postweld 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 less 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 modemn plants. In particular, upsets such as high-temperature
episodes in otherwise cool caustic systems are the usual cause of such cracking.
There have been reports of caustic stress corrosion cracking in systems that have
been steamed out without prior water washing or flushing. Cracking has also
been observed in carbon steel systems because 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 relieved/postweld 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 corrosion cracking in austenitic stainless
steels, such cracking can occur. Since there are other reasonably competitive
materials choices, selection of austenitic stainless steels for caustic service is
usually avoided. In any case, austenitic stainless steels should not be used in
caustic services at temperatures exceeding 250°F (120°C), the threshold
temperature for caustic stress corrosion cracking 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 are 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),

Chiorides

Austenitic stainless steels are well known for their susceptibility to failure by
chloride stress comrosion 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.

* Temperature. CSCC is virtually unknown for neutral pH solutions at
temperatures below 140°F (60°C).

¢ Chioride concentration. “Safe” chloride concentrations as a function 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 Chiloride stress corrosion cracking 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 are to be avoided. Note
also that extreme values of other variables such as pl 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
work such as U-bending heat exchanger tubes. Solution annealing is
effective in reducing such stresses but usually causes warping. Postweld
heat treatment is somefimes used to reduce welding-induced residual
stresses in ausienitic stainless steels. Some users employ stress relief heat
treatment to control the effects of cold work, for example, U-bends in heat
exchanger tubes. Sometimes shot peening is used to ensure that exposed
surfaces are in compression.

Recall from the discussion of sensitization in Part 2 of this chapter, that
postweld heat treatment and/or stress relief heat treatment of stainless steels
can cause severe sensitization. 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. Under normal circumstances, dissolved oxygen must be present at
a concentration of at least 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
susceptible by upsets or oversights such as low pH episodes, high-temperature
excursions, 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-5.5Ni-3Mo-N; UNS
S31803). The latter alloy has a CSCC threshold of about 350°F (175°C) in
neutral saling waters. 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 stainless 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, dust or water. The risk of external CSCC may be complicated by the
necessity for external insulation. Tnsulation prevents normal cleansing by
rainwater. [t 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
potentinlly catastrophic nature of an externally induced CSCC rupture, the
evaluation of its risk should be regarded as a safety issue. There are several
mitigation 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 environmental
cracking. However, in this instance, one often does not have many
economical choices.) Epoxy coatings are nommally used for metal
temperatures up to about 250°F (120°C), with modified silicone-based
coatings used for higher metal temperatures.

* Clad construction (carbon steel overlayed or clad with stainless steel) may
be specified for vessels, heat exchangers and piping.

*  Alloys immune to CSCC may be specified.

* Peening is occasionally used to prevent chloride stress corrosion cracking.
The method is not without risk, as operating stresses, pipe movement, etc.
may nullify the benefits 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 can cause accelerated
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sulfide stress corrosion cracking of carbon and low-alloy steels, if present at a
concentration greater than about 20 ppmw. Postweld heat treatment is
recommended for carbon and low-alloy steel welds exposed to combinations of
cyanides and wet H,S.

In addition to acting as a cathodie poison, eyanides can accelerate metal loss
due to wet hydrogen sulfide corrosion. Normally, sulfide films are relatively
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
corrosion,

Hydrogen Sulfide

Hydrogen sulfide can cause sulfide stress corrosion cracking (SSCC), hydrogen
induced cracking (HIC) and stress oriented hydrogen induced cracking (SOHIC).
SSCC is a form of hydrogen stress cracking, known to occur in many steels and
alloys. HIC occurs in “dirty” steels. Stress is not required for such cracking.
SOHIC is a stress-assisted form of HIC. When observed, it is usually seen in or
near the heat affected zones of restrained welds, where growth of the cracks is
probably assisted by residual stresses,

All of the above forms of hydrogen cracking begin with wet hydrogen
sullide 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. Nascent hydrogen tends to dissolve into the metal rather than combining
with another hydrogen atom to form hydrogen gas.

2. Normally, this type of corrosion is rapidly slowed by the formation of a
polarizing layer of H; at the anode. However, the sulfide ion prevents such
polarization. Thus, corrosion continues, with the generation of a large
amount of nascent hydrogen, until the corrosion process is brought to a halt
by the formation of a thick film of dense iron sulfide.

Sulfide Stress Carrasion Cracking (8SCC)

Sulfide stress corrosion cracking is a form of hydrogen stress cracking. 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 occurs,

Sulfide stress corrosion cracking can develop in areas of excessive metal
hardness. For carbon steels, hardnesses in excess of Rockwell C22 are usually
required. See Figure 3-12 for an example 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 until thev form a through-thickness 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 International, Inc.)

can be very long, up to several feet, before they become unstable. They have
caused several sudden ruptures in vessels, piping and pipelines. Some of these
filures 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 has 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.

il is essential to control weld hardness. NACE RP0472 (7] places a limit of
200 BHN on carbon steel weld metal hardness. Weld procedure qualification
testing requires the heat affected zone hardnesses not to exceed 248 VHN.
NACE MRO175 contains detailed recommendations on hardness and fabrication
limitations 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 hardnesses sufficient to cause SSCC. When seen, cracking caused by
excessive hardness is usually due to one of the following,

« Dilution effects in a dissimilar metal weld,
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= A weld joint, without adequate preheat, that combines two pieces of greatly
different section thicknesses, Tube-to-tubesheet welds and low-heat-input
single-pass welds such as tray ring attachments are examples.

= Cold working that increases the residual stress of the area that subsequently
cracks,

= Use of a microalloyed steel, in which welding creates hard spots in the heat
affected zone,

As was discussed in Chapter 2, microalloyed carbon steels have a tendeacy
to produce excessively hard weld heat affected zones. It has been shown that
such heat affected zones are often difficult to temper (i.e., soften) by postweld
heat treatment. Microalloyed carbon steels should not be used in welded
construction subject to SSCC unless the welding procedures are carefully
qualified to show that they produce heat affected zones of acceptable hardness.
Weld procedure qualification tests should include microhardness surveys across
the heat affected one in order to show that the procedure does not produce
localized “hard spots.” NMACE RP0472 [7] and NACE MR0175 [B] are useful in
specifying the requirements for controlling heat affected zone hardnesses.

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 stress is usually necessary to reduce the susceptibility to
stress cracking. For such severe SS5CC services, postweld heat treatment is
recommended.

Hydrogen Induced Cracking (HIC)

While HIC is technically not a form 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 sulfides), 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 flattened inclusions are ordinarily less than one mm 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 products.

The tendency of a steel to undergo HIC is aggravated by a banded ferrite-
pearlite microstructure (see Figure 3-13 for an example 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-peariite 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. These zones, of differing hardnesses,
separate into finely divided layers of ferrite and pearlite when hot rolled. Steel
made from continuously cast steels (steels that are poured through a chilled mold
and solidify as an elongated slab) are typically less segregated. When hot rolled,
these steels produce plate with minimal banding. The ASTM specifications used
for purchasing comventional 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 1o
1650°F (705 to 900°C)). It can be particularly susceptible to HIC. At these rolling
temperatures, the manganese sulfide inclusions are appreciably softer than the steel
and easily flatten to-form the crack initiation sites characteristic of HIC.

Hydrogen-induced cracking is essentially a crack 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. 5. Al-Omairy and Dr. E. M. Moore, Jr.)

Figure 3-15 Hydrogen surface blisters in steel pipe, caused by H,S
service.
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Figure 3-16 Splitting and bulging in carbon steel plate, caused by the
growth of an embedded blister. (Courtesy of Mr. M. 5. Al-Omairy and Dr.
E. M. Moore, Jr.)

inclusion-mairix interface to split. This separation initiates an HIC crack (Figure
3-14). If the initiation site is near a free surface, the HIC crack results in a blister
(Figure 3-15). If the plate contains multiple initiation sites that are internally
embedded and the plate is relatively thin (less than about '4" (12.5 mmy}), a split
can develop parallel to the surfaces of the steel plate. The effect is often viewed
as a very large blister. (See Figure 3-16 for an example of an embedded blister.)
If the plate is relatively thick, staggered internal HIC cracks can link up, via
cross-tearing (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
130°F (0 to 55°C). Above 130°F (55°C), HIC damage proceeds slowly, if at all.
Mote, however, that HIC damage can occur during cooldown in systems that
normally 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, ctc, such cooldowns should be regarded as crack-inducing upset
conditions, which should be noted on the materials selection template.



Figure 317  Hydrogen induced cracking that has developed into
::apwisa cracking. (Courtesy of Mr. M. S. Al-Omairy and Dr. E. M.
oore, Jr.)

Conventional carbon steel fabrication utilizes carbon steel plate chemistries
and welding procedures 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 blisters or stepwise cracks
emerging at a surface to the characteristic ultrasonic inspection signals from
cracked multiple staggered inclusions, at various depths in the plate.

HIC initiation is not significantly influenced by either hardness or heat
treatments such as normalizing or postweld heat treatment. Propagation of
ﬂﬂlhiﬁtmdbyHIchnbehhihiudbymnimmmdﬁtﬂmumum&ﬂ
results from such heat treatments. 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 resistant carbon steel, refer to the section “Wet Sour Service”
(p. 196); also see Appendix 7. Forgings, castings and seamless pipe are con-
sidered to be essentially immune to HIC, since they normally do not contain the
flattened non-metallic inclusions necessary to generate HIC cracks,

Plate made from continuous cast strand can be particularly susceptible to
HIC if measures are not specified to ensure a clean steel. This unusual
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susceptibility is due to the segregation of tramp clements such as sulfur to the
center line of the strand during continuous casting. Since this fact is widely
known by plate and pipe manufacturers, who routinely take appropriate
countermeasures, problems are rare. However, care should be exercised when
dealing with manufacturers of plate or welded pipe who are not experienced in
HIC control.

Stress Oriented Hydrogen Induced Cracking (SOHIC)

SOHIC forms through-thickness cracks by linking up stacked small internal
cracks. It usually occurs in heat affected zones associated with the residual
stresses of welds. (See Figure 3-18 for an example of this type of cracking.)
Thick, restrained welds such as those of heavy nozzles are reported as being
especially susceptible. The mechanism involves two components:

. HIC cracks form in a stacked manner, that is, they are stacked vertically.
This forms a crack plane which is perpendicular to the surfaces of the plate.
The component cracks are usually very short but closely spaced.

2. A through-thickness crack forms by shearing the ligaments between the
stacked HIC cracks.

The development of the through-thickness linkage (and perhaps the
initiation of the stacked cracks) seem to be driven by the strong residual stress
fields of adjacent welds. Consequently, postweld heat treatment and normalizing
are usually recommended, as well as clean steel resistant to hydrogen induced
cracking.

Cross-tearing (also called stepwise cracking) of HIC cracks has been seen
with some frequency in pipelines but is not as 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 are susceptible to SOHIC).
Explanation of these observations probably involves differences in design
factors, maximum code-allowable stresses, steel making and environment.

Mercury

Liquid metallic mercury causes rapid intergranular cracking in copper alloys and
both intergranular cracking and pitting corrosion in aluminum alloys. The
cracking mechanism is called liguid metal embrittlement. The result is virtually
indistinguishable from intergranular stress corrosion cracking.

Cryogenic natural gas systems can pose o special hazard, Large amounts of
such gases are processed in liquified natural gas (LNG) plants and in plants that
take feed from LNG. The problem is mercury in the feedstock. Even low
concentrations of mercury in the feedstock gas, over a long period of time, can
generate concentrated pockets of mercury, Such 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) courtesy of Dr.
R. D. Kane, CLI International, Inc.]
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cracking 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). Intergranular penetration of the steel
substrate by zinc, from the galvanized surface, has been reported 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 andfor equipment. Under certain circumstances (usually
involving a plant fire), zinc can rapidly destroy the pressure integrity of an
austenitic stainless steel. At least one major plant disaster is thought to have
resulied from the phenomenon.

A report based on laboratory testing sheds some light on the problem of
liguid 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 l}Eﬂ"F (750°C).

The following situations are suspected of causing failures:

= Welding or cutting stainless steel components that have been coated with a
zinc-rich product such as inorganic zine 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 palvanizing 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 structural
configurations that avoid this situation.

Higher alloys such as Alloy 20 Cb-3 (20Cr-35Ni-2,5Mo-Ch; UNS N08020)
and Alloy C-276 (15Cr-54Ni-16Mo; UNS N10276) do not appear to be as
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susceptible as the conventional austenitic stainless steels. However, laboratory
tmsshwﬂmwnhalhy:nmmuym&yﬁqnidﬁmﬂhiﬂ-
temperatures. Accordingly, these materials should not be contaminated with
zinc.

Zinc contamination of stainless steels can occur during constrvction or

maintenance. The following mitigation measures are recommended:

* Avoid painting or overspraying stainless steel with zinc-containing
products. Prior to cutting or welding zinc-contaminated stainless steel, the
contaminant must be thoroughly removed.

* Never permit galvanized components to be welded to stainless steel unless
the zin coating has been adequately cut back.

. hﬂm@mnmumwurmwmm
mm“hmmvuﬂwwdddfwmmwhmhuﬁﬁgminlmml
nrhighmﬂoyhmuuﬁnrmilsinmnhmﬂminmmduihy
galvanized structural steel.

* Make sure that any markers used for marking or writing on stainless steel
components do not contain more than a few parts per million zinc. Many
users also place the same limit on lead, cadmium and tin, which can also
cause liquid metal embrittlement problems.

D. WET SOUR SERVICE

Wet sour services are common in the hydrocarbon producing and processing
industries. The major concern for such services is the various forms of hydrogen
cracking produced by wet hydrogen sulfide corrosion. NACE MRO175 is useful
in defining 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 MRO175 for “downstream™
appliuiinm'uibcsuhjmnfmemmvmy, Many downstream users,
hnhdhgmmufnmiumd:nphu,mndhﬂﬂ[?ﬁumwﬁmhhm
their operations. ?ﬁ.h}rchgmtract'mgmdmﬂm:dnnumpoctihe
artificial division between “upstream” {hydrocarbon  production) and
downstream (hydrocarbon processing) operations. In fact, in many downstream
facilities, the hydrogen cracking environment is more severe than in many
upstream operations. A strong case can be made that if MRO175 is applicable to
upstream facilities, it is even more applicable to downstream facilities, Thus,
until a downstream equivalent of MRO175 is developed, the document provides
useful guidance on fabrication practices designed to minimize the risk of
hydrqgmmkhmhﬂlh&liﬁunpwdlumiswpenfmmm
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For a wet gas system, NACE MROITS (8] specifies all of the following for
wel sour service:

= Ligquid 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 MROI75 does not define a threshold for sour water. A widely
accepted definition is that sour water is a wer sour service if it contains at least
50 ppmw dissolved H,S. To be consistent with MRO175, 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 0.05 psia (0.34 kPa) H,S 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 65 psia (0.45 MPa) total pressure threshold cited in the definitions of
wet sour service has nothing to do with the initiation of sulfide stress corrosion
cracks. The 65 psia (0.45 MPa) threshold essentially addresses the ten percent
rule. In practice, these low-pressure systems have such low stresses that they do
not propagate a brittle, catastrophic crack. Excessively hard steels can suffer
sulfide stress corrosion crack propagation at pressures less than 65 psia (0.45
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 practice, 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-to-tubesheet 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 an excessively hard 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 “dry” 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 effect
that the upset condition is governing.

A-‘-‘
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A number of other services such as hydrofluoric acid can penerate the
nascent hydrogen that causes hydrogen embrittlement, hydrogen stress cracking,
hydrogen induced cracking (HIC) and/or stress oriented hydrogen induced
cracking (SOHIC) in carbon steels. Such services should be treated as wet sour
for the purposes of materials selection.

As discussed carlier in this chapter (p. 114), carbon and low-alloy steels in
wel sour service can be exposed to the combined risk of hydrogen embrittlement
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) carbon 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 steels 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

embrittlement andfor cracking, special mitigation measures should be taken, or
materials resistant 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 Service

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:

* Mew equipment subject to local laws that mandate conformance to an
engineering code in which such measures are required. -

* Facilities in which leakages are unacceptable.

* Thin-ligament pressure-containing components where leaks could develop
quickly and would require unscheduled maintenance. Examples include
tube-to-tubesheet welds and thin-fillet welds used to attach tray support
rings. Hardness controls are usually adequate in such cases. Pay particular
attention to the potential hardness problems of dissimilar metal welds.

* Cases where through-thickness cracks, even though stable, 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-term
service would be excessively expensive, for example, where congestion
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would make it very difficult 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
(HIC). Examples include the overhead systems of fluid catalytic cracking units
and delayed coker units. Such processes typically contain significant quantities
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 sour services contain no other crack-inducing agents or cathodic poisons
and exist when the maximum design pressure is at least 65 psia (0.45 MPa). Such
services require that all metals and alloys conform to the hardness, manufacturing and
fabrication limitations of NACE MRO175 [8]. It is important that:

+ Al weld metal, heat affected zones and parent metal be hardness
controlled, This requirement should be adopted even if the fabrication is
postweld heat treated.

+ The weldment hardnesses for carbon steels is limited in accordance with
NACE RP0472 [7].

Postweld heat treatment is usually not required for carbon steel construction.
Note that postweld heat treatment may be used to soften welds determined to be
excessively hard or may be specified for thin-ligament weldments (such as tube-
to-tubesheet 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, Severe Wet Sour Services

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 various forms of wet H,S cracking. Examples
inclure:

= Wet sour light hydrocarbons such as wet sour liquid petroleum gas or
natural gas liquids

* High-pressure separation systems downstream of hydrotreaters and hydro-
cracking units
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Refer to NACE Technical Commitiee Report 8X194 “Materi

- N 5 rmls and

Fahr?caim Practices for New Pressure Vessels Used in Wet H;S Refinery

Service™ [28] for a detailed discussion of equipment in severe wet sour service i

refineries. =
Other severe wet sour services include:

* Processes that include other crack-inducing agents such as amines.
. P}'ﬂoemsﬂwmdw increase the concentration of nascent hydrogen
dissolved in the carbon steel, for example:

= Processes that include other cathodic poisons such as cyanides in
excess of 20 ppmw.

" ﬁoP:sm that include salt-forming cations that permit high concen-
trations of aqueous sulfides. The most common such cation is am-
monia, which produces highly soluble NH,HS.

»  Processes that interfere with the stability of the iron sulfide film that
usually protects carbon steel from active corrosion by wet hydrogen
Isulﬁ_d:. Examples include chemical cleaning and erosion due to
impingement or excessive stream velocities.

= Systems in cyclic service.

Severe wet sour service mitigation measures include all of the requirements
that apply to :Iunpln wel sour service. In addition, the following requirements
should be specified for carbon steel plate and plate products.

. Klrﬂed carbon steel.  Carbon steel plate and plate products (e.g., welded

im::l:lﬂbe made of fully killed plate made to fine grain practice (e.g.,
.'ﬂC" resistance.  Carbon steel plate and plate products in severe wet sour
service should be made of HIC-resistant plate,

=  Sulfur concentration should not exceed 0,002 wt. percent.

» The steel should be treated with calcium or rare earth metal for
inclusion shape control. Calcium treatment is the 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 TMO0284 [29], using the low pH solution of NACE
TM0177 [30]. This requirement is normally restricted to cross-country
pipelines made of welded pipe. Acceptance criterion should be that
the cm:k_lmgﬂ: ratio (CLR) should not exceed 15 percent. Modemn
steel making practice can reliably produce welded pipe with CLRs of 5
percent or less.

»  For cross-country pipelines, HIC-resistant plate should be required for
welded pipe intended for either simple or severe wet sour services. Note
that seamless pipe, castings and forgings are exempt from HIC concemns.
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= Heat treatments.
s Except for cross-country pipelines, HIC-resistant carbon steel plate

should be normalized.

s Welded pipe intended for plant service should have the longitudinal
weld seam normalized.

o Postweld heat treatment 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
maximum design pressure hoop stress is less than the ten percent rule, may be
as a low-risk service. Note, however, that blistering can still occur, Some
users are upset by bliseringp, even though blisters usually represent an aesthetic
rather than a threat to pressure integrity. Low-pressure systems that are
especially susceptible to HIC, such as the overhead systems of fluid catalytic cracking
units andVor delayed coker units, should be regarded as “simple” services, HIC-
resistant plate and plate products should be specified for such services.

E. CORROSION ALLOWANCE

Corrosion allowance is normally provided for vessels and piping. Most end
users require only an internal corrosion allowance. However, some companies
also require an external corrosion allowance for special circumstances 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 localized
mechanisms such as pitting. In areas subject to localized metal loss, comosion
allowance may provide a few years of life extension. However, the vast majority
of the corrosion allowance paid for is never used. Further, a net present waorth
analysis quickly shows that such extended life, unless taken advantage of in the
first few years 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 justify on technical grounds:

=« The real yield and tensile strengths of a material are usually 10-50 percent
higher than the minimum values in specifications such as those of ASTM.
The section thickness of vessel pressure plate and pipe wall thickness is
determined by the maximum code-allowable stress. The latter is
determined by the specified minimum yield or (tensile strength.
Accordingly, the section thickness as determined by the engineering code
often has an inherent corrosion allowance of 10-50 percent.

+ The calculated section thickness is based on the maximum design pressure.
The maximum design pressure is sometimes a good deal greater than the
masimum operating pressure,

M A & -, A& 4
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* ASTM specifications allow for mill under-tolerance on section thickness,
For plate and plate products, under-tolerance is usually 0.0107 (2.5 mm),
For many pipe specifications, the under-tolerance on thickness is 12.5
percent. The common piping codes require that thickness, as determined
by the maximum allowable stress and the maximum design pressure, be
adjusted upwards by the mill under tolerance.

* The wall thickness selected is usually the next standard thickness (ie,
schedule) available above the calculated thickness. This provides even
miore inkerent commosion allowance.

* In low-pressure applications, section thickness is ofien determined by
welding considerations. Section thicknesses less than about 027 (5 mm)
can generale problems with lineup, distortion or bum-throughs.  Section
thickness may also be dictated by availability. The thickness used therefore
has an inherent corrosion allowance. In many such cases, virtually the
entire thickness is corrosion allowance. ,

Criticism of the concept of corrosion allowance notwithstanding, 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 work,
the design life of carbon steel equipment in a corrosive service may be extended
by @ 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 effective alternative.

The requirement for corrosion allowance is spelled out in many user design
standards and purchasing specifications. In the absence of user or process
licensor guidance, the following guidelines are offered:

1. Design Life

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

Anﬁnlmumnf'f;'{lm}wmimﬂhwmshwldbepmﬁdndfumtm

steel and low-alloy vessels, heat exchangers and tanks, unless the service is
deemed non-corrosive,
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For high alloys, some users require a nominal corrosion ailuuzmce of about
',* (1.5 mm). In the absence of a user requirement, Zero COITOSION allowance
may be specified for high alloys. These recommendations apply to alloy plate,
hchdhﬁufchdphhmdlhtmﬁhyofnmh}'edpm.

In some cases, service requirements encourage different corrosion allgwances for
different parts of the same vessel, heat exchanger or tank. For example, the lower
course and bottom of a crude oil storage tank may have 1/8” (3 mm) comosion
allowance, for water corrosion. The upper courses, which are not exposed to water
mﬁmmhmﬁlf!?[lﬁm}ummmm

The alloy layer of clad or overlayed plate will normally be specified to be a
minimum of 0.125" (3 mm) thick. For heat exchangers, greater lhmh:ﬁs_usr
wﬂmmhmﬂmwmmmmﬂhnhmgdmg
pundle insertion and removal. If overlaying, consider whether a two-layer
overlay should be required, to accommodate weld dilution in the first layer.

3. Piping
The following corrosion allowances are usually adequate for carbon steel piping:

Corrosivity
Non- Mild Moderate Severe
corrosive
Corosion  0"(Omm) '\ (LSmm) ' (3 mm) 14 (6.4 mm)

allowance .

Examples  Air, nitrogen,  Treated cooling  Wet sour gas,  Aerated water, rich
dry hydro- waler, stem,  sour water, amines, ambicnt tem-

carbons wet hydro- utility perature wet CO,, hot
carbons waler, lean sulfur or sulfide
amines, (=S00°F (260°C)), wet
caustics salts, commosive
deadlegs, hot steam
(>1000°F (>540°C))
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CORROSION TESTING

A. INTRODUCTION

Corrosion testing is a broad discipline that includes topics such as corrosion
monitoring, investigating 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
materials durability that is of primary interest to personnel responsible for
materials selection.

In this chapter, the primary emphasis is on the factors !h.&l affect the design
of corrosion testing programs developed for the purpose of evaluating materials.
The objectives are (1) to explain what corrosion-testing programs can
accomplish and (2) to provide guidance that will be useful in developing such
programs. The user can then turn to the literature [1, 2] and/or to specialists in
the area of testing for assistance in developing appropriate programs. When
corrosion testing is necessary, reference to these 'sources is strongly
recommended,

Corrosion testing is not widely practiced when dcsigumg plants for mature
technologies such as most hydrocarbon and chemical process plants. However,
even mature technologies are 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 acid salts. When corrosion testing is necessary for these plants, the test
program is normally relatively straightforward, since the test objective(s) are
well defined by the problem itself. Corrosion testing for these types of problems
may start with some laboratory testing, but usually the most favored materials
under consideration are tested in an operating plant. Pilot plant testing is
desirable for screening tests, if such a facility is available.

206
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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
defined because of previous testing or operating experience to ill defined for a
prototype 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 itsell. An example of the latter objective is product contamination
by the material of construction.

Unlike refineries and most petrochemical plants, where companies often have
similar equipment, many industrial chemical units are one-of-a-kind. This often
means that there is no operating history to use as the basis for selecting materials.
Also, it may be only a few years before technology advances make the process
obsolete. A third consideration is that the equipment may be called on to make more
than one product. Sometimes this multi-product use is part of the original design but
sometimes it is the result of changing conditions and/or technology. These factors
tend to create conflicting objectives between selecting (1) materials that will give
long, reliable service and (2) materials of lesser reliability but also of lower cost.
There is no uniquely correct answer as to what strategy to use. However, whatever
strategy Is chosen, it is always important that the tests conducted provide reliable
results so that materials selection choices are made on the basis of accurate and
meaningful data,

There are two key elements in a corrosion testing program designed to
provide data suitable for selecting materials of construction. The testing
program must be designed to accommodate both of the following;

¢ Test variables: the effects of temperature, pressure, pH, etc.
v Test methods, specimen immersion, electrochemical methods, types of
specimens, elc,

In the following sections, these elements will be discussed in detail.

B. IMPORTANT VARIABLES

The variables 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 are often regarded as relatively constant,
since the usual goal is to maintain a constant process environment. However,
even continuous operations are subject to upset conditions such as startup and
shutdown and to differences between start-of-run and end-of-run.
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In many cases, continuous processes are easier to characterize becanse,
when the process is operating under control, the environment in any part of the
process is fairly constant. Care must be taken to ensure that the effects of proces;
startups, shutdowns and other upsets are considered, since the most damaging
conditions may occur during these times.

Another characteristic of continuous processes is that each unit supplies raw
materials to the following unit. Thus, if 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 to 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 construction to 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 startup and shutdown and differences
between start-of-run and end-of-run.

One approach to testing materials for a batch process is to expose samples of
the candidate materials of construction in a number of batch cycles in a plant,
pilot plant or research laboratory. 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 chemistry
and the behavior of candidate materials 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 of requirements for the tests needed to
characterize materials requirements.

In Chapter 3, it became apparent that there are many variables that can
affect the corrosivity of a system. These variables are also important in testing
for materials durability,

3. Temperature

Plastics, coatings, linings, elastomers and the like have rather severe temperature
limits and can be used successfully only within these limits. Table 24 (p. 61)
lists the maximum operating temperature for a number of plastics and coatings.
A word of caution is in order about the temperatures listed in this table. These
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temperatures are for non-corrosive applications. The maximum temperature for
a specific application may be much different. For example, th:_mammuql
temperature for vinyl ester—reinforced thermosetting resin construction, for air
service, is 355°F (180°C) and for steam it is 220°F (104°C). For deionized
water, the maximum recommended temperature is 180°F (82°C) and for
dichloroethane it is only 80°F (27°C). To be safe, the person selecting a plastic
for chemical service must obtain data on the behavior of that material in the
specific environment. The literature (3] and manufacturer’s data are often very
useful in determining maximum service temperatures or in helping to define the
temperature range 1o use in a corrosion testing program.

For many cofrosive environments, the rate of corrosion of metals and alloys
increases with increasing temperature. However, there are exceptions, such as
the comosion of carbon steel by wet CO,, 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 cormosion
and pilting can be especially sensitive to temperature. In some casm,ld:,r_ﬁhald
temperatures exist, below which the risk of such comosion is insignificant.
Temperature changes may also affect the polasity of galvanic couples. anlcxamp]c
is the iron-zinc couple (e.g., galvanized steel). In some domestic waters, iron may
become anodic to zinc at temperatures over 180°F (82°C),

The effects of heat transfer on corrosion rate depends on the system. [f
corrosion is under activation control, the presence of heat transfer might not
have much effect. On the other hand, if corrosion is controlled by diffusion
(e.g., oxygen), then heat transfer may greatly change the corrosion rate. There
are three possible causes.

I. A temperature difference between the wall and bulk solution may affect the
solubility and diffusion coefficient of the diffusing species.

2. Boiling at the surface can increase turbulence or increase diffusion.

3. Heat transfer in the absence of fluid flow, as in a stagnant tank, can cause
natural 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 determined by
its vapor pressure (c.g., wet CO;). A classic example is the difference in
corrosion 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 temperature increases, the corrosion rate increases until about 175°F
(80°C). In this temperature range the water vapor pressure increases rapidly,
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FIgurqH Retaining dissolved oxygen in a closed system boosts the
corrosion rate. (©Copyright 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 s0 important to 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 ionized, 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 example 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 controlled by hiydrogen 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 stress
comosion cracking.

6. Velocity

The influence of fluid flow rate on corrosion depends on the alloy, the fluid
chemistry, the physical properties of the fuid and the geometry of the
equipment/piping system, and can depend on the corrosion mechanism. In some
cases, the dependence is fairly direct. For example, the rate of corrosion of
carbon steel in water in the near-neutral pH range is governed by dissolved
oxygen acting as a cathodic depolarizer. The overall rate of reaction is governed
by the rate of mass transfer of dissolved oxygen from the bulk fluid to the
surface. The rate of mass transfer is, in turn, governed by either the diffusion
rate of the dissolved oxygen or by factors such as turbulence.

The presence of fluid flow can sometimes be beneficial in preventing or
decreasing localized attack, such as pitting and crevice corrosion. For example,
oxide-stabilized alloys, such as Types 304 and 316 stainless steel and many
nickel-chromium alloys, will pit in stagnant seawater more readily than in
flowing seawater. When water is stagnant, the mass transfer rate of oxygen is
insufficient to maintain a completely passive surface and pitting can result. Low
flow velocities of seawater also contribute to the formation of deposits and
marine growth such as mollusks and bamacles, both of which promote crevice
corrosion attack.

Under other circumstances, fuid 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 attack 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 attacked. Erosion corrosion rates can be very rapid.

7. Process Chemistry

The composition of the process stream is usually the most imporiant of the
variables affecting comosivity. A sound understanding 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 towers, there is a continuous change in
process conditions through the unit. It is not always practical to conduct tests at all
of these 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 the best test conditions.
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The presence of small quantities of chemicals as contaminants is frequently
overlooked in designing tests for selecting materials for industrial chemical
applications.  Often, such contaminanis are chemicals that are present
unintentionally, and usually they have no effect on corrosion behavior and can
be safely ignored. However, sometimes this is not the case. Consider, for
example, the effect of a few drops of water in an otherwise all-organic
environment. This water may have no effect on the process, but it can
completely change the corrosion environment.

* Whereas carbon steel might have been satisfactory if water were not
present, stainless steel may be required to avoid contaminating the
process with the corrosion products of iron. If the organic chemicals
include a halogenated compound, higher alloys or a lining (e.g., glass)
may be required to avoid pitting, crevice corrosion and/or stress
corrosion cracking.

* If the vapor phase contains a crack-inducing agent such as hydrogen
sulfide, local damage from sulfide stress cracking, stress oriented hydrogen
induced cracking and hydrogen induced cracking may occur.

In another example, a sreall quantity of a contaminating compound resulted
in equipment failure at 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 tank would normally be completely satisfactory.
However, 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 HCI into a nearby control room. Fortunately,
no one was hurt, but the process was down until the tank was replaced.

Perhaps the most common chemical contaminant is the chloride ion.
Chloride jons 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 cracking of austenitic stainless steels and
related alloys, Most pitting and crevice corrosion is associated with chlorides.
Bromides and hypochlorites can be similarly harmful. Fluorides and iodides
have comparatively little pitting tendencies,

Crevice corrosion may occur under deposits, under gaskets or any other
place where the opening is wide enough to permit liquid entry but namow
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.

Oxidizing metal ions with chlorides are aggressive pitting agents. Even the
most corrosion-resistant alloys can be pitted 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 eracking is a constant 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. It is also desirable to reduce the presence of deposits that
provide an opportunity for chloride concentration.

Trace amounts of oxygen can also be a major causc of accelerated comosion
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 accelerated test methods are used to evaluate the sus-
ceptibility of materials to corrosion and other degradation damage. The
advantage of real-time test 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.

+ Many real-time comrosion tests provide data on weight loss per unit time.
Most testing is based on coupon exposures, in laboratory or process streams.

* Other real-time coupon tests are used to produce data on the efficacy of
chemical cleaning programs, inhibitors, ete.

* Many of the electrochemical tests performed in the laboratory are real-time
tests, providing data on phenomena such ag passivation, galvanic corrosion
and the threshold temperatures for pitting and crevice corrosion in oxide-
stabilized alloys.

* Some real-time coupon tests provide data requiring long-term exposure.
Examples include creep tests, paint panel tests (both immersion and
atmospheric) and tests for sensitization and embrittlement.

Accelerated 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 severe test conditions to produce data that are indicative of the
resistance of the test material to the test medium. To produce a sufficiently severe
environment, one or more of the test variables is made deliberately far more severe
than will be seen in actual service. Examples include tests for hydrogen induced
cracking (HIC) resistance, salt spray tests for materials exposed to marine
environmenis and autoclave tests for various types of disbonding.
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In some cases, accelerated test data can be used to judge the probability of
success of a material in a particular service. This ability is usually based on
being able to relate operating history to accelerated test data [4]. However, ip
most cases, accelerated testing is not predictive of what is to be expected in
service. The tests are primarily intended to rank the resistance of materials to the
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
the intended service. Unless once has access Lo historical operating data thay
relate accelerated test data to operating success, it is best to use accelerated test
data only for ranking materials.

Occasionally, one hears the argument that accelerated testing is too severe,
that it does not realistically represent long-term operating conditions. It must be
kept in mind that the purpose of the accelerated test is to produce failare data, in
a short time, 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
the ability to rank materials.

2. Metals and Alloys ;
Corrosion test methods for metals and alloys can be grouped into two categories:
electrochemical and non-electrochemical.  Among the electrochemical tech-
niques that have been used successfully for corrosion prediction are poten-
tiodynamic polarization scans, clectrochemical impedance, corrosion current
monitoring, controlled potential tests for cathodic and anodic protection, and the
rotating cylinder electrode for studies of velocity effects [1; in particular, refer to
Chapters 7 and 9). Though 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 either the laboratory or the plant. The test program should include,
as applicable:

= Vapor phase coupons and partially submerged coupons in addition to
normal immersion testing

*  Weld metal, heat affected zone and deliberately sensitized specimens

* Appropriate coupons if fabrication or construction will include cold work,
stress relief and/or postweld heat treatment

* Creviced samples, usually made with artificial crevices created with a
serrated washer

= Test samples exposed to the corrodent on one side and heated or cooled on
the other side in order to evaluate heat transfer effects

= Stressed samples 1o evaluate stress corrosion cracking tendencies
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3. Plastics and Elastomers
Test Environment

When the process fluid 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 differently. Therefore, it is critical that the volume
of test fluid be sufficiently large for all of the components to react with the
polymeric material being tested and that the test fluid be refreshed frequently.
The ideal situation is to conduct the test 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 important that:

» The test fluid represents the service conditions as closely as possible.

» All organic chemicals contained in the process stream are present, even if in
trace quantities.

= Any inorganic acids that can act as catalysts be indicated if they are present
in the process stream.

+ The test fluid be changed frequently to ensure that components consumed
by the reaction with the polymeric material are replaced. When ftrace
quantities of organic compounds are present, this requirement is especially
important,

= When liquid and vapor exposure will oceur in service, test samples are
present in both the lio 1id and vapor phases of the test fluid.

Test Samples

The nature of the test sample depends on the application. If the polymeric material
is to be used as a structural 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 particularly appropriate if permeation that could lead to
disbonding of the coating is a concem. At this time, there is no universally
accepted test sample size, shape or form. 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 not included in this list
» ASTM C 581: “Standard Practice for Determining Chemical Resistance of
Thermosetting Resins Used in Glass-Fiber Reinforced Structures Intended
for Liquid Service.”
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* ASTM D 570: “Standard Test Method for Water Absorption of Plastics ™

= ASTM D 3681: “Standard Test Method for Chemical Resistance of
Reinforced Thermosetting Resin Pipe in a Deflected Condition.”

* ASTM D 471: “Standard Test Method for Rubber Property—Effect of
Liquids.” :

* ASTM D 4398: “Standard Test Method for Determining the Chemical
Resistance of Fiberglass-Reinforced Thermosetting Resins by One-Side
Panel Exposure.”

A test method based on a test described by Fisher and Carpenter in 1981 [6)
has been proposed by Niesse [7]. This method is being evaluated by NACE
Technical Committee T-3L-19, “Chemical resistance of Polymeric Materials by
Periodic Evaluation.” The test involves periodic evaluation of samples exposed
in a test fluid. The initial test periods are typically short and increase in duration
as the test progresses. This procedure permits more effective monitoring of
changes in properties over time, since the initial changes are often rapid and
become slower with time. .

Test observations may include changes in weight, hardness, color, dimensions
and appearance. Of these, weight is the primary measurement since it is easy to
obtain accurate values without damaging the specimen. Typically, a plot of weight
change vs. time is prepared. This reveals rate-of-change information and can be
used 1o make reliable predictions of polymer performance. This test has been used
for thermoplastics, thermosets and elastomers.

An important feature of this test is the requirement of drying the samples at
the end of the immersion test. One should also record the weight change vs.
time curve for this process. This drying or desorption portion of the test is
carried out at the same temperature as the immersion portion. If the sample’s
final weight after drying is similar to the original weight, this is an 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-term behavior. Initial observations can quickly
identify those materials that would perform poorly. This makes the selection
process more elficient by early climination of poor performers. 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. The samples
can be subjected to mechanical property tests at the end of the test sequence.

This test method does have some disadvantages. More testing effort is
required, Because the samples are removed from the fluid and re-exposed, there
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is more handling required than with conventional tests. This extra handling may
be of special concem if the test fluids are toxic or otherwise 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 concem only if some of the
absorbed fluid 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 ssturate earlier than a thicker sample. Finally, criteria for
acceptable 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 concems about handling and reinserting samples into the 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 acceptable alternative.

Criteria

The acceptance criteria for selecting a polymeric material depend on the
application. There is almost always some absorption of the process fluid into the
polymeric material. With elastomers, and to a lesser extent with other polymeric
malerials, permeation may occur. Permeation is caused by diffusion of one or
more of the components of the process fluid through the wall of the polymeric
material. In many cases, this is not harmful but it can result in disbonding of
linings or loss of product. The following criteria are typical for many applica-
tions but do not fit all cases.

Weight changes of 5 to 10 percent are often acceptable. Volume increase
(swelling) usually occurs with weight increases. There is no exact limit to the amount
of swelling that can be tolerated. For many elastomer applications, a volume increase
of greater that 10 percent can be accepted. Large changes in hardness are a cause for
concem, since this may be an indication of chemical attack. Again, specific limits
will depend on the application. A 10-point change in hardness is often cited as a
reasonable limit. Visual changes in surface texture or color are indications of attack,
as is a change in color of the test fluid. These visual changes can be cause for
rejection, especially if they are noted early in the test program.

D. DESIGNING A CORROSION TESTING PROGRAM

The selected test program must adequately simulate the limiting conditions of the
process. However, not all tests must closely simulate process conditions, One
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promising materials with simple tests such as immersion corrosion tests in
environments that crudely simulate the process conditions, There is the problem
that this approach could exclude a material that would in fact be satisfactory in the
process, because the test environment did not properly simulate the process
conditions. However, unless one already has good estimate of the type of materials
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Once the list of candidate materials has been reduced to a manageable
number, testing can begin. The first objective in the test program is to
understand how each material behaves within the expected range of process
conditions. The specific testing program for a process must be based on the
requirements of that process, and each program will be different. A typical
program might include immersion and electrochemical tests in process fluids:
The process fluids required for testing are either simulated or obtained from
operating units. The program might also include tests for sensitivity to velocity
and for susceptibility to crevice corrosion, pitting and stress corrosion cracking.
If plastics, elastomers, coatings, linings, etc., are being considered, it is
necessary (o conduct the tests long ciough 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 operating conditions far better than can laboratory tests, When possible,
plant testing is favored, since laboratory test simulations are always imperfect.
Also, in most situations, plant tests can be conducted with more materials at a far
lower cost than is possible with laboratory tests. One drawback to in-plant
testing is that it may be necessary to time the start and end of the test with
scheduled equipment outages, which may postpone the data collection. An
advantage of laboratory testing is that it permits exploring the effects of process
changes on corrosion behavior without putting plant equipment at risk. -

Some of the more sophisticated corrosion tests are suitable for use in a
laboratory setting only. These tests can give more information about a material's
tendencies toward localized corrosion, velocity-influenced comrosion and the
like, than can conventional plant tests.

Mwnlnu]imdcunmimislmn.lmbmﬁmnfphtmd
laboratory tests is probably the best choice. The following is an example of how
complementary laboratory and plant tests were used 1o solve a complex chemical
plant corrosion problem. The problem was to determine how to treat a waste
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stream from an entire chemical plant so that it conld be handled in carbon steel
equipment. One characteristic of waste streams is that their compositions vary
widely over time. Therefore, a single sample from the stream might not be
representative of the most corrosive conditions to be experienced. The fluid for
laboratory testing was prepared from “typical” compositions of the various plant
streams that are combined to create the waste product. This fluid was used in the
laboratory to evaluate the effects of a proprietary sulfite-containing inhibitor,
pH, and fluid velocity. Testing involved using a combination of electrochemical
impedance and rotating cylinder electrode techniques. Plant tests included
corrosion coupons and electrical resistance probes. The laboratory tests
indicated that the combination of inhibitor and pH control a1 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 plant test results supported the laboratory data but showed that extended
exposure to pH 9 fluid 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 of
materials under the expected operating conditions. The exact conditions each
unit will be exposed to may not be known. However, modem process simulation
models can provide fairly accurate estimates of the sctual operating conditions,
Simulating these conditions in the laboratory may be quite another matter. From
a practical standpoint, test media are usually restricted to raw materials, reaction
products and various cuts from distillation processes. In some cases, one can lest
intermediate reaction products, but often these compounds are not stable. 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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THE PROCESS OF
MATERIALS SELECTION

In this chapter, a materials 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 metallurgy,
corrosion and degradation phenomena are collected and used to design
templates and Motes addenda tailored to the specific needs of a plant. In the
second step, materials of construction 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 better to
decide what information is necessary, then format the template to highlight the
required information.: Afier the template has been developed, it is good practice
to ask that all requested information be provided, even if the answer is “Trace
Amount,” “Not Applicable,” “per Code,” etc.

Before designing a template, one should first 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 condition: rather than design conditions for materials selectian_
It is helpful to include such requirements in the Notes section of the template
addendum.

To help decide what information should be requested in a template, review the
discussions in Chapter 1 regarding template information. The threshold informa-
tion necessary 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, process licensors, the published literature or material manufacturers,

2. Customizing a Template

For small or uncomplicated jobs, using a simple template may be preferable 1o
designing a customized template. For example, it is not worthwhile to developa
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, it is often adequate to use a rubber stamp
template with a process flow diagram, 1o quickly create a materials selection
diagram. This approach is illustrated in Example #1, 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 #3 at the end of the chapter (pp. 236 and 238). The 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 customized template. The
customized template should request information only about corrodents, crack-
inducing agents and upset conditions known to be characteristic of the job.
Example #4 (p. 240) is a template customized for an ammonia plant. Example
#5 (p. 241) is a template that could be customized for a chemical plant that
operates baich 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 a template, then the materials selection
diagram for a consistency check.

As noted in Chapter 1, this book uses design conditions for materials
selection. This practice has been adopted in the following discussions. In the
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event that the reader uses operating conditions as the basis for materials
selection, please substitute “operating” for “design,” as appropriate.

The recommended procedure for selecting a material of construction is &
two-stage, relatively straightforward process. In the first stage, 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 thermal degradation.

If an upgrade is necessary, one must iterate to ensure that the upgrade
material has adequate toughness at the minimum design temperature. In 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-
metallics. In such cases, it is necessary to evaluate alternatives before
proceeding. The 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 typical job objectives or consiraints.

A checklist is then used to determine if special requirements such as
postweld heat reatment, hardness controls, external coating, etc., are necessary.
The final step is to ensure that the template is properly filled out and that the
template contains all necessary special notes.

In the second stage, the materials selection information on the various
templates is entered on a simplified process flow diagram (PFD), creating a
materials selection diagram (MSD). The MSD 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 mstances when other criteria govemn. It is helpful to indicate these
exceptions on the MSD 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 reliability.

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 comrosion rates, they often cannot be used because of concems about iron
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contamination. If product contamination is a materials selection criterion,
indicate the arcas 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 corrosion 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 corrosion rate of the exposed material may
be acceptably low from the standpoint of design life, the extensive exposed
surface area is capable of rapidly generating a very large volume of corresion
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. The latter is often
cited as the reason for not using plastic or fiberglass piping in corrosive fire
water systems. In other cases, reliability may not be very important, permitting
the choice of less expensive materials of construction, 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. MNormally, such recommendations are more
conservative than those made in accordance with the template. Nevertheless,
process licensor recommendations are subject to review for compliance with
design life and safety requirements.

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 andfor repairability of components
should be evaluated. For example, consider a design that calls for 100
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 such as cast iron pump
internals. In some cases, repairability may influence selection, such as
the use of cast steel, which is repairable by welding, instead of cast iron.
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« Plant experience 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 corrosion 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
require a testing program. Refer to Chapter 4, “Corrosion Testing,” for a
discussion of this topic.

D. MATERIALS SELECTION PROCEDURE: EXCEPTIONS

The procedure use;i for materials selection is, for the most part, independent of the
component. The primary exceptions are piping, pumps and fabricated equipment.

1. Piping

Materials selected for piping in mild to moderately corresive services are
sometimes less conservative 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 design life. This is usually justified because piping is easier to
inspect, both on line and off 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 Standard 610 “Centrifugal Pumps for General Refinery Service™ [1] is a
widely used guide for selecting materials for pumps. This standard prml'ldif-ﬁ
guidance on materials selection for pumps in various hydrocarbon, chemical
process and utility services, ASME B73.1M, “Specification for Horizontal End
Suction Centrifugal Pumps for Chemical Processes,” [2] and ASME B73.2M,
“Specification for Vertical In-Line Centrifugal Pumps for Chemical Processes,”
[3] are normally 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 selection literature.

In processes expected to be mildly to moderately comosive, it is not unusual to
choose a pump metallurgy more conservative than the mating piping. This practice
takes into account that high velocities and turbulence may accelerate corrosion rates.
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When selecting materials for pumps, fist determine if the pump 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 repairs. Pumps expected to operate
after being stagnant for long periods of time may require either upgraded materials or
special layup procedures that control corrosion.

3. Fabricated Equipment

Fabricated equipment such as blowers, turbines, lube oil skids, ete. is usually
ordered as “Manufacturer's Standard” for the intended service. Other “standard
equipment,” such as valves and pumps, 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 MR0175 [4] and
safety and design life requirements.

In reviewing a proposed materials list, it is normal to make sure that the
proposed materials will be suitable for the corrodents 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 templates are usually necessary.

E. MATERIALS SELECTION PROCEDURE

The first 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-1 and Table Al-1 (pp. 297 and 298, respectively)
to help select the preliminary minimum acceptable material. Keep in mind the
minimum code requirements for Charpy impact testing. As the template
information is subsequently reviewed for the effects of corresion, crack-
inducing agents, embrittlement, etc., make sure that any changes made will
retain compliance with the low-temperature requirements.

There is no good rule of thumb to use in determining “low-temperature”
service for vessels, heat exchangers, etc., since the impact testing rules of
ASME Section VIII, for both Divisions 1 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 will have to be addressed.

The piping Code, ASME B31.3 [6], specifies low-temperature toughness
requirements that are more inflexible than those of the conventional vessel
codes (ASME Section VIII, Div. I and 2 [5]). The latter codes are a good deal
more complex and flexible than is the piping code. This can lead to odd
combinations of materials selected for a plant that is exposed to low-temperature
operation. For example, in a gas plant subject to autorefrigeration, ASME
Section VIIL Div. 1 carbon steel vessels may be permitted at temperatures as
low as —150°F (~100°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

The preliminary material of construction should be checked against the
maximum design temperature for the risk of thermally induced degradation:

» Is 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 necessary, 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 material to be brittle at lower operating temperatures, the design engineer
should be advised to prepare appropriate operating instructions.

At this point, one should ensure that the candidate material of construction is
adequate for the anticipated external environment. For example, external chloride
stress corrosion cracking, induced by a marine 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 that common materials selection criteria are
uniform with respect to upset and transient conditions. In the following
example, which is for a refinery, the process stream templates are divided into
four types of commodities:

* Hydrogen and hydrogen mixtures: 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-corrosive gases: commodities such as nitrogen and dry plant air at
ambient temperature,

= Other services: commodities such as amines, cooling water, fire water
and chemicals such as sulfur, caustics, acids, and oxidants,

4. Corrosion

The maximum design temperature should be used as follows for assuring corrosion
resistance,

Hydrogen and Hydrogen Mixtures

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, The hydrogen partial pressure, needed for using the
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Melson 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 the
maximum temperature exceeds 500°F (260°C), use either the McConomy [8]
(see Appendix 5) or Couper-Gorman [9] (see Appendix 6) curves to select the
minimum acceptable material.  When using the Couper-Gorman curves,
remember to choose the curve (either naphtha or gas oil diluent) most similar to
the process stream hydrocarbon.

In the event that an 18Cr-8Ni 55 is indicated, select a stabilized grade (e.g.,
Type 321 55) if the design temperature exceeds 800°F (425°C).

If naphthenic acid attack is probable, Type 316 58 or Type 317 83 (L prade if
it is to be welded) or Type 316Ti (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, the 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 RPOM7T0,
“Protection of Austenitic Stainless Steel from Polythionic Acid Stress
Corrosion Cracking During Shutdown of Refinery Equipment,” [10].

If hydrogen is involved in the process, the 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 hydrogen-hydrogen 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 its tendency to graphitize at temperatures
exceeding 800°F (425°C). Recall that killed carbon steel has a larger maximum
code-allowable siress at temperatures above 900°F (480°C) and that silicon-killed
carbon steels are preferred for temperatures above B00°F (425°C).

In some low-pressure services with intermittent excursions to temperatures
exceeding L00O0"F (540°C), carbon steel is chosen, usually with the expectation
of early replacnment.

For higher pressure applications, the minimum acceptable material is 1%%Cr-
YaMo. For temperatures in excess of about 1050°F (565°C), a higher chromium
alloy is required.
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Recall the beneficial effects of external insulation and jacketing and internal re-
fractory lining in using steel and alloys above their oxidation threshold temperafures,

Non-Comosive Gases A
Carbon steel is the normal material of construction for non-coiosive gases.

Other Services

* Chemicals. Refer to Chapter 3, “Failure Modes,” for guidance on
materials selection for the commonly encountered chemicals. For other
chemicals, refer to the available literature and:
= Proprietary technologies: follow the guidance of the process
licensor. Such guidance should always be subject to review for
compliance with safety 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 the same or similar water chemistries. Note that for maximum
design temperatures up to about 200°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 adequate toughness at the minimum design temperature, If the
upgrade involves evaluating one or more families of materials, make sure that the
job or project objectives and constraints are considered. As mentioned previously,
these considerations may include minimal cost, minimal maintenance, short
schedule, extended design life, or consequences of a leak or rupture. Complete the
evaluation and choose a candidate material before proceeding.

5. Upset Conditions

Finally, check the template for upset conditions, to make sure that all relevant
upset conditions have been evaluated.

6. Review

Several items of concern should then be reviewed, as follows:

* Review all material sclections for high-temperature services in order to
avoid oxidation, scaling or spalling problems for temperatures greater
than 1000°F (540°C). Figure A1-1 (p. 297) in Appendix 1 is useful for
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evaluating such problems. This figure is also useful for evaluating
various forms of thermally induced embrittiement for temperatures
exceeding T00°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-resistant plate and postweld
heat treatment to prevent SOHIC. Determine where HIC-resistant plate
is to be used for vessels, heat exchangers and/or piping. Determine if
normalizing and postweld heat treatment should be specified.

= Review all carbon steel templates for which postweld heat treatment was
indicated. Consider the maximum operating pressure. If it is less than 65
psia (0.45 MPa) or if the combined stress in tension is less than that indicated
by the ten percent rule, postweld heat treatment 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-stabilized austenitic

stainless steels have been recommended and they require welding as part
of the fabrication process. This will minimize potential problems caused
by sensitization; in addition, the "L" grades are easier to weld.
For fired heaters, make sure that the fire-side tube metal temperature was
considered in materials selection. In the absence of better information,
assume that the fire-side tube metal temperature is 100°F (38°C) higher
than the process temperature, If necessary, make a note on the template
to ensure that creep is accommodated during design of heater tubes, in
accordance with API 530 [11]. Recall that process stream temperatures,
not tube metal temperatures, are used for heater evaluation per the
McConomy curves,

= For all heat exchangers, evaluate the effect of leaks that permit 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
flow 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 heat exchangers, make sure that the front- and
backside metallurgies and corrosion allowances of the tubesheet(s) are
consistent with the channel and shell processes, respectively.

* Compile the appropriate corrosion notes in the Notes section of the
template:
= Where galvanic couples or alloy crevices are exposed to electrolytic

corrogion, consider the need to provide cathodic protection, for

example, at tube-to-tubesheet joints in heat exchangers.
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»  For austenitic stainless 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
necessary,

s Where an alternate process may provide better or more economical
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 construction. Such
notes should be discussed with process engineers or designers
during subsequent review(s) of the materials selection diagram.

» For processes in which hydrogen stress cracking may occur,
consider such concerns as weld joints having significantly mis-
matched component thicknesses. Joints such as tray attachment
welds and tube-to-tubesheet welds could have excessive weld metal
and HAZ hardnesses.

= Indicate special corrosion-based requirements such as:

+ Hardness limits in accordance with NACE MRO0175 [4] and
NACE RP0472 [12] for hydrogen stress cracking services.

+  Paint/coating requirements for insulated piping and equipment
or buried piping.

+  Paint/coating and cathodic protection for submerged or buried
structures or piping.

+  Coatings/cathodic protection for the internal surfaces of tanks
or vessels in corrosive service,

* Complete the final steps in the 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 specification 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 flange-face machined finishes, etc.

= Specify postweld heat treatment in the template only if required by
the process, for example, for carbon steel in amine service. If
postweld heat treatment is not required for process reasons, indicate
“per Code."

F. MATERIALS SELECTION DIAGRAM

Obtain a simplified process flow diagram (PFD). It need not contain detailed
process data; however, all piping 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 designations utilized on the respective templates. It is
helpful if the simplified PFD shows design temperatures and pressures for all
piping and equipment. It is also helpful if the simplified PFD incorporates the
templates or includes them as attachments.

Enter the preliminary material selections on the simplified PFD, along with
comrosion allowances. Use arrows with legends, color codes or some other
method to identify the material/corrosion allowance for each pipe run and piece
of equipment. Refer to Examples 16 through 19 (pp. 259-262) in the
Supplement for an illustration 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 metallurgies 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, biocides, and pH control chemicals. Also indicate the
location of proposed corrasion monitoring and sampling sites.
* If degradation processes such as high temperature embrittiement or
autorefrigeration will affect operating procedures such as pressuri-
zation duriljg startup, indicate such limitations as general notes to the
MSD.
*+ Check for large pressure drops such as can oceur at control valves.
= Determine 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,

=  When the pressure drop is directly into a vessel, a corrosion-
resistant alloy impingement plate (sometimes called a splash plate)
may be necessary.

* Indicate convenient specification breaks. Specification breaks are points
where the materials of construction change from one type to another.

* Indicate the need for check valves, t0 protect upstream piping and
equipment from damage by corrosive reverse flows. 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 are documented
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G. CONCLUSIONS

The procedure we have discussed should not be viewed as a “cookbook™
process. Heavy reliance on prior plant experience should always be part of the
process of materials selection. Common sense should always play a role in
evaluating various candidate materials. This means 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 treatment). In other
cases, it may make sense to recommend changes in the design conditions or in
the process itself, in order to specify a lower-cost or more reliable material.
Finally, unusual project conditions, such as an anticipated short design 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 treatment when it is not
otherwise required by the construction code and is not justified by the process.
Once the user understands the reasons for the recommended material or material
processing, the issue becomes a management decision.

Occasionally, the user will demand the use of a material that will not meet
the minimum requirements. In this situation, safety and design 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 ry them out. Correcting
mistakes is difficult and costly. The best approach is always to take the time to
do it right the first time.
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i Lifi

Operating Temperature (Minimum/Maximum);

Operating Pressure (Minimom/Maximum):

Commodity: Phases: Liquid Water (Y/N):

Corrodents:

Crack-Inducing Agents:

Metallurgy:

Corrosion Allowance:
»

PWHT (Y/N): Valve Trim:

Notes:
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Example #2: General Template for a Refinery

Stream or Equipment Number:

Design Temperature (Minimum/Maximum):

Design Pressure (Minimum/Maximum):

Commodity: Phases: Liquid Water (Y/N):

Corrodents:'

Crack-Inducing Agents:*

Upset Conditions:
Liquid Water (Y/N):
Corrodents: '
Crack-inducing Agents: '
Autorefrigeration (Y/N):
If Yes, indicate minimum temperature:
Other:

Wet Sour Service (Y/N):
If Yes, indicate severity:

Metallurgy:

PWHT (Y/N): Walve Trim: Corrosion Allowance:

Notes:

'Corrodents. Indicate:
* Concentralions of acidic components (only if liquid water or other electrolyte is

present):

= Inorganic or organic acids: in wi. percent (indicate Total Acid Number if
naphthenic acid is present).

s Acid gases such as 1,5, NOy, 50, and CO;: in mole percent if in vapor and wi
percent if dissolved in water,

s Acid salis such s ammonium bisulfide or ammonium chlonde, if present at
greater than 2 wi. percent: in wi, percent.
= Anticipated pH.
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Oxidants such as oxygen and chlorine: in wi. percent, .
Oither corrodents suspected of being significant, such as dissolved oxygen content in
waler or microbiological agenis.
«  Total sulfur; .
= As wi. percent sulfur, only if T > S00°F (260°C) and the hydrogen partial
pressure is less than 50 psia (0,34 MPa). _
. MMMMMiTT?SMEWﬂMMWmMﬂ
pressure 50 psia (034 MPa) or greater.
zﬁﬂ-hﬁth;quhﬂhiulrifﬁmﬂuﬁﬂuvﬂmmhpm_(ﬂﬂﬂfw
H,}nhﬁmmmofuumhﬂhlmnifmﬁm:Muwﬂd
concentrations): = -,
+  Amincs: present of greater wi. pereent: in wi. percent. )
+ Carbonates and bicarbonates when the concentration of either or both (combined)
exceeds | wi. percent: in wi. percent. =
s H}ﬂmﬂnﬁmpﬂﬁﬂmhlmpﬁltﬂ.ﬂm}wpﬂﬂfmmhﬂmk
percent or partial pressure in psia (MPa or kP'a).
*  Chlorides, in any concentration: in ppmw.
«  Cyanides, if present at greater than 20 ppmw: in ppmw.
« NaOH, in any concentration if T > 115°F {46°C): in wi. percenl.
H sulfide: -
. MWG‘:FM. if the partial pressure of H,S exceeds 0.05 psia (0.34 kPa): in either
nuﬂepmﬂupuﬁdmminpmtuhwkm. :
o Sour waler, if the concentration of H,S dissolved in water is at least 50 ppmw:
in ppmw.
Other known crack-inducing agents (e.g.. HF).
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Notex for Example #3 Template
Example #3: General Template for a Refinery
f Mndicate in wt, percent, only if T > 500°F and the hydrogen partial pressure is less than 50
Stream mumber ’ psia (0.34 MPa).
Surts Dextigion Units Heference 1 2 | Em ! 3 dicate in mole percent, only if T > 500°F and the hydrogen partial pressure is ot least 50
Commadity ! z'F'ff'll (0.34 MPa).
: Commodents. Indicate:
Phase: ap/Sol {

: LinfVopiSiotids LIS - . mwwdm&mmsmhmmminwmucidsmdmdgﬁﬁ
[esign Temperatuie Min/Max F such as HyS, NOy, SO; and CO;. Indicate Total Acid Number if naphthenic acid is
Design Pressure /M : preseal.

— - e . ‘H.pnmlufuidﬂh.i[p:muupmumzm.mlmchummm
Operating Temp  Mormal/Min/Max °F bisulfide or ammonium chloride.
Operating Pressure. Normal/Min/Max psig + Wt percent of axidants such as oxygen and chlorine.
" Fuid Veloci | «  Other corrodents suspected of being significant such as dissolved oxygen content in
- fifzec water or microbiological agents,
_E"“ Water  Yes/No Note § f 4 Crack-inducing agents (list only if liquid water or other electrolyte is present (except for
Crack-Inducing Agents Nows 4 Ha)) mrmmmim of the following agents, if present above their threshold
s e ppmw Nole 4 - Hydrogen, if partial pressure exceeds 100 psia: in either mole percent or partial
. Mt Ami ::? ;‘:ml than 2 i pereent.
Hydroge - . incs, al greater wt. percent: in wi.
| — T Srve) ine Note 4 + Carbonates and bicarbonates, when the concentration cither of both (combined)
Hydmogen Sulfide Note 4 Notw & exceads | wt percent: in wt. percent.
Amine v e =  Chlorides, in sny concentration: in ppmw.
" NaOH or Othe - = Cyanides, if present at greater than 20 ppmw: in ppmw.
or Other Caustics wL % Note 4 «  NaOH, in any concentration, if T > LI5°F: in wt. percent.
Other Maie 4 +  Hydrogen sullide:
 Corodeiis = Gas phase, if the partial pressure of HyS exceeds 0,05 psia: in either mole
Nowe 3 percent or partial pressure in psia.
Sulfur Nowes 1872 Notes 142 s Sour waler, i the concentration of H;8 dissolved in water is at least 50 ppmw:
L — p
Acids o in ppmw,
 Acd 2 +  Other known crack-inducing agents (e.g., HF).
| e S mole % *Include indication of liquid water, for normal operation.
= Acid Sas wi% ﬁwmﬂmﬁﬁmhﬁﬂemﬁpﬁmﬁqﬁ&wmmmmmﬂnf
pH crack-inducing agents or commodents, eic. Consider startups, shutdowns, regeneration,
= i Tprm;iﬂ:ding, loss of flow, cte.
— Now 3 Provide metallurgy in generic form (e.g., CS, 18Cr-8Ni S8, 3Cr-1Mo, etc.).
Upset Conditions e 8
Wet Sour Service yes/no
- If Yes, Simple or Severe
_M_ - l:l Note 7
Corrosion Allowance inch
Valve Trim
[ Notes
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Example #4: Ammonia Plant Template ¥ Stream or Equipment Number:

| Step:"
Stream or Equipment Number: . B
| Mechanical Design Conditions:
Design Temperature (Minimum/Maximum):
‘ Operating Design
Design Pressure (Minimom/Maximum): : e High Low High
Commodity: Phases: Liguid Water (Y/N): | Temperature: _ —_—
' Pressure: . == —_— —
Corrodents':
Crack-Inducing Agents’: Process Chemistry:
EAg + Chemicals Present:"
Upset Conditions: = Phases Present: S
Liquid Water (Y/N): « Corrodenis Present: -
Corrodents': « (Crack-Inducing Agenis Present:
Crack-Inducing Agents™: g
Autorefrigeration (Y/N): Upset Conditions:
Il Yes, indicate minimum temperature:
Other: Material of Construction:
Metallurgy: PWHT: Corrosion Allowance: Valve Trim: ___
PWHT (Y/N): Valve Trim: Corrosion Allowance: Notes:
Notes: e
i e
*  [ndicate partial pressore for wet CO,. swptotwhichtlmlmmhteisﬁmdnd. . ) ) i i
* Bealen to the danger of metal dusting in hot, high-alloy streams with CO/CO, ratios %1 List all chemicals present. Inciude contaminants and impuritics as well as the may
greater than 0.5, constitoents.
*Crack-inducing agents (list oaly if liquid water (or other electrolyte) is present (except for 2. Indicate if the process fluid is an electrolyte. 1f not, are other electrolyles present?
NH, and Hy); indicate concentration of the following agents, if present above their threshold ¢ Indicate which chemicals are known corrodents.
*  Anhydrous ammaonia: water content in wi. pereent. 0.1 wi. percent water is required * Describe the nature and duration of possible anticipated upsel conditions. Cnnsnd_ﬂ{
f5 lahibit strees comusion. cracking fa. carbon woel. Note that inkibition. will be whether the upset conditions are for start-of-run, end-of-rn or both, or whether they Wit

inefTective in vapor spaces. ing the run. For each upset condition, indicate the presence of corrodents, crack-
*  Hydrogen, if the partial pressurc is 100 psia or greater. DCe N

ines and equi i it i i inducing agents or clectrolytes introduced because of upset conditions. For auto-
:“I_I::: equipment in the CO; recovery unil: in wi. percent caustic or wt. percent sef geration, i mifiimum {empersture.
i s

Chlorides, any concentration: in ppmw.




O

m
!

242 Chapler 5
REFERENCES

I. Centrifugal Pumps for General Refinery Service, API Standard 610, API, Washing-
ton, D.C. (latest edition).

2. Specification for Horizontal End Suction Centrifugal Pumps for Chemical
Processes, ASME BT3. 1M, American Society of Mechanical Engincers, New York
(latest edition).

3. Specification for Vertical In-Line Centrifugal Pumps for Chemical Processes, ASME
BT3.2M, American Socicty of Mechanical Engineers, New York (latest edition),

4. Sulfide Stress Cracking Resistant Metallic Materials for Oilfield Equipment, NACE
MRO175, NACE International, Houston (latest edition),

5. ASME Boiler and Pressure Vessel Code, American Socicty of Mechanical
Engineers, New York (latest edition).

6. Chemical Plant and Petroleum Refinery Piping, ASME B31.3, American Society of
Mechanical Engineers, New York (latest edition).

1. Steels for Hydrogen Service at Elevated Temperatures and Pressures in Petroleum
Refineries and Petrochemical Plants, API Publication No. 941, AP, Washingion,
D.C. (latest edition).

8. H.F. McConomy, High Temperature Sulfidic Corrosion in Hydrogen Free Environ-
ment, AP Subcommittee on Corrosion, May 12, 1963,

9. A. 5. Couper and J. W. Gorman, New Computer Correlation to Estimate Corrosion
of Steels by Refinery Streams Containing Hydrogen Sulfide, Paper No. 67, NACE
26th Annual Conference, NACE International, Houston, 1970,

. Protection of Austenitic Stainless Steels and Other Austenitic Allays from Poly-
thionic Stress Corrosion Cracking During Shutdown of Refinery Equipment, NACE
RPO170, NACE International, Houston (latest edition).

1. Recommended Practice for Caleulation of Heater Tube Thickness in Petroleum
Refineries, API Recommended Practice 530, API, Washington, D.C. (latest edition).

12, Methods and Controls to Prevent In-Service Cracking of Carbon Stee! Welds in P-1
Materials in Corrosive Petroleum Refining Environments, NACE RP0472, NACE
International, Houston (latest edition).

SUPPLEMENT
Examples

The following examples are offered to illustrate 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 first ten examples involve hydrocarbon processes. The template shown in
Example No. 2 in Chapter 5 (p. 236) will be used to illustrate how to use
templates for hydrocarbon processes. It is worthwhile to review this template
example in Chapter 3, including the notes 1o the template.

Example #1
Process Dala

This piping run is in sour wash water service. It contains no other crack-
inducing agents and has no upset conditions. These data, as well as design data,
are listed in Template #1 (p. 265).

243
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Materials Selection

While the H,S concentration exceeds the threshold for sour water service, the
maximum design pressure is less than the 65 psia threshold set by NACE
MRO175. 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 /"

Question: 'What would change if the maximum design pressure were 75 psig?
Answer:  Refer to Template #1a (p. 266).

*  Wet Sour Service: Yes (Simple Wet Sour Service)
= Notes: NACE MRO175/RP0O4T2

Example #2
Process Dala

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,5.
The oil phase contains emulsified water, which is about 25 percent salt. The
system contains no other corrodents or crack-inducing agents. Shutdown, when
water can condense from the vapor phase, is an upset condition. These data along
with the design pressures and temperatures are indicated in Template #2 (p. 267).

Materials Selecti
During operation, the system is essentially noncorrosive because of:
+ * The water being tied up in an emulsion, with the oil phase an effective
corrosion inhibitor. Accordingly, Template #2 does not show water as a
’ hari | 7
* The hydrogen sulfide quickly developing a protective sulfide film on
exposed carbon steel.

However, during shutdown, water will condense from the vapor phase, creating a
simple wet sour service. Therefore, the indicated material of construction is killed
carbon steel. The service is moderately corrosive, so the recommended corrosion
allowance is '/;". NACE MR0175 and 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 no upset conditions. These
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data, as well as the design pressures and temperatures, are listed in Template
#3 (p. 268).
Materials Selection
This line is in severe wet sour service, It contains an additional cracking agent
which alone would require postweld heat treatment. The recommended material of
construction is carbon steel. In accordance with MRO175, the material must be
either hot rofled or otherwise heat treated. Normalizing is the conventional heat
treatment. Postweld heat treatment is required. NACE MRO175 and RP047T2
should be required. If the pipe to be used is made from welded plate, the plate
should be resistant to hydrogen induced cracking (HIC). Recall that velocities
should be limited to 6 f/sec (2 m/s) for carbon steel in rich amine services. Rich
amine is normally considered to be a comosive service, with a recommended
corrosion allowance -of %", If inhibitors are used, consider recommending a
corrosion allowance of '/y".

The recommended valve trim is Type 316 SS, because of the amine service.
Questio: 'What changes would occur for a maximum design pressure of 15 psig?
Answer:  Refer 1o Template #3a (p. 269).

This line would be classified as a low-risk service. NACE MRO175/RP0472 would
no longer apply. However, because this is an amine service, i.e., a crack-inducing
service, considerations other than wet sour service may govern.

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 specified minimum tensile strength, hardness controls (NACE
MRO175/RP0472), mill heat treatment, 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 Treatment: per Code. Note that APl Publication No. 945,
“Avoiding Environmental Cracking in Amine Units,” does not cite a
pressure threshold below which postweld heat treatment is unnecessary.

Example #4

Process Data

This is a liqwd petroleum gas line. It contains neither corrodents 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). These data and the design data are listed iy
Template #4 (p, 270).

Materials Seleciion

'_Carbun staF:! is the preferred material of construction, if it can be qualified by
mmpact testing. The ASME B31.3 piping Code requires impact testing for carbon
steels irfrendad for services colder than —50°F (-46°C). However, such pipe would
bt? spuc.aa.l crdﬁar, since standard ASTM grades of carbon steel pipe are not supplied
'lr:-’llh IszI testing at temperatures colder than ~50°F (~46°C). Unless a long lead
time is available, this option is probably not practical.

Using Table Al-1 (pp. 298-300), the conventional choice would be 3% Nj
{seerﬁSTM A333 Gr 3), which is mill impact tested at —150°F (~101°C). Type 304
S5 is an altemative material, although more expensive, if schedule problems
develop with the 3% Ni material,

b{u corrosion allowance is necessary, as there are no process corrodents and
lhr:_:re 15 o concern about corrosion under insulation. Occasional autorefrigeration
{:plsﬂd&:; will not affect either internal or external corrosion. The recommended
valve trim is Type 316 SS because of the low temperature toughness requirement.
Ty|:!4]=.' ::_'M S8, which is cheaper, would work as well but is usually not as readily
available.

Cuestion:  What would change if this were a vessel rather than a piping run?
Answer:  Refer to Template #4a.

If rhisl were an J’ESTM Section VIII, Div. 1 vessel, carbon steel might be exempt
from impact testing. The rules of this Code are a good deal more flexible than
those .ﬂf the piping Code. If impact testing were to be required, suitable plate
materials are readily available (see Table Al-1 for recommendations),

Example #5
Process Daia

This is a furnace inlet line containing approximately 95 mole percent hydrogen and
3 mole percent hydrocarbon. It contains no corrodents and no crack-induc ing
agents other than hydrogen. 1t has no upset conditions. These data as well as the
design pressures and temperatures are listed in Template #5 (p. 272).

Materials Selection

This ]imre is not subject to hydrogen damage, according to the Nelson curves (see
Appf:ndlx 4) ht_':cause the hydrogen partial pressure is too low, However, since the
mameu}m _dmgn temperature exceeds the threshold for the spheroidization and
graphitization of carbon steel, 1%4Cr-%4Mo is the recommended material of

Examples 247

construction.  12Cr valve trim is recommended. Mo corresion allowance is
necessary, since no corrodents are present.  With no risk of damage from the
hydrogen gas, and in the absence of other crack-inducing agents, the process does
not require postweld heat treatment.

In view of the relatively low pressure in this service, carbon steel is a low-cost
candidate material. It will slowly deteriorate due to spheroidization 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 stes]l would
probably be a safe choice. Extensive plant experience indicates virtually indefinite
service life under such circumstances. This option should be presented to the user
for consideration.

Quesrion:  What changes would occur if the maximum design temperature
were 1050°F (365°C)?
Answer; Refer to Template #5a (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 guite short due to spheroidization and/or
graphitization, 1'4Cr-Y2Mo has adequate oxidation resistance [see Table Al-2 (p.
301) in Appendix 1] and is resistant to spheroidization and graphitization.

Ouestion:  What changes would occur if the 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). 1%Cr-Y2Mo is permitted
by the Nelson curves.

= Postweld Heat Treatment: Yes (for all Cr-Mo alloys in hydrogen service).

» Notes: NACE MRO175; weld metal: 225 BHN, maximum, due to hydrogen
service.

Example #6

Process Data

This pump suction line conveys hot sulfur-containing liquid hydrocarbons. Tt has no
other cormodents or crack-inducing agents. It has no upset conditions, These data and
the design pressures and temperatures are indicated on Template #6 (p. 275).

Matenials Selection

The McConomy curves (see Appendix 5) indicate that 5Cr-'2Mo is required. The
indicated corrosion rate is about 8 mpy. For 10-year life, a corrosion allowance of
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’I."Eappmptiﬂa. The recommended valve trim is 12 Cr. In the absence of crack-
inducing agents, the process does not require postweld heat treatment.

Note the low maximum design pressure. The thickness of the line is
essentially all corrosion allowance. It is doubtful that a formal corrosion allowance
would begin to contribute to the life of the line until probably after 20 years of
service. Even carbon steel in this service would last a minimum of 5 years without
any formal corrosion allowance.

Example #7
Process Dala

Mk:m&dlhﬂminiuhy&mbmmhM{nmkm]
and a small amount of hydrogen sulfide (0.82 mole percent). It has no other crack-

inducing agents. The only upset condition is shutdown, when liquid water can
condense in the presence of H,S. These data and the design pressures and
temperatures are listed in Template #7 (p. 276).

Malerials Sefection

Although the Nelson curves (see Appendix 4) would permit 2%Cr-1Mo, the
Couper-Gorman curves indicate corrosion rates too high for carbon and low-alloy
steels. Refer to Appendix 6 for use of the Couper-Gorman curves; for this
exnn}plc. use the naphtha curves. Therefore, an 18Cr-8Ni stainless steel is
required. Given the risk of polythionic acid attack, a stabilized grade (either Type
321 or Type 347 §8) Is recommended. Valve trim is recommended in the same
materials,

This is a simple wet sour service. Because the service is wet sour, NACE
MRO175 applies. Purging this line prior to shutdown will avoid exposure to wet
sour conditions.

In general, postweld heat treatment is not a process requirement for stainless
steels. Components that have been substantially cold worked should be subse-
quently solution annealed.

Corrosion allowance: the estimated corrosion rate is about 1.5 mpy. The
smallest practical corrosion allowance is '/,,", far more than is necessary. Since
piping usually has a large inherent corrosion allowance, it is reasonable to
recommend zero comosion allowance. See the discussion of piping corrosion
allowance in Chapter 3 (p. 201).

Questior:  What changes would occur if naphthenic acid were present?
Answer: Refer to Template #7a (p. 277).

Either Type 316 or Type 317 SS would be recommended. The notes section of the
template should indicate that Type 316 SS must contain at least 2.5 wi. percent
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molybdenum, The notes must also indicate that polythionic acid attack will have to
be prevenied by operating controls per MACE RPO170.

Example #8
Process Dala

This vessel is a hydrotreater reactor. Feed is a hot, light hydrocarbon mixed liquid-
vapor plus hydrogen gas (76 mole percent in the vapor phase). The feed is sour,
with 2.85 mole percent H,S in the vapor phase. The process stream contains no
other crack-inducing agents or commodents. Shutdown is an upset condition, as
liquid water can condense in the presence of hydrogen sulfide. These data as well
as the design pressures and temperatures are listed in Template #8 (p. 278).

Materfals Selection

The Nelson curves (see Appendix 4) indicate that the minimum material required
for the pressure shell is 1'4Cr-'%Mo, Creep embrittiement should not occur, since
the maximum design temperature (300°F (425°C)) is less than the creep
embrittlement threshold temperature. Hydrogen service indicates weld metal
hardness controls and postweld heat treatment. Postweld heat treatment is
recommended for all Cr-Mo steels in hydrogen service.

The exposure of the 1%4Cr-'4Mo material to high-pressure, high-temperature
hydrogen could lead to hydrogen embrittlement. It is conventional in such cases to
ensure that the operating manual states that the vessel will not be pressurized at
temperatures less than about 250°F (120°C).  Above this temperature, hydrogen
embrittlement is not a concern,

The Couper-Gorman curves indicate that an 18Cr-8Ni stainless steel will be
required for corrosion protection. Refer to Appendix 6 and note that the naphtha
curves must be used for this example. Because of the risk of polythionic acid
attack during shutdowns, the stainless steel should be either a Type 321 58
cladding or a Type 347 55 overlay. No corrosion allowance is necessary.

Shutdown represents a simple wet sour service. However, this does not
require anything additional, since NACE MRO0175 hardness controls have already
been specified because of the hydrogen service,

Questiom:  What changes would occur if the maximum design temperature
were 900°F (480°C)7 '
Answer: Refer to Template #8a (p. 279).

Although still permitted by the Nelson curves, 1%4Cr-'%:Mo would no longer be
a good choice, since it would be susceptible to creep embrittlement. We don't
know how to minimize or delay this form of degradation. 2%Cr-1Mo would be a
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beiter choice, since we know how to deal with its embrittlement mechanism, that s,
temper embrittlement.

Example #9
Process Dala

This is a reactor feed exchanger. As previously discussed, heat exchangers serve
two processes, the shell side and the tbe 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 the vapor phase). Shutdown is an upset condition, as liquid water can
condense in the presence of hydrogen sulfide. The process contains no other crack-
inducing agents or corrodents. These data as well as the design pressures and
temperatures 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 the
presence of hydrogen sulfide. The tube-side process contains no other crack-inducing
agents or cormodents. The tube-side process conditions and design pressures and
temperatures are listed in the tube-side Template, #9b (p. 281).

Materials Selection
Shell Side

The Nelson curves (see Appendix 4) indicate the use of 1%4Cr-%4Mo 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 this example. This
rate is too corrosive for vessel walls. An 18-8 stainless steel barrier layer is
indicated. Because of the 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 treatment would
sensitize this 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 MRO175 should be required. Hydrogen induced cracking resistance should
not be necessary, since the substrate steel is protected by cladding. During shut-
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down, the system will not be subject to the additional effects of hot, high-pressure
hydrogen gas.

Tube Side

The Nelson curves indicate the use of 114Cr-YMo or better. The Couper-Gorman
curves (see Appendix 6) for this material indicate a comosion rate on the order of
50 mpy (use the gas oil curves for this example). This suggests using an 18-8
stainless steel, to withstand sulfur corrosion, Given the risk of polythionic acid
attack, a stabilized grade should be specified. Either Type 321 or Type 347 88 is
suitable. Cr-Mo alloys in hydrogen service are subject to both postweld heat
treatment and hardness controls, Mote that this is a simple wet sour service
requiring compliance with NACE MRO175.

+ Tubes: Either Type 321 or Type 347 88,

* Tubesheet: 1%Cr-%iMo cannot withstand the severe sulfur corrosion
environments on either the tube side or the shell side of the wbesheet,
These surfaces should be either clad with Type 321 S8 or overlayed with
Type 347 §5. No corrosion allowance is necessary for either side of the
tubesheet, because of the protection provided by the S5 overlay or
cladding. Mote that it is sometimes more economical to purchase a solid
stainless steel tubesheet,

* Channel: The channel should be specified to be the same as the tube side of
the mbesheet, i.e., 1%Cr-%2Mo. [t should be either clad with Type 321 85
or overlayed with Type 347 SS. No corrosion allowance is required
because of the 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 H,S (2.5 mole percent), CO, (15 mole percent), CO and variable
quantities of chlorides. The gas is saturated with water vapor. Shutdown is an
upset 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. These data as well as the design pressures and
temperatures are listed in Template #10 (p. 282).

Materials Selection

The ratio of HS to CO, is high enough that CO, corrosion is not a concern, The wet
H;® conditions during shutdown indicate a simple wet sour service. Carbon steel is
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the recommended material of construction. NACE MRO0175 and RP0472 apply. A
corosion allowance of /" should be adequate. Valve trim should be 12 Cr.

Question:  What would change if the H,S concentration were negligible?
Answer; Refer to Template #10a (p. 283).

Without sufficient H,S to provide a protective iron sulfide scale, carbon steel
would be subject to CO, comrosion. Using the de Waard-Milliams nomograph in
Appendix 2, the estimated corrosion rate for carbon steel is about 5 mmiyr (200
mpy). However, CO, corrosion in this system would be expected to occur under
condensing conditions. ﬂwmuhnummwmldbcnpeﬂndmbevbmlm_mw
(0.5 mm/yr) for non-turbulent, non-impingement service. Carbon steel, with a
corrosion allowance of %", is the recommended material of construction for a
design life of 10 years. Valve trim should be 12 Cr. A note should be made 1o the
effiect that velocities should be kept to less than 60 fi/sec (20 m/s) and that long-
radius elbows should be used to avoid impingement.

Question:  What would change if the syngas contained an appreciable

quantity (> 20 ppmw) of cyanides?

Answer: Refer to Template #10b (p, 284).

This line would be in severe wet sour service. It contains a cathodic poison
that will accelerate the various forms of hydrogen induced cracking damage. The
recommended material of construction is carbon steel. MRO17S requires the
carbon steel to be either hot rolled or to have a mill heat treatment. Normalizing is
the conventional heat treatment. Postweld heat treatment is required. NACE
MRO175 and RP0472 should be required. If the pipe to be used is made from
welded plate, the plate should be resistant to HIC,

The cyanides will tend to destabilize the sulfide film, making it less protective.
The additional measures used for CO, corrosion resistance, velocity limitation and
long-radius elbows, should be required (see Template #10a, p. 284).

B. PETROCHEMICAL PROCESSES

The next five examples are for petrochemical processes. The generalized template
shown in Example No. 1 in Chapter § (p. 235) will be used to illustrate the use of

templates for petrochemical processes.

Example #11
Process Dala

This vessel is an mmmhmhmimim}wbulm,mﬁ:pmm'lﬁmya
flue gas stream. Corrosion control for this vessel depends on contact of inhibited
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MEA on all surfaces exposed to gaseous CO2. The only upset condition is loss of
inhibitor, during which CO2 corrosion will probably occur. The above data as well
as the design pressures and temperatures are listed in Template #11 (p. 283).
Materials selection should include the pressure-retaining components and internals,
including the packing rings.

Materials Selection

Killed carbon steel is the normal recommended material of construction for amine
services with design temperatures not exceeding 300°F (150°C). Since MEA is a
crack-inducing agent for alkaline stress comrosion cracking, postweld heat treatment
is recommended for carbon steels. This is consistent with the recommendations of
APl 945, Normalizing is also usually recommended for carbon steels in an alkaline
stress corrosion cracking environment. Accordingly, the following would be the
normal recommendations:

"« Metallurgy: killed carbon steel
= Pressure retaining components 1o be normalized
* Postweld heat tremiment required

However, the maximum design pressure should be too low for crack propa-

~ gation (i.e., leak-before-break). If the combined stress in tension is less than ten

percent of the specified minimum tensile strength, normalizing and postweld heat
treatment should not be necessary. The following minimum requirements should
be recommended to the user, if capital cost is a major project eriterion:

= Metallurgy: killed carbon steel

* Postweld Heat Treatment: per Code. Note that API Publication No. 945,
“Avoiding Environmental Cracking in Amine Units,” does not cite a
pressure threshold below which postweld heat treatment is unnecessary.

In either case, the recommended corrosion allowance is '/,". This value should
be adequate if the inhibitor program is effective. Recall that velocities should be
limited to 6 ft/sec (2 m/s) for rich amine services.

Twao special concerns require consideration;

* Experience has shown that the vapor spaces at the bottom of the absorber
may not be effectively inhibited by wet MEA. Accordingly, consider either
adding a sparger or cladding or overlaying the affected areas with a
corrosion resistant alloy. Type 405 or Type 410 (Type 4108 if welded)
stainless steel would be adequate. Solid stainless steel may be an
economical alternative for internals.

Type 304L SS should be considered. The low design pressure indicates
that the required shell thickness may be economical for stainless steel con-
struction. IF this material is used, both inhibitors and the sparger can be avoided.

£) &

'
|
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« The packing rings will have a huge total exposed surface area. At even
very low corrosion rates, they can generate excessive amounts of comrosion
products, which may cause fouling and plugging problems downstream of
the vessel. The rings should be made of a corrosive resistant alloy such as
Type 304 SS or a suitable non-metallic material such as polypropylene.

Mote the —50°F (—46°C) minimum design temperature. Impact testing may be
required for pressure-retaining components.

Example #12
Process Dala

This cxample involves a neutralization sump. This unit functions as a vented,
below-ground, temporary storage tank, used to collect and neutralize acidic and
caustic waste streams. The waste streams are usually heavily contaminated with
chlorides and other inorganic materials that are water soluble. The waste streams
will not be permitted to contain significant organic contaminants.

The tank is used only periodically; on the average, once per week for a few
hours 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 and other data are shown in Template #12 (p. 286).

Materials Selection

None of the common materials of construction will withstand the wide range of
contaminants and pH swings typical of this service. Consequently, it is common
practice to use either carbon steel or concrete to provide for pressure stresses and
structural integrity, with a liner chosen for its resistance to hot, dilute solutions of
sulfuric acid and caustic soda. Neoprene appears to be a good liner candidate [1].
The concentrations of acid and caustic, as well as operating temperatures, may
have to be restricted in order to select a material with adequate resistance. Consult
with lining suppliers for specific limits.

Example #13
Process Dala

This example involves the high-temperature shift converter in an ammonia plant.
The feed to this vessel is a gas composed of hydrogen, nitrogen, carbon monoxide,
carbon dioxide and steam. The catalyst in the vessel promotes the conversion of
carbon monoxide to carbon dioxide. Shutdown is an upset condition, since liquid
water will condense, permitting corrosion by wet carbon dioxide. Refer to
Template #13 (p. 287) for pertinent data.
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Materials Selection

Carbon dioxide is the only process component regarded as a corrodent. Since there
hmﬁwﬂmhhmmmmmﬁmﬂoﬂemﬂm
corrosion is anticipated. Homw.liqu'uimwiﬂfumﬁ:ingshmdn“m. The
wmmrMMIlhvﬂbhumcvmdmhmﬁnglhtshmdm.
The de Waard-Milliams corrosion rate (refer to Appendix 2), for a condensing
system, will be as high as 50 mpy (1.3 mm/yr) at 155°F (68°C). However, this rate
must be prorated over the operating life of the vessel When prorated, the
corrosion rate is negligible. Nevertheless, it is conventional to specify 2 nominal
corrosion allowance; /" should be adequate. _

The hydrogen partial pressure exceeds 100 psia, so this is a hydrogen service.
Tthnhmm{mﬁppmdi;l)indhﬂﬂhﬂlhcmhhmaowpmhlemamﬁal
is 1%Cr-Y:Mo. Rmﬂmmmldhmummubemquimd of all Cr-Mo
steels in hydrogen service. Hardness controls should also be required. 1%Cr-'4Mo
should not be subject to creep embrittlement in this service. The relatively low
minimum design temperature may require impact tested material.

Example #14
Process Data

This line conveys superheated ammonia in a plastics plant. The service involves
no upset conditions, Alloy B00 has been used in the past but has proved to be
susceptible to rapid niriding, An altemative material is desirable. Refer to
Template #14 (p. 288) for relevant data,

Materials Selection

Anhydrous liquid ammonia 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 nitriding for the moment, 1'%4Cr-Y:Mo would be the minimum
material for this service, since the maximum design temperature exceeds that
normally permitted for carbon steel. At the maximum temperafures shown in the
template, this material may be susceptible to creep embrittlement. 2%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 known to be essentially immiscible with nitrogen.

A low-Cr-Mo steel intemnally lined with vapor-deposited aluminum would
appear to be a better and cheaper altemative. The fabrication welds could be a
pmbhnusimthummumm;mstbeathnmakeagmdweli To
solve this problem, a short spool piece of a suitable nickel alloy should be welded
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to the Cr-Mo pipe prior to the vapor deposition process. Any subsequent welds
would then have much improved nitriding resistance.

There are a number of nickel-based alloys much more resistant to nitriding
than is Alloy 800. Manufacturers of nickel alloys should be consulted for
alternative materials.

Example #15
Process Data

This example involves an acetic acid heat exchanger, having high purity acid on the
tube side and cooling water on the shell side. The cooling water is regarded as being
clean and is chemically treated to be benign to carbon steel. However, it contains a
relatively large concentration of chlorides. The exchanger is expected to experience
no significant upsets. Refer to Template #15 (pp. 289-290) for relevant data.

Materials Selection

Type 316L stainless steel is the conventional material of construction for pure
acetic acid, for temperatures up to the boiling point of the acid. If we accept the
template data as stated, carbon steel is the recommended material of construction
for the shell side. Type 316 SS (316L if welded) is the recommended material for
the tubes, with carbon steel, overlaved or clad with Type 316L SS, recommended
for the tubesheet and channel,

This example illustrates one of the pitfalls of materials selection. It would
appear that a relevant upset condition may have been overlooked: loss of flow on
the shell side (cooling water). 1f this were to happen, the recommended tube-side
metallurgy could become susceptible to chloride stress corrosion cracking. A
cautionary note has been added to the template to address this concem.
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 five examples of chemical processes are discussed. The first four
examples involve a dilution system that uses sulfuric acid to adjust the pH of
cooling tower water. This is a continuous process and Figure S-1 is used to
generate the required templates. These examples are also used to generate a
materials selection diagram,

The last example involves a batch process, Figure 5-2 is used to generate
the template for this example.

Examples 4

Stream or Equipment Number:

Mechanical Design Conditions:

Operating Design
Low High Low High
‘Temperature:
Pressure:
Process Ehenislr;.-:

* Chemicals Present:"
* Phases Present:
+ Corrodents Present:”
+ Crack-Inducing Agents Present:"

Upset Conditions:"

Material of Construction:

PWHT: Corrosion Allowance: Valve Trim:

Notes:

* 1. List all chemicals present. Include contaminants and impurities as well as the major
constiluents.

2. Indicate if the process fluid is an electrolyte. 1f not, are other electrolytes present?
* Indicate which chemicals are known corrodents.

* Indicate which chemicals are known crack-inducing agents.

* Describe the nature and duration of possible anticipated upset conditions. For each upset
condition, indicate the presence of comodents, crack-inducing ogents or clecirolytes
introduced because of upset conditions. For autorefrigeration, indicate the anticipated

minimum lemperature.

Figure S-1 Template to be used for continuous chemical processes.

‘y 9 4

.
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Stream or Equipment Number:
Step:"

Mechanical Design Conditions:

Operating Design
Low High Low High

Temperature:
Pressure:

Process Chemistry: .

* Chemicals Present:”

* Phases Present:

= Corrodents Present:®

*+ Crack-Inducing Agents Present:”

Upset Conditions:*

Material of Construction:

PWHT: Corrosion Allowance: Valve Trim:
Notes:

'thﬁmanph:muhmfwudlmhmcm Indicate the
.wﬁmmmkm
ILutallrhemulspmt Include contaminants and impuritics as well as the major
constifuents. E
'I.hdiui:ifihptmmism:hmﬁym If not, are other clectrolytes present?
‘hdhal:wiﬁxhcllcmkalsmhﬂwnm
*[ndiu_t:whimclmniulsnhwmmk-hducinﬂm
Describe the nature and duralion of possible anticipated upset conditions. Consider
whether the upset conditions are for start-of-run, end-of-run or both, or whether they will
Pcmdwlngthem For each upset condition, indicate the presence of corrodents, crack-
inducing agents or electrolytes introduced because of upset conditions. For auto-

refrigeration, indicate the anticipated minimum temperature,

Figure S-2 Template to be used for batch chemical processes.
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EXAMPLES #186, 17, 18 and 19

Figure S-3 is a process flow diagram for a sulfuric acid dilution system.
Concentrated acid (93 or 98 percent) is pumped from a storage tank (101) to a
mixing pipe (5) where it is mixed with process water to produce dilute sulfuric acid
(< 10 percent). Componenis in this system include the following:

» Storage tank for concentrated sulfuric acid (101)

+ Transfer line to and from the strong acid pump (1)

* Strong acid pump (P1)

Feed water lines (2), (3) and (4)

Feed water pump (P2)

Acid dilution pipe (5)

Dilute acid pipe (6) (this line has essentially the same process conditions as
(59

Templates are developed for the sulfuric acid storage tank (101), the acid
transfer line (1), the strong acid pump (P1) and the acid dilution pipe (5) and the
dilute acid pipe (6). Templates will not be necessary for the feed water pump (P2)
and the feed water lines (2), (3) and (4), since such feed water is assumed to be
moderately corrosive. Carbon steel piping with 12 Cr valve trim and a coosion
allowance of 1/8” is the normal selection for such water services. The P2 pump is
typically selected to be (1) cast iron with cast iron or carbon steel intemals, (2)
carbon steel with either cast iron or carbon steel internals or (3) 12 Cr with 12 Cr
intenals. The latter selection is usually made only if experience indicates that such
metallurgy is necessary.

Concentrated sulfuric acid has a strong affinity for water. If the system is
drained and exposed to moist air, very corrosive weak acid will 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 be protected from direct exposure to air.
The acid handling portion of the dilution system must be drained under
nitrogen purge. The nitrogen purge must be maintained until the system
has been thoroughly washed.

Ll - - -

EXAMPLE #16: Sulfuric Acid Storage Tank (101)
Prucess Data '

The tank contains concentrated sulfuric acid (93 to 98 percent), commercial grade.
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 Template #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 the preferred material of construction for concentrated sulfuric acid
storage tanks. However, as discussed in Chapter 3, velocities must not be allowed
to exceed 3 Rsec (0.9 mfs). For this 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 S5 to resist erosion corrosion.
Refer to reference [2] for design details.

EXAMPLE #17: Acid Transfer Line {1}
Process Datla

This line takes feed from the sulfuric acid storage tank, so it has the same process
chemistry and operating temperatures and pressures. The only additional upset con-
dition would be reverse flow from the acid dilution line. A check valve has been pro-
vided to address this potential problem. Refer to Template #17 (p. 292) for relevant data.

Materials Selection

As discussed in Chapter 3, carbon steel is sometimes used for piping concentrated
sulfuric acid. However, Type 316 88 is becoming the standard metallic material of
construction for this service {Type 316L S8 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 fluoride (PVDF)
is often recommended for this service. Both Alloy C-276 (15Cr-54Ni-16Mo, UNS
N10276) and Alloy 20 Cb-3 (20Cr-35Ni-2.5Mo, Cb stabilized (UNS N08020)) are
used for valve bodies, or valve body weld overlays, and trim. Mo corrosion
allowance should be necessary.

This line should enter the acid dilution line from the bottom, since the higher-
gravity concenirated acid will tend to prevent back-flow from the acid-mixing line.

EXAMPLE #18: Strong Acid Pump {P1)
Process Data

The process and operating conditions for this pump are the same as those of the
acid transfer line. Refer to Template #18 (p. 293) for relevant data,

Materials Selection

As discussed in Chapter 3, recommended materials of construction for pumps in this
service include 14 percent silicon cast iron or the east version of Alloy 20 Cb-3.
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(From Appendix 1, the cast version of Alloy 20 Cb-3 is available as Gr CN-TM under
ASTM A351, A743 or AT44.) Pump scals can be a problem. Chromium oxide seals
are usually recommended. No corrosion allowance should be necessary.

EXAMPLE #19: Acid Dilution Line (5)
Process Data

This line is exposed to severe operating conditions. The heat of dilution can cause
high temperatures, up to the boiling point of the acid solution. Refer to Figure
All-1 (p. 398), which indicates that 98 percent acid has a boiling point of about
G00°F (315°C). No reasonably affordable materials are available that can
withstand 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 data,
Matenials Selection
Rapid mixing can cause explosive local boiling. This condition may not be totally
avoidable, indicating that all-polymer construction is not feasible.

As was discussed in Chapter 3, hot dilute sulfuric acid is very cormrosive o

most of the common materials of construction. Plastic-lined carbon steel (PVDF or
PFTFE) or Alloy 20 Cb-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 diagram contains no apparent materials selection discrepancies.
Note that the diagram clearly indicates the need for alloy check valves in some
lines that, upstream, are made of materials that will not withstand the corrosiveness
of the downstream process.

Example #20
Process Dala

This is a batch process for drying pentane which is to be sold as solvent.
Approximately 1500 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 wi. percent sulfuric acid is added and
the two phases are thoroughly mixed together. The agitator is then tumed off and
the organic phases are allowed to separate. 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 S4 Materials selection diagram for a sulfuric acid dilution system.

of acid and solvent is left in the reactor to avoid carrying drops of acid out with the
solvent. The process is then repeated with the next batch. The acid is reused until
its concentration reaches 93 percent. All of the processing is done at ambient
temperature, The process specification permits no contamination of the solvent by
corrosion products, Refer to Template # 20 (p, 295) for relevant data.
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Materials Selects
Since contamination of either the acid or the solvent is not permitted, the reactor
must be consiructed of materials that are resistant to 93 10 98 wt. percent H,S0,
Candidate materials include austenitic stainless steels, nickel-based high alloys and
glass-lined carbon steel. The final choice will be based on the installed cost, n
general, glass-lined carbon steel, off-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 available in larger sizes,

Pumps, valves and piping for the batch system would be similar to those
indicated in Examples #17-18. Carbon steel should not be allowed for the acid
storage tank, since it would generate unacceptable iron contamination. Carbon
steel lined with a resistant polymer such as PVDF should probably be selected for
acid storage,
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MATERIALS SELECTION TEMPLATE: EXAMPLE #1
Stream or Equipment Number: Sour Wash Water Line
Design Temperature (Minimum/Maximum): 32/210°F
Design Pressure (Minimum/Maximum): —/45 psig
Commodity: Sour Water Phases: Liquid  Liquid Water (Y/N): Yes
High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: NA
Corrodents: H,5 (2.3 wt. %)
Crack-Inducing Agents: H,S (2.3 wi. %)
Upset Conditions: None
*  Liquid Water (Y/N):
= Corrodents:
* Crack-Inducing Agents:
* Autorefrigeration (Y/N):
* Other:
Wet Sour Service (Y/N): No (Low-Risk Service)
Metallurgy: CS
Corrosion Allowance: /"

PWHT: Per Code Valve Trim: 12 Cr

MNotes: None

.»_._
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MATERIALS SELECTION TEMPLATE: EXAMPLE #1a

Stream or Equipment Number: Sour Wash Water Line
Design Temperature (Minimum/Maximum): 32210°F
Design Pressure (Minimum/Maximum); —/75 psig
Commodity: Sour Water Phases: Liquid  Liguid Water (Y/N): Yes
High-Temperature Total Sullur: NA
High-Temperature Hydrogen Sulfide: NA
Corrodenits: H,S (2.3 wi. %)
Crack-Inducing Agents: H,S (2.3 wi. %)
'[.lput Conditions: None
*  Ligquid Waler (Y/N):
= Corrodents:
* Crack-Induclng Agents:
= Autorefrigeration (Y/N):
= Other:

Wet Sour Service (Y/N): Yes
Il Yes, indicate severity: Simple Wet Sour Service

Metallurgy: CS
PWHT: Per Code Yalve Trim: 12 Cr

Notes: NACE MROI75/RP04T2

Corrosion Allowance: '/,"

MATERIALS SELECTION TEMPLATE: EXAMPLE #2

Stream or Equipment Number: Gas/Oil Separator
Design Temperature (Minimum/Maximum): -20250°F
Design Pressure (Minimum/Maximum): 0/125 psig
Commodity: Sour Crude Phases: Lig, + Vap. Liquid Water (Y/N): No
High-Temperature Total Sullur: NA
High-Temperature Hydrogen Sulfide: NA
Corrodents: CO, (3 mole %) + H,S (3 mole %)
Crack-Inducing Agents: H,S (3 mole %)
Uput Conditions: Shutdown

Liquid Water (Y/N): Yes
¢ Corrodents: CO, (4.2 psia) + H,S (4.2 psia)
* Crack-Inducing Agents: H,S (4.2 psia)
*  Autorefrigeration (Y/N): No

IT Yes, indicate minimum temperature;
= Other:

Wet Sour Service (Y/N): Yes
If Yes, indicate severity: Simple Wet Sour Service

Metailurgy: KCS
PWHT (Y/N): per Code  Valve Trim: NA Corrosion Allowance: '/;"

Notes: NACE MRO175/RP04T2
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MATERIALS SELECTION TEMPLATE: EXAMPLE #3 MATERIALS SELECTION TEMPLATE: EXAMPLE #3a
Stream or Equipment Number: Rich DEA Line Stream or Equipment Number: Rich DEA Line
Design Temperature (Minimum/Maximum): 32/210°F Design Temperatnre (Minimum/Maximum): 32/210°F
Design Pressure (Minimum/Maximum): —/1600 psig Design Pressure (Minimum/Maximum): —/15 psig
Commodity: DEA + H,5 Phases: Liquid  Liquid Water (Y/N): Yes Commodity: DEA + H,S Phases: Liquid  Liguid Water (Y/N): Yes
High-Temperature Total Sulfur: MA High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: NA ; High-Temperature Hydrogen Sulfide: NA
Corrodents: H,5 (3 wt. %) + DEA (23 wt. %) Corrodents: H,S (3 wit. %) + DEA (23 wt. %)
Crack-Inducing Agents: H,5 (3 wt. %) + DEA (23 wt. %) Crack-Inducing Agents: H,5 (3 wit. %) + DEA (23 wt. %)
Upset Conditions: None Upset Conditions: None
* Liquid Water (Y/N): » Liquid Water (Y/N):
* Corrodents: = Corrodents:
* Crack-Inducing Agents: = Crack-Inducing Agents:
*  Autorefrigeration (Y/N): = Autorelrigeration (Y/N):
= Other: = Other:
Wet Sour Service (Y/N): Yes Wet Sour Service (Y/N): No (Low-Risk Service)
IT Yes, indicate severity: Severe Wet Sour Service
Metallurgy: CS
Metallurgy: CS
PWHT: per Code Valve Trim: Tp316 58 Corrosion Allowance: 14"
PWHT: Yes Valve Trim: Tp 316 55  Corrosion Allowance: '4"
Notes: CA may be '/;" if inhibitors are used. API 945 recommends PWHT. Limit
Notes: NACE MRO175/RP0472. 1f welded pipe, require HIC-resistant plate and the velocity to 6 fifsec.
normalize the weld. CA may be "/y" if inhibitors are used. Limit the velocity to 6
ft'sec (3 m/s).
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Stream or Equipment Number: LPG Line
Design Temperature (Minimum/Maximum): 32/155°F
Design Pressure (Minimum/Maximum): 100/230 psig
Commodity: LPG Phases: Liquid Liguid Water (Y/N): No
High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: NA
Corrodents: None
Crack-Inducing Agents: None
Upset Conditions: Autorefrigeration
*  Liguid Water (Y/N): None
+ Corrodents: Mone
* Crack-Inducing Agents: None
* Autorefrigeration (Y/N): Yes
Il Yes, indicate minimum temperature: -65°F
Other:

Wet Sour Service (Y/N): No
If Yes, indicate severity:

Metallurgy: Impact tested carbon steel (may be a risky choice). 3% Ni or 18-8 S§
are acceptable allematives,

PWHT (Y/N): per Code  Valve Trim: Tp316SS  Corrosion Allowanece: 0

Notes: Normally operates at 105°F; no insulation required.
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MATERIALS SELECTION TEMPLATE: EXAMPLE #4a

Stream or Equipment Number: LPG Vessel
Design Temperature (Minimum/Maximum): 32/155°F
Design Pressure (Minimum/Maximum): 100230 psig
Commodity: LPG Phases: Liquid Liquid Water (Y/N): No
High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: NA L
Corrodents: None
Crack-Inducing Agents: None
Upset Conditions: Autorefrigeration
*  Liquid Water (Y/N): None

+ Corrodents: None
¢ Crack-Inducing Agenis: None
= Autorefrigeration (Y/N): Yes

Il Yes, indicate minimum temperature: -65°F
+ Other:

Wet Sour Service (Y/N): No
Il Yes, indicate severity:

Metallurgy: Carbon steel will probably be a good choice; see the Code toughness
rules. Altlematives: 3% Nior 18-8 85,

PWHT (Y/N): per Code  Valve Trim: NA  Corrosion Allowance: None

Noles: None
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Stream or Equipment Number: Furnace Inlet Line

Design Temperature | Minimum/Maximum): -20/1000°F
Design Pressure (Minimum/Ma ximum): —/85 psig
Commodity: HC+H,  Phases: Vapor  Liquid Water (Y/N): No
High-Temperature Total Sulfur: None
High-Temperature Hydrogen Sulfide: None
Corrodents: None
Crack-Inducing Agents: H, (95 mole %)
Upset Conditions: None
= Liquid Water (Y/N):
= Corrodents:
* Crack-Inducing Agents: H, (95 psia)
*  Autorefrigeration (Y/N):

IT Yes, indicate minimum temperature;

* Other:

Wet Sour Service (Y/N): No
II Yes, indicate severity:

Metallurgy: 1%4Cr-YiMo
PWHT (Y/N): per Code  Valve Trim: 12 Cr Corrosion Allowance: None

Notes: CS is permissible if “early replacement” is acceptable, Note that 1%Cr-
%Mo may be susceptible to creep embrittlement in this service,
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MATERIALS SELECTION TEMPLATE: EXAMPLE #5a

Stream or Equipment Number: Furnace Inlet Line
Design Temperature (Minimum/Maximum}; —20/1050°F
Design Pressure (Minimum/Maximum): —/85 psig
Commodity: HC + H, Phases: Vapor  Liquid Water (Y/N): No
High-Temperature Total Sulfur: None
High-Temperature Hydrogen Sulfide: None
Corrodents: Nonc
Crack-Inducing Agents: H, (95 mole %)
Upset Conditions: None
*  Liquid Water (Y/N):

* Corrodents:
* Crack-Inducing Agents: H, (95 psin)

= Autorefrigeration (Y/N):
Il Yes, indicate minimum temperature:
* Oiher:

Wet Sour Service (Y/N): No
If Yes, indicate severity:

Metallurgy: 1%Cr-%4Mo
PWHT (Y/N): perCode  Valve Trim: 12Cr  Corrosion Allowance: None

Notes: Note that 1%Cr-%4Mo may be susceptible to creep embrittlement in this
service.

_
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MATERIALS SELECTION TEMPLATE: EXAMPLE #5b

Stream or Equipment Number: Fumnace Inlet Line

Design Temperature (Minimum/Maximum): —20/1000°F

Design Pressure (Minimum/Maximum): —/500 psig
Commodity: HC+ H,  Phases: Vapor  Liquid Water (Y/N): No
High-Temperature Total Sulfur: None

[-[igi-Tmpmtm-t Hydrogen Sulfide: None

Corrodents: None

Crack-Inducing Agents: H; (95 mole %)

Upset Conditions: None

= Ligquid Water (Y/N):
Corrodents:

* Crack-Inducing Agents: H, (490 psia)
= Autorefrigeration (Y/N):

If Yes, indicate minimum temperature:
» Other:

Wet Sour Service (Y/N): No
If Yes, indicate severity:

Metallurgy: 1%Cr-%Mo
PWHT (Y/N): per Code  Valve Trim: 12Cr  Corrosion Allowance: None

Notes: NACE MR0175; weld metal: 225 BHN, maximum. Mote that 1%4Cr-%Mo
may be susceptible to creep embrittlement in this service.
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MATERIALS SELECTION TEMPLATE: EXAMPLE #6

Stream or Equipment Number: Pump Suction Line

Design Temperature (Minimum/Maximum): 32/620°F
Design Pressure (Minimum/Maximum): —/75 psig
Commodity: HC Phases: Liquid  Liquid Water (Y/N): No
High-Temperature Total Sulfur: 1.5 wt. %

High-Temperature Hydrogen Sulfide: NA
Corrodents: High-temperature sulfur (1.5 wt. %)
Crack-Inducing Agents: None

Upset Conditions: None

Liquid Water (Y/N):

Corrodents:

Crack-Inducing Agenis:
Autorefrigeration (Y/N):

If Yes, indieate minimum tem perature:
= Other:

Wet Sour Service (Y/N): No
If Yes, indicate severity:

Metallurgy: 5Cr-Y5sMo
PWHT (Y/N): per Code  Valve Trim: 12Cr  Corrosion Allowance: '/s"

Notes: Carbon steel is acceptable on an “early replacement”™ basis; note the low
design pressure (and probably much lower operating pressure).
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Stream or Equipment Number: Reactor Feed Line
Design Temperature (Minimum/Maximum): 32/800°F
Design Pressure (Minimum/Maximum): —/|870 psig
Commodity: Sour HC + H; Phases: Vapor  Liquid Water (Y/N): No
High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: 0.82 mole %
Corrodents: High-temperature HS (0.82 mole %)
Crack-Inducing Agents: H,S (0.82 mole %) + H, (82 mole %8)
Upset Conditions: Shutdown
* Liquid Water (Y/N): Yes
* Corrodents: .S (15 psia)
* Crack-Inducing Agents: H,S (15 psia) + H, (1545 psia)
* Autorefrigeration (Y/N): No

I Yes, indicate minimum temperature:
* Other: None

Wet Sour Service (Y/N): Yes
If Yes, indicate severity: Simple Wet Sour Service

Metallurgy: Tp 321 or 347 S§

PWHT (Y/N): perCode  Valve Trim: Tp 321 or 347 5%
Corrosion Allowanece: None

Notes: NACE MR0175
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Stream or Equipment Number: Reactor Feed Line

MATERIALS SELECTION TEMPLATE: EXAMPLE #7a

Design Temperature (Minimum/Maximum): 32/800°F
Design Pressure (Minimum/Maximum): —/1870 psig
Commodity: Sour HC + H, Phases: Vapor  Liguid Water (Y/N): No
High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: 0.82 mole %
Corrodents: High-temperature H,S (0.82 mole %) + naphthenic acid
Crack-Inducing Agents: H,S (0.82 mole %) + H, (82 mole %)
Upset Conditions: Shutdown

*  Liquid Water (Y/N): Yes

* Corrodents: H,S (15 psia)

* Crack-Inducing Agents: H,S (15 psia) + H, (1545 psin)

* Autorefrigeration (Y/N): No

I Yes, indicate minimum temperature:
*  Other: None

Wet Sour Service (Y/N): Yes
Il Yes, indicate severity: Simple Wet Sour Service

Metallurgy: Tp 316Ti, Tp 316 0r 317 58

PWHT (Y/N): per Code  Valve Trim: Tp 316 or 317 8
Corrosion Allowance: None

Notes: NACE MRO175. Tp 316Ti is available in plate only. Tp 316 5S must have
at least 2.5 wi. percent Mo; check the mill certificate(s). Operating instructions
must cover prevention of polythionic acid attack by neutralizing washes per NACE
RPO170,

fy £ &
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Stream or Equipment Number: Hydrotreater Reactor
Design Temperature (Minimum/Maximum): 32/800°F
Design Pressure (Minimum/Maximum): —/1560 psig
Commodity: Sour HC+H,  Phases: Lig. + Vap.  Liquid Water (¥/N): No
High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: 2.85 mole %
Corrodents: High-temperature H,S (2.85 mole % H,5)
Crack-Inducing Agents: H,S (2.85 mole %) + H, (76 mole %)
Up@tt Conditions: Shutdown
Liquid Water (Y/N): Yes
« Corrodents: H,S (45 psia)
« Crack-Inducing Agents: H,S (45 psia) + H; (1200 psia)
+  Autorelrigeration (Y/N): No
If Yes, indicate minimum temperature:

* (Other: Monge

Wet Sour Service (Y/N): Yes
If Yes, indicate severity: Simple Wet Sour Service

Metallurgy: 1%Cr-Y2Mo with 18-8 S5 overlay

PWHT (Y/N): Yes Valve Trim: NA  Corrosion Allowance: None
Motes: NACE MRO175. Specify the overlay to be Tp 347 weld overlay or Tp 321
cladding. The base metal should not be susceptible to creep embrittlement, since

the maximum design temperature is colder than 850°F, The vessel should not be
pressurized at temperatures colder than 250°F.
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MATERIALS SELECTION TEMPLATE: EXAMPLE #8a

Stream or Equipment Number: Hydrotreater Reactor
Design Temperature (Minimum/Maximum): 32/900°F
Design Pressure (Minimum/Maximum): —/1560 psig
Commodity: Sour HC + H; Phases: Lig. + Vap.  Liquid Water (Y/N): Mo
High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: 2.85 mole %
Corrodents: High-temperature H,5 (2.85 mole % H,S)
Crack-Inducing Agents: H,S (2.85 mole %) + H, (76 mole %)
Upmt Conditions: Shutdown
* Liquid Water (Y/N): Yes
= Corrodents: H,S (45 psia)
= Crack-Inducing Agents: H,5 (45 psia) + H, (1200 psia)
= Autorefrigeration (Y/N): No
If Yes, indicate minimum temperature:
*  Other: None

Wet Sour Service (Y/N): Yes
Il Yes, indicate severity: Simple Wet Sour Service

Metallurgy: 2%Cr-1Mo with 18-8 58S overlay
PWHT (Y/N): Yes Valve Trim: NA  Corrosion Allowance: None

MNotes: NACE MRO1L75. 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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Stream or Equipment Number: Reactor Feed Exchanger
Design Temperature (Minimum/Maximum): 32/650°F
Design Pressure (Minimum/Maximum): —/1870 poig
Commodity: Sour HGO + H, ~Phases: Liq. + Vap. Liquid Water (Y/N): No
High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: 0.82 mole %
Corrodents: High-temperature H,S (0.82 mole %)
Crack-Inducing Agents: H,S (0.82 mole %) + H, (82 mole %)
Upset Conditions: Shutdown
.= Liquid Water (Y/N): Yes

* Corrodents: H,S (15 psia)

* Crack-Inducing Agents: H,S (15 psia) + H, (1545 psia)

*  Autorefrigeration (Y/): No

I Yes, indicate minimum temperature:

Other: None

Wet Sour Service (Y/N): Yes
If Yes, indicate severity: Simple Wet Sour Service

Metallurgy: 1%4Cr-Y2Mo with 18-8 S8 overlay
PWHT (Y/N): Yes Valve Trim: NA  Corrosion Allowance: None

Notes: NACE MRO175; weld metal: 225 BHN, maximum, Specify the overlay to
be Tp 347 weld overlay or Tp 321 cladding, '
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Stream or Equipment Number: Reactor Feed Exchanger
Design Temperature (Minimum/Maximum): 32/675°F

Design Pressure (Minimum/Maximum): —'1560 psig
Commodity: Sour HGO + H, Phases: Lig. + Vap. Liguid Water (Y/N): No
High-Temperature Total Sulfur: NA

High-Temperature Hydrogen Sulfide: 2.85 mole %
Corrodents: High-temperature H,S (2.85 mole %)
Crack-Inducing Agents: H,S (2.85 mole %) + H; (76 mole %)
Upset Conditions: Shutdown

Liquid Water (Y/N): Yes

Corrodents: H,5 (45 psia)

Crack-Inducing Agents: H,5 (45 psia) + H; (1200 psia)
Autorefrigeration (Y/N): No

If Yes, indicate minimum temperature:
= Other: None

Wet Sour Service(Y/N): Yes
If Yes, indicate severity: Simple Wet Sour Service

Metallurgy
= Tubes: Tp 321 SS.
* Tubesheet: 1'4Cr-14Mo, with Tp 321 cladding or Tp 347 overlay on both
sides,
* Channel: 1%Cr-Y4Mo, with Tp 321 cladding or Tp 347 overlay.

PWHT (Y/N): Yes Valve Trim: NA  Corrosion Allowance: None

Notes: NACE MRO175; weld metal: 225 BHN, maximum.
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Stream or Equipment Number: Syngas Transfer Line
Design Temperature (Minimum/Maximum): 32/150°F
Design Pressure (Minimum/Maximum): —/75 psig
Commodity: HC + acid gases Phases: Vapor  Liguid Water (Y/N): No
High-Temperature Total Sulfur: NA

I-l.hi—Tm;m:m'e Hydrogen Sulfide: NA

Corrodents: H,S (2.5 mole %) + CO, (15 mole %)
Crack-Inducing Agents: H,S (2.5 mole %) + chlorides
Upset Conditions: Shutdown

Liquid Water (Y/N): Yes

Corrodents: H,S (2.25 psia) + COy (13.5 psia)
Crack-Inducing Agents: H,5 (2.25 psia) + chlorides
Autorefrigeration (Y/N): No

I Yes, indicate minimum temperature:
* Other: None

- - - -

Wet Sour Service (Y/N): Yes
Il Yees, indicate severity: Simple Wet Sour Service

Metallurgy: CS
PWHT (Y/N): perCode  Valve Trim: 12Cr  Corrosion Allowance: '/,"

Notes: NACE MRO175/RP0472

Stream or Equipment Number: Syngas Transfer Line

Design Temperature (Minimum/Maximum): 32/150°F

Design Pressure (Minimum: Taximum); —/75 psig

Commodity: HC + acid gases  Phases: Vapor  Liquid Water (Y/N): No
High-Temperature Total Sz!fur: NA

High-Temperature Hydrogzn Sulfide: NA

Corrodents: H,S (trace only) + CO, (15 mole %)

Crack-Inducing Agents: chiorides

Upset Conditions; Shutdown

Liguid Water (Y/N): Yes

Corrodents: H,S (trace only) + CO, (13.5 psia)
Crack-Inducing Agents: chlorides
Autorefrigeration (¥/N): No

If Yes, indicate minimum temperature:

* Other: None

Wet Sour Service (Y/N): No
If Yes, indicate severity:

Metallurgy: CS
PWHT (Y/N): per Code  Valve Trim: 12Cr  Corrosion Allowance: %"

Notes: Keep velocities to less than 60 ft/sec (20 m/s); use long-radius elbows.
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Stream or Equipment Number: Syngas Transfer Line
Design Temperature (Minimum/Maximum): 32/150°F
Design Pressure (Minimum/Maximum): —(75 psig
Commodity: HC + acid gases Phases: Vapor  Liquid Water (Y/N): No
High-Temperature Total Sulfur: NA
High-Temperature Hydrogen Sulfide: NA
Corrodents: H,S (2.5 mole %) + CO, (15 mole %)
Crack-Inducing Agents: H,S (2.5 mole %) + chloridcs
Upset Conditions: Shutdown

= Liguid Water (Y/N): Yes
+ Corrodents: H,S (2.25 psia) + CO, (13.5 psia)
* Crack-Inducing Agents: H,S (2.25 psia) + chlorides

* Autorefrigeration (Y/N): No
* Other: Cyanides present at greater than 20 ppmw.

Wet Sour Service (Y/N): Yes
If Yes, indicate severity: Severe Wet Sour Service
Metallurgy: CS
PWHT (Y/N): Yes Valve Trim: 12 Cr Corrosion Allowance: 4"

Notes: NACE MRO175/RP0472. If welded pipe, require HIC-resistant plate and

normalize the weld. Keep velocities to less than 60 fifsec (20 m/s); use long-radius
elbows.
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Stream or Equipment Number: MEA Absorber Tower

Design Temperature (Minimum/Maximum): —50/160°F

Operating Temperature (Minimum/Maximum): —40/125°F

Design Pressure {Mi-nimnmm'laxlmum): —20 psig

Operating Pressure (Minimum/Maximum): —5 psig

Commodity: MEA + CO, + Inhib. Phases: L+V  Liquid Water (Y/N): Yes
Corrodents: CO; (3 mole % in vapor) + MEA (30 wt. %) + 8 mole % O,
Crack-Inducing Agents: MEA (30 wt. %)

Upset Conditions: Loss of inhibitor

Metallurgy: KCS; use normalized plate.

PWHT (Y/N): Yes Valve Trim: NA Corrosion Allowance: /"
Notes: Use a sparger 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 55 or a nonmetallic material (e.g., polypropylene) for
packing rings. Limit the velocity to 6 fi/sec (2 m/s).

Consider construction of solid Type 304L S8, with deletion of inhibitors and

the sparger.

Mote that the operating pressure is probably too low for crack propagation;
leak-before-break will occur. If the combined stress in tension is less than ten
percent of the specified minimum tensile strength, normalizing and PWHT should
not be necessary. These recommendations should be discussed if capital cost is a

major criterion.
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MATERIALS SELECTION TEMPLATE: EXAMPLE #12

Stream or Equipment Number: Neutralizing Sump

Design Temperature (Minimum/Maximum): 327225°F

Operating Temperature (Minimum/Maximum): 50/212°F

Design Pressure (Minimom/Maximum):—/10 psig

Operating Pressure (Minimum/Maximum):—/5 psig

Commodity: Waste waters  Phases: Liquid Liquid Water (Y/N): Yes
Corrodents: NaOH and H,S0,; 1 <pH <12

Crack-Inducing Agents: NaOH, carbonates, bicarbonates, chlorides, etc.

Upset Conditions: None

Metallurgy: CS, internally lined (with external coating and cathodic protection)
PWHT (Y/N): per Code  Valve Trim: NA  Corrosion Allewance: None
Notes: Internally lined concrete is an acceptable alternative. INmplme.may be
suitable as an internal lining. Acid and/or caustic concentrations in the sump may

have to be limited during operation. Consult with lining suppliers for specific
limi
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MATERIALS SELECTION TEMPLATE: EXAMPLE #13

Stream or Equipment Number: High-temperature Shift Converter

Design Temperature (Minimum/Maximum): ~35/840°F

Operating Temperature (Minimum/Maximum): -25/815°F

Design Pressure (Minimum/Maximum): —/525 psig

Operating Pressure (Minimuss/Maximum): —/475 psig

Commodity: Reformer gas ~ Phases: Vapor Liquid Water (Y/N): No

Corrodents: NA (no liquid water). CO, (8 mole %, 43 psia) corrosion is likely if
liquid water forms.

Crack-Inducing Agents: H, (23 mole %); partial pressure is 124 psia
Upset Conditions: Shutdown (liquid water condenses)

Metallurgy: 1%Cr-'2Mo (impact tested?)

PWHT (Y/N): Yes Valve Trim: NA  Corrosion Allowance: '/1g"

Notes: NACE MRO175; weld metal: 225 BHN, maximum, due to hydrogen
service.
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Stream or Equipment Number: Superheated Ammonia Line

Design Temperature {(Minimum/Maxim um): 0/950°F
Operating Temperature {Minimum."rrl’aximurn}: 1/900°F
Design Pressure (Mini mum/Maximum): —/3575 psig
Operating Pressure {h‘[l.nimum."'h'laximum}: —/3500 psig
Commodity: Ammonia  Phases: Gas Liquid Water (Y/N): No
Corrodents: None

Crack-Inducing Agents: None

Upset Conditions: None

Metallurgy: 2!4Cr-1Mo, internally coated with vapor-deposited aluminum
PWHT (Y/N): per Code  Valve Trim: Nialloy 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.

l
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Stream or Equipment Number: Acetic Acid Heat Exchanger

Design Temperature (Minimum/Maximum): 32/140°F

Operating Temperature (Minimum/Maximum): 45/120°F

Design Pressure (Minimum/Maximum): —/175 psig

Operating Pressure (Minimum/Maxim um}: —'125 psig

Commoadity: Clean cooling water Phases: Liquid  Liguid Water (Y/N): Yes
Corrodents: None

Crack-Inducing Agents: Chlorides (300 ppm)

Upset Conditions: Possible loss of shell-side flow

Metallurgy: KCS

PWHT (Y/N): per Code Valve Trim: NA  Corrosion Allowance: '/;"

Notes: Mone

Ca



MATERIALS SELECTION TEMPLATE: EXAMPLE #15 (Tube side)

Stream or Equipment Number: Acetic Acid Heat Exchanger

Design Temperature (Minimum/Maximum); 75/180°F

Operating Temperature (Minimum/Maximum): 60/160°F

Design Pressure (Minimum/Maximum): —/200 psig

Operating Pressure (Minimum/Maximum): —/150 psig
Commodity: Aceticacid Phases: Liquid Liquid Water (Y/N): No
Corrodents: None

Crack-Inducing Agents: None

Upset Conditions: None

Metallurgy:
* Tubes: Tp 316 SS (316L if welded)
* Tubesheet: KCS, overlayed or clad with '/;" Tp 316L SS on the tube side
* Channel: KCS, overlayed or clad with '/ Tp 316L §S

PWHT (Y/N): per Code  Valve Trim: NA  Corrosion Allowance: None

Notes: In the event of loss of flow on the shell side, the cooling water becomes
susceptible to heating to temperatures exceeding 140°F (60°C), above which
chloride stress corrosion cracking of the tubes becomes possible. If such loss of|
cooling water flow is to be regarded as a potential upset condition, either the wbe-
side metallurgy must be upgraded or operating guidelines, to shut off whe-side
flow during the upset, must be adopted.

Examples 291

MATERIALS SELECTION TEMPLATE: EXAMPLE #16

Stream or Equipment Number; Sulfuric Acid Storage Tank (101)

Mechanical Design Conditions:
Operating Design
Low High Low High
Temperature: 32°F 104°F -20°F 120°F
Pressure: Am. Atm. 0 psig 15 psig
I Im m’ !-

+ Chemicals Preseat: 93 to 98 wt. percent H,SO,, commercial grade
* Phases Present: liquid + vapor; liquid is an electrolyte

= Corrodents Present: 93 to 98 wi. percent H,50,

* Crack-Inducing Agents Present: none for carbon steel

Upset Conditions: The most likely upset condition is introduction of water vapor
through the vent, 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. This can be mitigated by painting the
tank white or providing it with shade.

Material of Construction: Carbon Steel
PWHT: per Code Corrosion Allowance: 14" Valve Trim: NA
Notes: None
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Stream or Equipment Number: Acid Transfer Line (1)

Mechanical Design Conditions:

Operating Design
Low High Low High
Tempentuwre:  32°F 104 20F  120°F
p— Am. At Opsig 15 psig

Process Chemistry:

* Chemicals Present: 93 1o 98 wt. percent H,50,, commercial grade

* Phases Present: liquid; liquid is an electrolyte )

* Corrodents Present: 93 to 98 wi. percent H,50,

. Crack;:d_ncing_ Agents Present: none for the materials of construction

:i-I,,umt Conditions: Except for vacuum exposure, possible upsets are similar to
r”’:“rT‘"fPl’flﬂ #11 &, _Tu address an additional risk, the check valve on upstream
ol the acid dilution line is designed to prevent a potentially damaging reverse flow,

Material of Construction: Type 3161 f | :
. or welded construction;
carbon steel lined with PVDF ruction; also consider

PWHT: per Code Corrosion Allowanece: 7ero

Valve and Valve Trim: Alloy C-276 or Alloy 20 Cb-
- - Ifi trol valves;
316L SS for shutoff valves, d o s

Notes: Consider plastic-lined carbon steel valves,
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MATERIALS SELECTION TEMPLATE: EXAMPLE #18

Stream or Equipment Number: Strong Acid Pump (P1)

Mechanical Design Conditions:
Operating Design
Low High Low High
Temperature: 32°F 104°F ~20°F 120°F
Pressure: Atm. Amm, 0 psig 15 psig
Process Chemistry:

* Chemicals Present: 93 to 98 wt. percent H,S0,, commercial grade

* Phases Fresent: liquid; liquid is an clectrolyte

* Corrodents Present: 93 to 98 wt. percent H,80,

* Crack-Inducing Agents Present: none for the materials of construction

under consideration

Upset Conditions: See description for Template #17,

Material of Construction: Gr CN-TM per ASTM A351, 743 or 744
PWHT: per Code Corrosion Allowance: Zero
Valve and Valve Trim: NA

Notes: Alternative materials include lined carbon steel (glass or polymer linings

are available) and proprietary materials such as Lewmet' 55 (32Cr-33Ni-6Co-4Mo-
3Cu).

"Registered Trademark of Charles . Lewis & Company, Inc.
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gream or Equipment Number: Acid Dilution Line (3)

Mﬂhﬂﬂil‘-ﬂ' Design Conditions:

Operating Diesign
Low High Low High
Tﬂnpemmre: 32°F 104°F —20°F 120°F
pressure: Atm. Atm. 0 psig 15 psig

ess Chemistry:

« Chemicals Present: 93 to 98 wt. percent H,50,, commercial grade;
dilution to less than 10 percent acid is possible

« Phases Present: liquid + vapor; liquid is an electrolyte

» Corrodents Present: H,50,, from < 10 percent up to 98 percent

+ Crack-Inducing Agents Present: none for the materials of construction
under consideration

F

set Conditions: Temperatures in excess of 212°F (100°C) mﬁst be avoided via
4 rating controls. Materials selection to include concerns about high pressures
pat can occur because of local violent boiling.
I\d[at“"i“[ of Construction: Plastic-lined carbon steel (PTFE or PYDF).
pWHT : No (would ruin plastic lining)
Cﬂ!’miﬂn Allowance: Zero

yalve and Yalve Trim: Same as pipe

Notes: Mone
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Stream or Equipment Number: Batch Reactor

Step: Drying pentane

Mechanical Design Conditions:

Operating Design
Low High Low High
Temperature: Amb. Amb. 70°F 100°F
Pressure: Atm, Atm, 0 psig 15 psig

Process Chemistry:
+ Chemicals Present: pentane, water and 93 to 98 % H,50,
= Phases Present: liquid + vapor; liquid is electrolytic
+ Corrodents Present: 93 to 98 % H,S0,
» 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 the run may rise above the design temperature,  Accordingly, operational
contrels must be provided to avoid excessive start-uf-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.

|~
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Houston {latest edition).



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 resistance, are addressed elsewhere.

Figure Al-1 displays the typical temperature ranges that may be used for the
basic materials of construction. Note that the indicated temperature ranges and the
thresholds for high-temperature damage phenomena (e.g., embrittlements) can vary
because of specific alloy chemistry, fabrication practices such as cold work, etc.
Thus, this figure should be used only as a preliminary guide. Once candidate
materials have been chosen, their suitability for high temperature service should be
confirmed.  The upper temperatures indicated in Figure Al-1 are the highest
temperatures for which allowable stresses are provided by the ASME pressure
vessel and piping codes.

Table Al-1 shows the useful lower limits for common materials of
construction intended for low temperature service. In both Figure Al-1 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 factors
such as section thickness and heat treatment.

Figure Al-1 and Table A1-1 should be used to ensure that the desired material
of construction is a candidate for the intended range of design temperatures. If it
appears that the material may be a marginal choice, the user may need to consult
with vendors or alloy specialists 1o establish suitability.

Table Al-2 shows typical upper temperature limits for avoiding oxidation and
scaling of the basic materials of construction. Note that these limits may be
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Figure A1-1 Materials selection as a function of temperature. (The upper
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Table A1-1 Materials for low temperatures

Materials of Construction as a Function of Temperature

Minimum Design Metal Temperature, “F
Compancnl =50 w0 -1 =150 w -51
Plate and Pipe Fabricated As1g™ A203 Gr DEE 2° max o
from Plue -15°F
or
ANE Gr ALB 1° max ©
l or
AS3T 0 -T5F"
Tube < 0,098 thick: A179 or A3M Gr 3o -15FF
AZ14, or
20,098 thick: AZM Gr l or & Gr 7w -100°F
Pipe A Gr 1 or Gr 6 AIBGr3
Welding Fitings A0 Gr WPLS or WPLEW A420 Gr WPLD or WPLIW
Forgings, Including ANST A350 Gr LF2 A0 GrLF3
Flanges, Fittings, Valves, or ar
Won-standard Pressure ATES Gr 1l ATES Gr I
Vessel and Equipment
Componens’
Custings, Including ANSI AlS2 GrLCB A352 GrLC3®
Fistings and Valves, Non-
standird Pressure Yessel
Comyponents, Pumps and
Compressors
Structural Sieel Sapes and < W" thick: A36. ONi or 18Cr-8Ni
Members = " A6 - 52
or
AGTI
Pine Clips, Lugs, Skirts, Same as pressure shell material
Saddles, Legs, ec.”
BaolsNuts A193 Gr BTM/A194 Ge T A0 Ge LTTAISS Gr ™

Appendix 1 G
Table A1-1 (Continued)
Miniuams Desigu Meta! Temuperature, °F
Componcnt N w-15 =425 1o =321
Plaie and Pipe Fabricated A" A"
from Plate or or
AIS3or ASSITPL, B209 Alioy S0B3/5456
max., o -320°F
| or
AS53 Tp 1 or A4S w0
=IT5F
[ 2
E209 Alloy SOEVS456
Tube A249 or A213" A249 or AZ13"
or ar
| A334 G 8 10 -320°F B234 Alloy 6061
ar
B209 Alloy S0E3/5456
Pipe A3 or A3IZ" A358 or A312"
or ar
AJ3IGrd B241 Alloy 6061
i
B9 Alloy S0B3/5456
Welding Fittings A420 Gr WPLAE
Amlﬂ
o
B361 Alloy 6061
Forgings, Including ANSI A" A182"
,Valves, or ar
WH_ mﬁﬂﬂllm pm.: ASZZ B247 Alloy 6061
Vessel and Equipment ar
{:m‘ B247 Alloy G061
Castings, Inchading ANSI A3S2 Gr LOY
Finings and Valves, Noo-
sanlard Pressure Vessel
| Componesnts, Pumps and
Comgeeasors
A35]
Grade o Maich
Wrought Chemistry”
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Table A1-1 (Continued)

Minitmen Design Metad Temperanure, F

Component =320 w - 151 425 w -321
Strucrural Steel Shapes and ONi or 1Cr-8N; AGG6 Tp304, 3041, 316, and

Members' 6L
Plate Clips, Lugs, Skins, Same as pressure shell material

Saddles, Legs, exe.’
Bolts/Nuts AT Gr BE, CL 2A 1M Gr B A320 Gr B8, C1 1FA194 Gr

8A

134 Ni steels have an intermittent history of welding problems. Austenitic stainless stecls are a
belter choice.

nless exempled by paregraph UCS-66 of ASME Section V111, Div. 1, this material must be

?ﬁmuummﬁpmmmmmmurm

Materials designated in curve D of ASME Section VIIL, Div. 1, Fig. UCS-66 are altematives.
API 605 flanges wre included.

< thicknesses indicaled are at the weld ends of the forgings.

Cast sustenitic stainless steels for ASME Section VIIL Division 1 and 2 applications shall be
impact lested per the appropriate code. For ASME B31.3 and other applications, impact testing
shall comply with paragraph 323.3 of ASME B31.3.

The muximum thickness of a structural shape welded directly to a pressure-containing -

component shall be 34" (19 mm). When heavier thicknesses are required or if plate or pipe
miterinls are used, the material for the part shall be selecled from the table.

*A193 Gr BT bolting, with A194 Gr 7 nuts, may be used for temperatures down to —40°F
(-40°C}.
v

See ASME B31.3, Appendix A Tables, note 42;
+ A194 Gr | & 2 muts: —20 1o 900°F (-29 1 482°C),
+ A194 Gr 2H & 2HM nuts: 50 to 1100°F (~46 to 593°C).

304, 3041, 316, 316L and 347 are acceptable for temperatures of —425°F
(-254*C) and warmer. Other types and grades, including Type 321, are scceptable for
temperatures of ~320°F (~196°C) and warmer (see Table UHA-23 of ASME Section VIIL Div.
1). The low-carbon and stabilized grades are prefemed for welded construction.

4
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Table A1-2 Oxidation threshold temperatures for
commonly used materials of construction

MAXIMUM PROLONGED
TEMPERATURE IN AIR OR
STEAM WITHOUT
MATERIAL EXCESSIVE SCALING
Carbon Steel 1000°F (538°C)
1%Cr-1%Mo 1050°F (566°C)
2%Cr-1Mo 1075°F (579°C)
3Cr-1Mo 1100°F (593°C)
5Cr-%Mo 1150°F (621°C)
9Cr-1Mo 1200°F (649°C)
34Ni 1000°F (538°C)
9Ni 1000°F (538°C)
12Cr 1500°F (816°C)
Stainless Steels (18Cr- 1650°F (899°C)
8Ni types) -
Type 309 and Type 2000°F (1093°C)
310 88'

lS:uNm?mp.Sﬁl

exceeded in aunn:sphnrﬁ that are reducing or when insulation or refractory protects
the metal from an oxidizing environment. _ _
Table A1-3 is useful for selecting bolting materials as a function of the df:ﬂgu
temperature range. ﬂwindhlndiimitsmcmﬁﬂuﬂwi!h mdcmmmmmdamm
However, the user should always check specific code limitations, as these may vary
hat the codes.
mc:ahlcmmhs detailed information on the lower and upper temperature
limits for the commonly used ASME Section VIl and ASME B31.3 materials.
This table also includes the ASTM specifications available for lh: various product
forms that may be required. Since code information :hmg.cf pemdlca}ly, t‘pe user
must always refer to the most current code for confirmation, S_pecuﬁcsmnns in
Table Al-4 that are indicated in italics do not have Code maximum allowable
Sireases,
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Table A1-3 Temperalure ranges for common bolting materials’

Materials of Construclion as a Function of Temperature

Appendix 1

Table A1-4 ASTM specifications for common

i TEMPERATURE
! RANGE MATERIAL BOLTS NUTS
i 20w 100°F Cr-Mo-V Al93 Al94
C (B0 GrBl6 Gr7
'f. . 40 10 1000°F 414X Al93 Al
: (400 53F0) GrB7 Ge7
[ _s0 10 1000°F 414X A193 Al
It {5610 538°C) Ge BTM Ge7
K- 15010 T00°F 414X A320 Al%4
(-101 8371°C) GrL7 GeT™
[
_425 0 | S00°F Tp 30458 Al93 Ge B8, Al94
(254 10 816°C) cil GrBS
|
_325 to 1000°F Tp 30455 A320 Gr BS, Al94
C (198 10 38°C) c Grs
| —
i 425w | 5H°F Tp 304 55 A320 Gr B, Alo4
- (-254 1 816°C) ci Gr8A
L
Igee nlso Ad433 for selecting high-strength, high-alloy bolts for high-temperature service and
. the following ASTM specifications for selecting a varicty of bolting materials for use in
\ H‘-‘“‘:rﬂ service:
« AT “Carbon Steel Bolts and Studs, 60,000 psi Tensile Strength™
L «  A3LS “High Swength Bolts for Structural Steel Joints™
o A5 “Quenched and Tempered Alloy Steel Alloy Bolts, Studs and Other Externally
(" Threaded Fasteners™
Ad49 “Cuenched and Tempered Steel Bolts and Stud™
{ «  A574 “Alloy Steel Socket-Head Cap Serews”
{
(

materials of construction

Material Table Page
Section |: Carbon and Low-Alloy Steels

Cast lron Al 305

Carbon Steel Al42 306

| YCr-Y2Mo Al43 308

2%Cr-1Mo Al-44 309

3Cr-1Mo Al-45 310

5Cr-%aMo Al46 31

9Cr-1Mo Al47 312

JhaNi Al-4.8 313

9 Ni Al-49 314 .
Section 2: Stainless Steels

12Cr Al-<L10 315

Type 304 Al-4.1] 316

Type 304L Al4.12 317

Type 304H Al-4.13 318

Type 309 Al4.14 319

Type 310 Al-4.15 320

Type 316 Al-4.16 321

Type 316L Al4.17 322
Type 316H Al-4.18 323
Types 316Tiand 316Ch  Al1-4.19 324
Type 321 Al-4.20 325
Type 321H Al-421 126
Type 347 Al-422 327
Type 34TH Al-4.23 328
Type 348 Al-4.24 329
Type 348H Al-425 330
Duplex Stainless Steels ~ A1-4.26 331

Section 3: Super Austenitic Stainless Steels

Alloy 254 SMO Al-427 332
Alloy 20-Mod Al428 333
Alloy AL-6XN Al-429 3
Alloy 904L Al-4.30 335

303
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Table A14 (Continued)

Materfals of Construction as a Function of Temperature 305

Table A14.1 ASTM specifications for common materials of construction

Material Table Page
Section 4: Nickel Alloys

Alloy 200 Al-431 336

Alloy 201 Al-432 337

Alloy 400 Al-433 338

Alloy X Al-434 339

Alloy C-22 Al-4.35 340

Alloy G-30 Al-4.36 341

Alloy C-4 Al-437 342

Alloy 600 Al-4.38 343

Alloy 625 Al-4.39 344

Alloy G-3, Al-4.40 345

Alloy 20 Cb-3 Al-4.4] 346
Alloy 800 Al-442 347

Alloy 825 Al443 348

Alloy C-276 Al-4.44 349
Alloy B-2 Al-4.45 350

Section 5: Copper Alloys

Inhib. Admiralty Brass A 1-4.46 351

Naval Brass Al-4.47 352

Aluminum Bronze Al-4.48 353

Ni-Al Bronze Al-4.49 354

S0/10 CuNi Al-4.50 355

70/30 Cu/Ni Al-45] 356
Section 6: Miscellaneous Alloys

Aluminum Al-4.52 357

Ni-Resist Al-4.53 358
Tantalum Al4.54 359
Titanium Al-4.55 360
Zirconium Al-4.56 361

Material: Cast Iron (General Note 4, p. 362)
Oxidation Scaling Threshold: 1000°F

Typical Code Temperature Ranges
VIII, Div. 1 VIII, Div. 2 B31.3
~450 to 650°F" No listings. -20 to 650°F'

Cast VIIL, Div. 1: M?’ ms’ hﬁ&?‘&ﬁﬂs‘
W B31.3: M?" A48, A126°, A19T°, AZT8® & A395,
A220°, 4532, AS36. ASI" & ASTH.

Compatible There are no Code or ASTM listings for cast iron bolts. See Table
Bolting:  Al-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,
lUpperump:rmtﬂlnwabkmydcpmdmlhcspmﬁcmn.

* Malleakle cast iron.

Gn:,r cast iron,

DuaI -layer gray and white cast iron,

* Ductile cast iron.
. thnc malleable iron.

Whm: cast irom.

H:gh -silicon cast iron.

¥ Ferritic ductile iron.

UL ULULULVLVwWULUVLe e
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Table A1-4.2 ASTM specifications for common materals of construction
Material: Carbon Steel (General Notes 1-4, p. 362)
Oxidation Scaling Threshold: 1000°F

Typical Code Temperature Ranges
VIII, Div. 1 VI, Div. 2 B313
-50 1o 1000°F ~50 o 700°F -50 w 1100°F

iC_winch code-all Aresses §

A36; A283; A285; A299; A455; AS1S'; AS16% ASITY; AS62;
AS570; A612; A662; AT24; AT3T; AT3S. .

Plate:
Pipe: AS53 Gr A & B; A106; API 5L; A134; A135; A139;
Tubing:

A333" Gr 1 & 6; A369; A381; A524; AS87; A6T1; A6T2; A69I.

For t < 0.098", suitable to -50°F: A178, A179, A192, A210,
A214, A226, A556 and A557. For t 2 0.098", suitable to -50°F:
A334" Gr 1 & 6. For general use: A178, A179, A192, A210,
A214, A226, AS56 and AS55T.

Fittings:  A234 Gr WPB; A420" Gr WPL6 & WPLGW.

Forgings:  A105"; A181°; A266"; A350"° Gr LF2; A372%; AS08™; A541%;
AT27; AT65*

Bars: A36; AGTS: AGIS
Castings:  A216 Gr WCB; A352" Gr LCB.

Compatible A193 Gr BT (with A19%4 Gr B7 nuts): to —40°F;
Bolting: A193 Gr BTM (with A194 Gr BTM nuts): to -50°F.

See the appropriate code for the allowable temperature ranges for bolting.

! Preferred for sustained temperatures above 800°F.

* Preferred for sustained temperatures less than 800°F.

» Preferred for low-temperature services (0o severe for AS16 (see Table A1.15 of
ASTM A20).

* Mill qualified to -50°F,

3 Intended for piping.

* Intended for pressure vessels.

7 Mill qualified at 70°F, 40°F, 0°F or -20°F, depending on grade.
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Table A14.2 (Continued)

While not having code-listed maximum allowable stresses, the following specifi-
cations are available for the indicated product forms.

Plate: A299; Adl4; AS62'; ABI2.

Pipe: AGG0; AG91.

Fittings:  A758; ABSE.

Forgings: AT0T; AT2T'; AB36'; API 605",

Castings: A48T,
A oo e ais s, A O

mﬂmmmmﬂwmhmmmming
applications.

! Intended for glass-lined piping and vessels.

? Intended for pipelines.

3 Mill qualified at -20°F, -50°F or ~100°F, depending on grade.
* Intended for piping.
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Table A1-4.3 ASTM specifications for common materials of construction
Material: 1%4Cr-"4Mo Steel (General Notes 2 & 4, p. 362)
Oxidation Scaling Threshold: 1050°F

Typical Code Temperature Ranges
VIIL, Div. 1 VIIL, Div, 2 B31.3
-50 to 1200°F -50 10 900°F 2010 1200°F

pr which code-allowabl

Plate:; A387 Gr 11; A426 Gr CPIL.
Pipe: A335 Gr P11; A369 Gr FP11: A69] Gr 1%Cr.,

Tubing: A199 Gr T11; A213 Gr T11. A200 Gr T11; A250 Gr T11.
Fittings: Al82 Gr F11, Cl | & 2; A234 Gr WPI1.

Forgings: Al182' GrF11, Cl1&2: A336 Gr F11, C1 | & 2.
AS4P Gr11 Q1 4.

Bars: AT39 Gr B11,
Castings:  A217 Gr WO,

Compatible A193 Gr B16: to =20°F:
Dolting: A193 Gr B7: 1o ~40°F:
Al193 Gr BM: to -50°F.
See also ASOB Gr dn & Gr 5; A540 Gr B2] & Gr B22.

s«mwmmmmmmmﬂmfwm

" Intended for piping,
! Intended for pressure vessels,

Materials of Construction as a Function of Temperature 308

Table A1-44 ASTM specifications for common materials of construction

Material: 2% Cr-1Mo Steel (General Notes 2 & 4, p. 362)
Oxidation Scaling Threshold: 1075°F

Typical Code Temperature Ranges
VIIL, Div. 1 VIII, Div. 2 B3il.3
=50 1o 1200°F -30 1o 900°F -20 to 1200°F

Pipe: A335 Gr P22; A369 Gr FP22: A426 Gr CP22; A691 Gr 24Cr.
Tubing:  A199 Gr T22; A213 Gr T22. A200 Gr T22: A250 Gr T22.
Fittings:  AIS2Gr F22 C1 1 & 3: A234 Gr WP22 C 1.

Forgings: A182' GrF22Cl 1 & 3; A336°Gr F22C1 1 & 3.
A508’ Gr 22 C1 3;: AS4I* Gr 22 Q1 3.

Bars: AT739 Gr B22.
Castings:  A217 Gr WC9; A487 Gr 8, CI A.
Compatible

Bolting:  No Code or ASTM listings. See Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,

" Intended for piping.

:Immhdﬁn*p'mm:mll.
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Table A1-4.5 ASTM specifications for common materials of construction
Miaterial: 3Cr-1Mo Steel (General Notes 2 & 4, p. 362)
Oxidation Scaling Threshold: 1100°F

—

Typical Code Temperature Ranges

VI, Div. | VIIL, Div. 2 B31.3
=30 1o 1200°PF =30 to 850°F

-20 1o 1200°F

Plate: A3B7 Gr21 & 2IL; AS42 Tp C, Cl 4A; AB32,
Pipe: A335 Gr P21; A369 Gr FP21; A426 Gr CP21; A691 Gr 3Cr,
Tubing: Al99 Gr T21; A213 Gr T21. A200 Gr T21.

Fittings: AlB2 Gr F21 & F3y.

Forgings:  A182' Gr F21 & F3V; A336° Gr F21 Cl 1 & 3 and F3V:
A508" Gr 3V; AS41% Gr 3V,

Bars: No Code or ASTM listings; use a forging specification.
Castings:  No Code or ASTM listings.
Compatible

Bolting: No Code or ASTM listings. See Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable siresses.

! Intended for piping.

* Intended for pressure vessels,
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Table A1-4.6 ASTM specifications for common materials of construction

Material: 5Cr-Y2Mo (General Notes 2 & 4, p. 362)
Oxidation Sealing Threshold: 1150°F

Typical Code Temperature Ranges
VIIL, Div. 1 VIII, Div. 2 B31.3
=50 to 1200°F ~50 to 850°F -20 to 1200°F

Plate: ABTGr5CI1 & 2.

Pipe: A335 Gr P5, P5b & P3c; A369 Gr FP5; Ad426 Gr CP5;
A691 Gr 5Cr.

Tubing: Al99 Gr T5; A213 Gr T5, T5b & T5c. A200 Gr T3,
Fittings:  AlB2 Gr F5 & F5a; A234 Gr WP5.

Forgings:  A182' Gr F5 & F5a; A336* Gr F5 & F5A, A473 Tp 501,
Bars: No Code or ASTM listings; use a forging specification.
Castings:  A217 Gr C5.

Compatible
Bolting: A193 Gr B5: o -20°F. Sce A194 Gr 3 for compatible nuts,

See the appropriate code for the allowable temperature ranges for bolting,

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,

! Intended for piping.

? Intended 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
VI, Div. 1 VIII, Div. 2 B31.3
-50 to 1200°F -50 to TO0°F =20 to [200°F

Plate: A3BTGr9,Cl1&Gr9l,Cl2,

: Pipe: A335 Gr P9 & P91; A369 Gr FP9 & FP91; A426 Tp CP9.
A691 Gr 9CR,

Tubing:  AI199 Gr T9; A213 Gr T9 & T91. A200 Gr 19 & T91.
Fittings:  A182 Gr F9 & F91; A2 Gr WP9. 4234 Gr WP9].
Forgings:  A182' Gr F9 & F91; A336° Gr F9 & F91. A473 Tp 50IB,

Bars: No Code or ASTM listings; use a forging specification.
Castings:  A217 Gr C12.
Compatible

Baolting: No Code or ASTM listings. See Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

" Intended for piping.

? Intended for pressure vessels,
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Table A1-4.8 ASTM specifications for common materials of construction

Material: 3% Ni Steel (General Note 2, p. 362; Note 1 of Table Al-1, p. 298)
Oxidation Scaling Threshold: 1000°F

Typical Code Temperature Ranges
VIII, Div. 1 VIII, Div. 2 B31.3
~150 to 1000°F' ~150 to 300°F" ~150 to 1100°F'

Product forms for which code-allowable stresses are available
Plate: A3GrD,E, & F.

Pipe: A333" Gr 3.

Tubing:  A334° Gr 3.

Fittings:  A420° Gr WPL3 & WPL3W.

Forgings:  A350™ Gr LF3; A765™ Gr 1l A707> GrL7.

Bars: Mo Code or ASTM listings; use a forging specification.
Castings:  A352° Gr LC3.
Compatible

Bolting:  No Code or ASTM listings. See Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' The upper allowable temperature may depend on the product form.

® Mill qualified to ~150°F

* Intended for piping.

* Intended for pressure vessels.

¥ Mill qualified to - 100°F.

® Intended for pipelines.

U0V e

e

& O

L)



LY

wr w W

- W

34 Appendix 1

Table A1-49 ASTM specifications for common materials of construction
Material: 9% Ni Steel (General Note 2, p. 362) '
Oxidation Scaling Threshold: 1000°F

Typical Code Temperature Ranges
VIIL, Div. | VI, Div. 2 B313
-320 to 250°F -320 10 250°F 2320 10 200°F

(orms for which code-allowabl

A353'; A553' Tp 1.

Plate:

Pipe: A333' Gr8.

Tubing:  A3M'Grs.

Fittings:  A420' Gr WPLS & WPLSW.

Forgings: A522'Grl
Bars: No Code or ASTM listings; use a forging specification.
Castings:  No Code listings. Consider A352 Gr LCY'.

Compatible
Bolting:  No Code or ASTM listings. See Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.
' Mill qualified to -320°F.
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Table A1-4.10 ASTM specifications for common malerials of construction

Material: 12 Cr Stainless Steel (General Note 2, p. 362)
Tp 405: (UNS S40500)
Tp 410: (UNS $41000)
Tp 410S: (UNS S41008)

UNS $41500'
Oxidation Scaling Threshold: 1500°F
Typical Code Temperature Ranges
VIII, Div. | VIII, Div. 2 B31.3
-20 to 1200°F' ~20 10 800°F -20 10 1200°F

Plate:
Al76 Tp 405, Tp 410 & Tp 410S.

Pipe: No Code listings. Consider A731 UNS S41500'.

Tubing:  A268 Tp 405 & Tp 410. A268 UNS S41500'.

Fittings:  A182 Gr Féa. A815 Gr 410 & UNS §41500'.

Forpings:  A182* Gr Féa; A336° Gr F6, A473 Tp 405, Tp 410 & Tp 4105,

Bars: A479 Tp 405 & Tp 410,

Castings:  A217 Gr CA-15; A487 Gr CA-6NM (preferred),
A352 Gr CA-6NM'; A743 Gr CA-6NM.

Compatible A193 Gr B6'; A437 Gr BAC.
Bolting:  A437 Gr B4B & Gr B4D, F593 Tp 410; F594 TP 410.

See the appropriate code for the allowable temperature ranges for bolfing.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' Plate version of CA-6NM.

* The upper allowable temperature may depend on the alloy composition and the
product form.

? See A263 for clad plate.

* Intended for piping.

* Intended for pressure vessels,

® Mill qualified at - 100°F.

" Equivalent 1o Tp 410 SS.
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Table A1-4.11 ASTM specifications for common materials of construction

Material: Type 304 Stainless Steel (General Note 2, p. 362)
UNS S30400 (18Cr-8Ni)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperature Ranges
VI, Div. 1 VIII, Div. 2 B31.3
-425 w 1500°F -425 1 800°F =415 o 1500°F

Product forms for which code-allowable stresses are available

Plate: A240" Tp 304. A666 Tp 304.

Pipe: A312 Tp 304; A358 Tp 304; A376 Tp 304; A409 Tp 304;
A430 Gr FPI04. A6SS Tp 304; A8I3 Tp 304; ASI4 Tp 304; ASS]
Tp 304.

Tubing: A213 Tp 304; A249 Tp 304; A269 Tp 304; A688 Tp 304.
A271 Tp 304; A632 Tp 304; ASSI Tp 30M.

Fittings:  AI82 Gr F3M; A403 Gr 304,
Forgings:  A182' Gr F304; A336" Gr F304. A473 Tp 304.

Bars: A479 Tp 304, AG66 Tp 304,
Castings:  A351' Gr CF-8. A743 Gr CF-8: A744 Gr CF-8,
Compatible

Bolting:  A193 or A320, Gr B8: to -425°F. F593 Tp 304: F594 Tp 304.
See the appropriate code for the allowable temperature ranges for bolting.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' See A264 for clad plate.

? Intended for piping.

! Int=nded for pressure vessels,

* The lower temperature limit, without impact testing, may be -20°F.
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Table A1-4.12 ASTM specifications for common materials of construction

Material: Type WML Stainless Steel (General Note 2, p. 362)
UNS S30403 (18Cr-8Ni, low carbon)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperature Ranges
VIII, Div. 1 VI, Div. 2 B313
-425 to BOOF =425 1o BO0°F -425 1o 1500°F

Plate: A240' Tp 4L, A666 Tp 304L.
Pipe: A312 Tp 304L; A358 Tp 304L. A409 Tp 304L; AGSS Tp 304L;
AT78 Tp 304L; A8I3 Tp 304L; AS14 Tp 304L; A851 Tp 304L.

Tubing:  A213 Tp 304L; A249 Tp 304L; A269 Tp 304L;
AG88 Tp W4L. A632 Tp 304L; ASSI Tp 304L.

Fittings:  AIB2 Gr FMML; A403 Gr 3041, A774 Tp 34L.

Forgings:  A182° Gr F3ML; A336° Gr F304L. A473 Tp 304L.

Bars: A4T9 Tp 304L. A276 Tp 304L; A314 Tp 304L; AG66 Tp 304L.
Castings:  A351' Gr CF-3. A743 Gr CF-3; A744 Gr CF-3.

Compatible ‘There are no Code or ASTM listings for Tp 304L bolts.
Bolting: Machine from bar stock if compatibility is necessary; otherwise, use
Al193 or A320 Gr B8 & BEC: to -425°F.

See the appropriate code for the allowable temperature ranges for bolting.

Note: Specifications that are indicated in ialics do not have Code maximum
allowable stresses.

' See A264 for clad plate.

:Il fed for nin

* Intended for pressure vessels.

* The lower temperature limit, without impact testing, may be ~20°F.

Yy M 4R
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Table A14.13 ASTM specifications for common materials of construction

Material: Type 304H Stainless Steel (General Note 2, p. 362)
UNS 530409 (18Cr-8Ni, high carbon)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperature Ranges
VI, Div. 1 VIII, Div. 2 B31.3
=320 10 1500°F -325 1o BOO°F -325 1o 1500°F

Pipe: A312 Tp 304H; A376 Tp 304H; A430 Gr FPIMH; A452 Tp 304H,
A358 Tp 304H; A813 Tp 304H; A8I4 Tp 304H.

Tubing:  A213 Tp 304H; A249 Tp 304H. A271 Tp 304H.

Fittings:  A182 Gr F304H; A403 Gr 304H.

Forgings: A182° Gr F304H; A336' Gr F304H.

Bars: A479 Tp 304H.

Castings:  A351° Gr CF-10.

Compatible There are no Code or ASTM listings for Tp 304H bolts.

Bolting: Machine from bar stock if compatibility is necessary; otherwise, use
Al193 or A320 Gr BS & BEC: 1o -425°F.

See the appropriate code for the allowable temperature ranges for bolting.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' No listing for ASME Section VIII, Div. 2 or ASME B31.3.

* Intended for piping.

" Intended for pressure vessels,

* The lower temperature limit, without impact testing, may be -20°F.
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Table A14.14 ASTM specifications for common materials of construction

Material: Type 309 Stainless Steel (General Note 2, p. 362)
Tp 309: UNS $30900 (23Cr-12Ni)
Tp 309S: UNS S30908 (23Cr-12Ni, low carbon)
Tp 309H: UNS 530909 (23Cr-12Ni, high carbon)
Tp 309Ch: UNS 530940 (23Cr-12Ni, Cb stabilized)
Tp 309HCb: UNS 530941 (23Cr-12Ni, high carbon, Cb stabilized)

Oxidation Scaling Threshold: 2000°F

Typical Code Temperaturs Ranges
VI, Div. 1 VIII, Div, 2 B31.3
=320 w0 1500°F ~325 10 800°F =323 to 15300°F

Tp 309 55 containing carbon in excess of 0.1 wt. percent is not permitied in
ASME Section VIII, Div. I at temperatures less than -50°F, or in Div. 2 at

il iy s for which code-allowahils available
Platc: A167 Tp 309; A240' Tp 3095, 309H & 309Ch. A240 Tp 309HCD.
Pipe: A312 Tp 309, 3098, 309H & 309Cb; A358 Tp 3095;

AS13 Tp 3095 & 309Ch; ABI4 Tp 3098 & 309Ch, A3I2Tp
JOOHCh; A358 Tp 309Ch; A409 Tp 3095 & 309Ch.

Tubing:  A213 Tp 309S & 309Ch; A249 Tp 3098, 309H & 309Cb.
A249 Tp 309HCD,

Fittings:  A403 Gr 309.
Forgings: No Code listings. 4473 Tp 309 & 3095.
Bars: A479 Tp 3095, 309H & 309Ch.

Castings:  A351° Gr CH-8°, Gr CH-10" & Gr CH-20".

Compatible There are no Code or ASTM listings for Tp 309 bolts.
Bolting:  Machine from bar stock or see Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' See A264 for clad plate.

* The lower limit, without impact testing, is ~20°F,

* The CH-8 material is compatible with Tp 3098,

* The CH-10 material is compatible with Tp 309H.

* The CH-20 material s compatible with Tp 309,
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Table A1-4.15 ASTM specifications for common materials of construction

Material: Type 310 Stainless Steel (General Note 2, p. 362)
Type 310: UNS S31000 (25Cr-20Ni)
Type 3108: UNS 531008 (25Cr-20Ni, low carbon)
Type 310H: UNS 531009 (25Cr-20Ni, high carbon)
Type 310Ch: UNS 531040 (25Cr-20Ni, Ch stabilized)
Type 310HCH: UNS S31041 (25Cr-20Ni, high carbon, Cb stabilized)

Oxidation Scaling Threshold: 2000°F

Materials of Construction as a Function of Temperature 3

Table A1-4.16 ASTM specifications for common materials of construction

Typical Code Temperature Ranges
WVIII, Div. 1 VIII, Div, 2 B31.3
-320 1o 1500°F =325 to 800°F =325 to 1500°F

Tp 310 8§ containing carbon in excess of 0.1 wi. percent is not permitted in
ASME Section VIII, Div. 1 at temperatures less than -50°F, or in Div. 2 at
termperatures less than ~20°F, without impact testing.

Product forms for which code-allowable stresses are available
Plate: A167 Tp 310; A240" Tp 3108, 310H & 310Cb. A240 Tp 310HCh.

Pipe: A312 Tp 310, 3108, 310H & 310Ch; A358 Tp 310S;
ABI3 Tp 3108 & 310Ch; AB14 Tp 3105 & 310Ch.
A312 Tp 310HCH; A358 Tp 310Ch; A409 Tp 3108 & 310Ch.

Tubing: A213 Tp 3108, 310H & 310Cb; A249 Tp 310S, 310H & 310Ch.
A249 Tp J10HCY; A632 Tp 310.

Fittings:  A182 Gr F310; A403 Gr 310.

Forgings:  A182° Gr F310; A336° Gr F310. A473 Tp 310 & 3105.
Bars: A479 Tp 3108, 310H & 310Ch.

Castings:  A351° Gr CK-20.

Compatible There are no Code or ASTM listings for Tp 310 bolts.
Bolting: Machine from bar stock or see Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,
; See A264 for clad plate.
Intended for piping.
? Intended for pressure vessels,
* The lower temperature limit, without impact testing, may be ~20°F.

Material: Type 316 Stainless Steel (General Note 2, p. 362)
UNS 531600 (16Cr-12Ni-2Mo)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperatre Ranges

VTil, Div. 1 VIIL, Div. 2 B31.3

425 to 1500°F _425 to 800°F -425 to 1500°F

Plate: A240' Tp 316. A666 Tp 316.

Pipe: A312 Tp 316; A358 Tp 316; A376 Tp 316; A409 Tp 316;
A430 Gr FP316. A688 Tp 316; A813 Tp 316; A8I4 Tp 316.

Tubing:  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:  A182' Gr F316; A336" Gr F316, A473 Tp 316.

Bars: A479 Tp 316. A276 Tp 316: A314 Tp 316; A666 Tp 316,
Castings:  A351" Gr CF-8M. A743 Gr CF-8M; A744 Gr CF-8M.

Compatible
Bolting: Al193 & A320 Gr BBM: to -425°F, F393 Tp 316; F594 Tp 316.

See the appropriate code for the allowable temperature ranges for bolting,

Mote: Specifications that are indicated in italics do not have Code maximum

allowable stresses.

' See A264 for clad plate.

? Intended for piping.

* Intended for pressure vessels.

* The lower temperature limit, without impact testing, may be -20°F,

U O WO o0 e ¢
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Table A1-4.17 ASTM specifications for common materials of construction

Material: Type 316L Stainless Stesl (General Note 2, p. 362)
UNS 531603 (16Cr-12Ni-2Mo, low carbon)

Oxidation Scaling Threshold: 1650°F
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Table A1-4.18 ASTM specifications for common materials of construction

Typical Code Temperature Ranges
VIIL, Div. | VI, Div. 2 B31.3
-425 10 850°F -325 w BOO°F -425' 10 1500°F

Plate: A240° Tp 316L. A666 Tp 316L.

Pipe: A312 Tp 316L; A358 Tp 316L. A409 Tp 316; A778 Tp 316L;
A813 Tp 316L; A8I4 Tp 316L.

Tubing:  A213 Tp 316L; A249 Tp 316L; A269 Tp 316L; A68S Tp 316L.
A632 Tp 316L.

Fittings:  A182 Gr F316L; A403 Gr 316L. A774 Tp 316L.

Forgings:  A182° Gr F316L; A336' Gr 316L. .«?31}:3:&

Bars: A4T9 Tp 316L. A666 Tp 316L.

Castings: A351° Gr CF-3M. A744 Gr CF-3M.

Compatible There are no Code or ASTM listings for Tp 316L bolts.

Bolting: Machine from bar stock if compatibility is necessary; otherwise, use
Al193 or A320 Gr B8M: 10 -425°F.

See the appropriate code for the allowable temperature range: for bolting.

Note: Specifications that are indicated in italics do not have Code maximum
alluwablr:su'em

Th.cll:mer allowable temperature depends on the product form.

Saem for clad plate.

lme:nded for piping.

Emmdedfurprumue?ﬁnh
mmmlmmmm may be -20°F.

Material: Type 316H Stainless Steel (General Note 2, p. 362)
UNS $31609 (16Cr-12Ni-2Mo, high carbon)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperature Ranges
VIIL, Div. 1 VIII, Div. 2 B31.3
-320 to 1500°F ~325 to 800°F -325 1o 1500°F

Plate: A240' 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. A27I Tp 316H.
Fittings:  A182 Gr F316H; A403 Gr 316H.
Forgings:  Al182° Gr F316H; A336° Gr F316H.
Bars: No Code listings. A479 Tp 3I6H.
Castings: Mo Code listings. A351 Gr CF-10M.

Compatible There are no Code or ASTM listings for Tp 316H bolts.
Bolting:  Machine from bar stock if compatibility is necessary; otherwise, use
A193 or A320 Gr BEM: 1o -425°F.

See the appropriate code for the allowable temperature ranges for bolting,

M:m:&mﬁ:ﬂmnsd:ﬂmﬂmadmﬂalmdomhawtodemum
a!lmﬁdnmm

Seemforcladplm

? Intended for piping.

* Intended for pressure vessels.
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Table A1-4.18 ASTM specifications for common materials of construction -

Material: Types 316Ti and 316Ch Stainless Steel (General Note 2, p. 362)
UNS 531635 (16Cr-12Ni-2Mo, Ti stabilized)
UNS S31640 (16Cr-12Ni-2Mo, Cb stabilized)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperature Ranges
VI, Div. 1 VIII, Div. 2 B33
-320 w0 1500°F' No listings. No listings.

Plate: A240° Tp 316Ti & Tp 316Ch.

Fipe: No Code or ASTM listings.
Tubing:  No Code or ASTM listings.
Fittings:  No Code or ASTM listings.
Forgings:  No Code or ASTM listings.
Bars: No Code or ASTM listings.
Castings:  No Code or ASTM listings.

Compatible There are no Code or ASTM listings for Types 316Ti or 316Cb
Bolting: bolts. See Table Al-3 (p. 302).

See the appropriate code for the allowable temperature ranges for bolting.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' Code-allowable stresses are available for plate only.

* See A264 for clad plate.
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Table A14.20 ASTM specifications for common materials of construction

Material: Type 321 Stainless Steel (General Note 2, p. 362)
UNS 532100 (18Cr-10Ni, Ti stabilized)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperature Ranges
VI, Div. 1 VIII, Div. 2 B3l.3
-425 1o 1500°F -325 to BOO°F -325 10 1500°F

Plate: A240' Tp 321.
Pipe: °  A312 Tp 321; A358 Tp 321; A376 Tp 321; A409 Tp 321;
A430 Gr FP321. A778 Tp 321; A813 Tp 321; A8I4 Tp 321.

Tubing:  A213 Tp 321; A249 Tp 321. A269 Tp 321; A271 Tp 321;
A632 Tp 321.

Fittings:  A182 Gr F321; A403 Gr 321. A774 Tp 321.
Forgings:  A182' Gr F321; A336' Gr F321. A473 Tp 321.

Bars: A4T9 Tp 321, A276 Tp 321; A314 Tp 321.
Castings:  A35] Gr CF-8C. A743 Gr CF-8C: A744 Gr CF-8C.
Compatible

Bolting:  A193 or A320 Gr BST: to -425°F. F593 Tp 321; F594 Tp 321.

See the appropriate code for the allowable temperature ranges for bolting.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresscs.

' See A264 for clad plate.

? Intended for piping.

 Intended for pressure vessels.

v LUowoLbeas
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Table A1-4.21 ASTM specifications for common materials of construction

Material: Type 321H Stainless Steel (General Note 2, p. 362)
UNS $32109 (18Cr-10Ni, high carbon, Ti stabilized)

Oxidation Scaling Threshold: 1650°F
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Table A1-4.22 ASTM specifications for common materials of construction

Typical Code Temperature Ranges
VI, Div. 1 VIIIL, Div. 2 B31.3
-320 1w 1500°F -325 to BOO°F ~325 1o 1500°F

Pipe: A312 Tp 321H; A376 Tp 321H; A430 Gr FP321H.
ABI3 Tp 321H; A814 Tp 32IH.

Tubing:  A213 Tp 321H; A249 Tp 321H. A271 Tp 321H.
Fittings:  AlB2 Gr F321H:; A403 Gr 321H.
Forgings:  A182° Gr F321H. A336' Gr F321H.

Bars: No Code listings. A479 Tp 321H.

Castings:  No Code or ASTM listings. Consider A351 Gr CF-8C or Gr CF-
10MC; see alsa A743 Gr CF-8C and A744 Gr CF-8C.

Compatible There are no Code or ASTM listings for Tp 321H bolts.
Bolting: Machine from bar stock if compatibility is necessary; otherwise, use
Al193 or A320 Gr BST: 10 -425°F.

See the appropriate code for the allowable temperature ranges for bolting.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,

' See A264 for clad plate.

? No Code listing for ASME Section VIII, Div. 1 or ASME B31.3,

* Intended for piping.

* Intended for pressure vessels.

Material: Type 347 Stainless Steel (General Note 2, p. 362)
UNS $34700 (18Cr-10Ni, Cb stabilized)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperaiure Ranges
VIII, Div. 1 VIIL, Div. 2 B313
—425 to 1500°F —425 to BOOPF -425 to 1500°F

Pipe: A312 Tp 347; A358 Tp M7; A376 Tp 347: Ad09 Tp M7
A430 Tp 347. A778 Tp 347; A8I3 Tp 347; A8I4 Tp 347.

Tubing:  A213 Tp 347; A249 Tp 347, A269 Tp 347; A271 Tp 347:
A632 Tp 347,

Fittings:  A182 Gr F347; Ad03 Gr 347, A774 Tp 347,
Forgings:  A182° Gr F347; A336° Gr F347. A473 Tp 347.
Bars: A479 Tp 347. A276 Tp 347: A314 Tp 347.
Castings:  A351 Gr CF-8C, A743 Gr CF-8C: A744 Gr CF-8C.

Compatible A193 or A320 Gr B8C: 1o ~425°F. F593 Tp 347: F594 Tp 347,
Bolting:

See the appropriate code for the allowable temperature ranges for bolting.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,

' See A264 for clad plate.

* Intended for piping.

? Intended for pressure vessels.
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Table A1-4.23 ASTM specifications for common materials of construction

Material: Type 347H Stainless Steel (General Note 2, p. 362)
UNS 534709 (18Cr-10MNi, high carbon, Cb stabilized)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperature Ranges
VIII, Div. 1 VIII, Div. 2 B3il3
=320 to 1500°F -325 1o 800°F ~325 to 1500°F
Plate; A240' T‘p.’i-ﬂH
Fipe: A312 Tp 34TH; A376 Tp 34TH; A430 Gr FP347TH; A452 Tp 347H.

A813 Tp 347H; ABI4 Tp 347H.

Tubing:  A213 Tp 347H; A249 Tp 347TH. A271 Tp 347H.
Fittings: 182 Gr F347H; A403 Gr 347H.

Forgings:  A182’ Gr F347H; A336' Gr F3TH.

Bars: No Code listings. A479 Tp 347H.

Castings:  No Code or ASTM listings. Consider A351 Gr CF-8C or Gr CF-
10MC; see also A743 Gr CF-8C and A744 Gr CF-8C.

Compatible There are no Code or ASTM listings for Tp 347H bolts.
Bolting:  Machine from bar stock if compatibility is necessary; otherwise, use
Al93 or A320 Gr BEC: w0 —425°F,

See the appropriate code for the allowable temperature ranges for bolting.

Note: Specifications that are indicated in italics do not have Code maximum
allumhlc stresses,

Sm: A264 for clad plate,

Ncn Code listing for ASME Section VIII, Div. 1 or ASME B31.3.

]ntr:nd:d for piping.

* Intended for pressure vessels,
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Table A1-4.24 ASTM specifications for common materials of construction

Material: Type 348 Stainless Steel (General Note 2, p. 362)
UNS $34800 (18Cr-10Ni, Cb stabilized)

Oxidation Scaling Threshold: 1650°F

Typical Code Temperature Ranges
VIII, Div. 1 VIII, Div. 2 B3il.3
-320 to 1500°F -325 to B00°F -325 to 1500°F

Product forms for which code-allowable stresses are available
Plate: A240' Tp 348.

Fipe: A312 Tp 348; A358 Tp 348; A376 Tp 348; A409 Tp 348,
A8I3 Tp 348; A8I4 Tp 348.

Tubing:  A213 Tp 348; A249 Tp 348. 4269 Tp 348; A632 Tp 348.
Fittings:  AIB2 Gr F348; A403 Gr 348,
Forgings:  A182° Gr F348; A336° Gr F348. A473 Tp 348,

Bars: AHT9 Tp 348,
Castings:  No Code or ASTM listings. Consider A35! Gr CF-8C, A743 Gr
CF-8C or A744 Gr CF-8C.

Compatible There 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 BBC: 10 -425°F.

See the appmp.ll;ﬁ:re cade for the allowable temperature ranges for bolting,

Note: Specifications that are indicated in italics do not have Code maximum
aliuwablc stresses,

Sm: A264 for clad plate.

lntemlad for piping.

? Intended for pressure vessels,
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Table A1-4.25 ASTM specifications for common materials of construction

Material: Type 348H Stainless Steel (General Note 2, p. 362)
UNS $34809 (18Cr-10Ni, high carbon, Cb stabilized)

Oxidation Scaling Threshold: 1650°F
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Table A14.26 ASTM specifications for common materials of construction

Typical Code Temperature Ranges
VIII, Div. | VII, Div. 2 B31.3
=320 10 1500°F -325 wo 800°F =325 to 1500°F

Plate: No Code listings. A240' Tp 348H.

Pipe: A312 Tp M48H. AS8I3 Tp 348H; A8I4 Tp 348H.
Tubing:  A213 Tp 348H; A249 Tp 348H.

Fittings:  A182 Gr F348H; A403 Gr F38H. -
Forgings:  A182° Gr F348H; A336" Gr F38H. '
Bars: No Code or ASTM listings; use a forging specification.

Castings:  No Code or ASTM listings. Consider A351 Gr CF-8C or Gr CF-
T0MC; see also A743 Gr CF-8C and A744 Gr CF-8C.

Compatible There are no Code or ASTM listings for Tp 348H bolts. ;
Bolting: Machine from bar stock if compatibility is necessary; otherwise, use
A193 or A320 Gr BEC: 1o -425°F.

See the appropriate code for the allowable temperature ranges for bolting.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' See A264 for clad plate.

? Intended for piping.

¥ Intended for pressure vessels.

Alloy 2205 (22Cr-5Ni-3Mo-N): UNS 531803
UNS 532250: 25Cr-4Ni-3Mo-2Cu

Typical Code Temperature Ranges
VIII, Div. | VIII, Div. 2 B3L3
-20 10 600°F' No listings. -60 10 600°F

orms for which code-allowable s

Plate: A240" (both alloys).
Pipe: AT90 (both alloys). A928 (both alloys).
Tubing:  A789 (both alloys).
Fittings:  AI182 (Alloy 2205). A8I5 (Alloy 2205).
Forgings:  A182° (Alloy 2205).

A479 (UNS 532550). A276 (Alloy 2205).

Bars
Castings:  AIS! Gr CD-4MCu; A743 Gr CO-4MCu; A744 Gr CD-4MCu;
A8 Gr CO-40MCu & Gr 44.

Compatible There are no Code or ASTM listings for duplex stainless steel bolts.
Bolting:  Machine from bar stock if compatibility is necessary; otherwise, see
Table Al1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' The upper allowable temperature for UNS 532550 is S00°F.

* This Code lists only tubing and piping.

* See A264 for clad plate

* Intended for piping.
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Table A1-4.27 ASTM specifications for common materials of construction

Material: Alloy 254 SMO (20Cr-18Ni-6Mo)
UNS 831254

Oxidation Scaling Threshold: 1800°F
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Table A1-4.28 ASTM specifications for common materials of construction

Typical Code Temperature Ranges
VI, Div. 1 VIIL, Div. 2 B31.3
=320 to TSO°F No listings. No listings.

Pipe: A312 UNS S31254; A358 UNS S31254. ASI3 UNS S31254: A814
UNS $31254.

Tubing:  A249 UNS $31254. A269 UNS 531254,
Fittings:  A182 Gr Fd4d. A403 UNS 531254,
Forgings:  A182° Gr F44,

Bars: No Code or ASTM listings; use the forging specification.
Castings:  A351 Gr CK-3MCuN. A743 Gr CK-IMCuN:
A744 Gr CK-3MCuN.,

Compatible There are no Code or ASTM listings for Alloy 254 SMO bolts.
Bolting: Machine from bar stock if compatibility is necessary; otherwise, see
Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' See A264 for clad plate,

* Intended for piping.

Material: Alloy 20-Mod (22Cr-26Ni-5Mo)
UNS NO8320

Oxidation Scaling Threshold: 1800°F

Typical Code Temperature Ranges
NI, Div. 1 VI, Div. 2 B31.3
325 1o BOO°F No listings. =325 o B00°F

Plate: B620.

Pipe: B619 UNS NOB320; B622 UNS NOBI20,
Tubing: B622 UNS NOB320; B626 UNS NOB320,
Fittings: No Code or ASTM listings.

Forgings:  No Code or ASTM listings.

Bars: B621,

Castings:  No Code listings. Consider A351 Gr CN-IMN.

Compatible Alloy 20 Mod bolts are Code listed as bar stock, Accordingly,
Bolting: they should be machined from bar stock if compatibility is
necessary; otherwise, see Table A1-3 (p. 302},

Note: Specifications that are indicated in italics do not have Code maximum

allowable stresses.
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Table A1-4.29 ASTM specifications for common materials of construction
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Table A1-4.30 mmhm‘-mﬁmfmnsuudim

Material: Alloy AL-6XN (21Cr-24Ni-6Mo)
UNS N08367

Oxidation Scaling Threshold: 1800°F

Typical Code Temperanre Ranges
VIIL, Div. 1 VIII, Div, 2 B31.3
325 to BO0°F No listings. -325 1o B00°F

Plate: B688 UNS NOB367.
Pipe: B675 UNS NOB367; B690 UNS NOSIGT; BS0M UNS NOB36T.
Tubing: B676 UNS NOS3GT; BH9) LINS NOSIGT.
Fittings: No Code listings. B366 Gr 6XN: B462 UNS NOB367.
Forgings: No Code listings. B366 Gr 6XN; B462 UNS NOB367:

B564 UNS NOS367.
Bars: No Code listings. B691 UNS NO8367: B472 UNS NO8367.
Castings: No Code or ASTM listings. Consider A351 Gr CK-3IMCuN,
Compatible There are no Code or ASTM listings for Alloy AL-6XN bolts.
Bolting: Machine from bar stock if compatibility is necessary; other-

wise, see Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,

Material: Alloy 904L (21Cr-25Ni-5Mo)
UNS NOS94

Oxidation Scaling Threshold: 1800°F

Typical Code Temperature Ranges
VI, Div, 1 Vill, Div. 2 B3l.3
-325 10 T00°F No listings. Mo listings.

Plate: B625' UNS NOS904.

Pipe: B673 UNS NOS904; B6T7 UNS NOS904.

Tubing:  B674 UNS NOSSGS; B6T7 UNS NOB904.

Filtings:  No Code or ASTM listings.

Forgings: No Code or ASTM listings.

Burs: B649 UNS NOBS04,

Castings:  No Code listings. Consider A351 Gr CK-3MCuN.

Compatible There are no Code or ASTM listings for Alloy 904L bolts.
Bolting:  Machine from bar stock if compatibility is necessary; otherwise, see
Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.
! See A265 for clad plate.
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Table A1-4.31_ASTM specifications for common materils of consiruction
Material: Alloy 200 (99Ni: commercially pure nickel) S

UNS N02200
Typical Code Temperaiure Ranges
VIIL, Div. 1 VIIL, Div. 2 B3
-325 1o 600°F -325 10 600°F 32510 600°F

Pipe: BI61 UNS N02200. B725 UNS NO2200.
Tubing: B161 UNS N02200; B163 UNS NO2200. B730 UNS N02200,
Fittings: ~ B366 UNS N02200,

Forgings:  No Code or ASTM listings.
Bars: B160 UNS N02200.
Castings:  No Code listings. Consider A494 Gr CZ-100,

Cnmpmﬂ:hﬂwmﬂbu!uum&dﬂimduhrm Accordingl

; y, they

Bolting: should be machined from bar stock if compatibility is necessary;
otherwise, see Table A1-3 (p. 302).

hhﬁSpﬁﬁ@mMm-wmhMiﬂﬁnm{huwCad:m
allowable stresses,

' See A265 for clad plate.
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Table A14.32 ASTM specifications for common materials of construction

Material: Alloy 201 (99 Ni; low-carbon, commercially pure nickel)

UNS NO2201
Typical Code Temperature Ranges
VIIL, Div. 1 VIH, Div. 2 B31.3
~325 10 1200°F' -325 10 800°F -325 1o 1200°F

Pipe: B161 UNS N02201, B725 UNS N02201.
Tubing:  BI61 UNS N02201; B163 UNS N02201. B730 UNS N02201.
Fittings:  B366 UNS N02201.

Forgings: No Code or ASTM listings.

Bars: B160 UNS N02201.

Castings:  No Code listings. Consider A494 Gr CZ-100.

Compatible Alloy 201 bolts are Code listed as bar stock. Accordingly, they

Bolting:  should be machined from bar stock if compatibility is necessary;
otherwise, see Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' The upper allowable temperature for this material depends on the product form.
*The upper allowable temperatre for this material may depend on heat
treatment.

¥ See A265 for clad plate.
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Table A1-4.33 ASTM specifications for common materials of construction

Material: Alloy 400 (67Ni-30Cu)
UNS NO4400

Oxidation Scaling Threshold: 1000°F (sulfur free)
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Table A1-4.34 ASTM specifications for common materials of construction

Typical Code Temperature Ranges
VI, Div. 1 VIII, Div. 2 . B3L3
-325 10 900°F -325 10 800°F 325 10 900°F'

Plate: B127.}

Pipe: B165. B725.

Tubing:  B163 UNS NO4400; B165. B730. UNS N0440.
Fittings:  B366 UNS NO4400,

Forgings:  B564 UNS NO4400.

Bars: B164 UNS NO4400. Consider B164 UNS NO4405 (having a higher
allowable stress),

Castings:  No Code listings. Consider A494 Gr M-35-1 or M-30C.

Compatible Alloy 400 bolts are Code listed as bar stock. Accordingly, they

Bolting: should be machined from bar stock if compatibility is NECESSary;
otherwise, see Table A1-3 (p. 302). Consider F467 & F468, UNS
NOH05 as well as UNS NO4400, if Code maximum allowable
stresses are not required.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.
‘mmp:ra]hwabhlcmpemmmfwmismmhlmyd@mdmbm
treatment.

? See A265 for clad plate,

Material: Alloy X (22Cr-47Ni-9Mo)
UNS N06002

Oxidation Scaling Threshold: > 2100°F

Typical Code Temperature Ranges
VIIL, Div. 1 VIIL, Div. 2 B31.3
-325 1o 1650°F -325 w BOO°F -325 10 1500°F

Pipe: B619 UNS NOGOOZ; B622 UNS NO6002.
Tubing:  B622 UNS NOGO0O2; B626 UNS NO6002.
Fittings:  B366 UNS NOGOOZ.

Forgings: No ASTM listings.

Bars: B572 UNS NOGDO2.

Castings:  No ASTM listings.

Compatible Alloy X bolts are Code listed as bar stock. Accordingly, they
Bolting:  should be machined from bar stock if compatibility is necessary;
otherwise, see Table A1-3 (p. 302).



e Appendx 1

Table A1-4.35 ASTM specifications for common materials of construction

Material: Alloy C-22 (22Cr-58Ni-13Mo-3W)

Materials of Construction as a Function of Temperature 34

Table A1-4.36 ASTM specifications for cornmon materials of construction

UNS NOB022
Typical Code Temperature Ranges
VIII, Div. | VIII, Div. 2 B313
_325 1o 800°F Not listed. 32510 800°F

Pipe: B619 UNS N0G6022; B622 UNS N06022.
Tubing:  BA22 UNS NOG22; B626 UNS NoGo22.
Fittings:  B366 UNS N06022.

Forgings:  No ASTM listings.

Bars: B574 NO6022,

Castings:  No ASTM listings.

Compatible Alloy C-22 bolts are Code listed as bar stock, Accordingl
Bolting:  should be machined from bar stock if compatibility is nec:}.-:s:?
otherwise, see Table Al-3 (p. 302).

" See A265 for clad plaie,

Material: Alloy G-30 (29Cr-40Ni-15Fe-5Mo)

UNS NO6O3D
Oxidation Scaling Threshold: > 2000°F
Typical Code Temperature Ranges
VIII, Div. 1 VIII, Div. 2 B31.3
325 1o BOO°F No listings. No listings.

Pipe: B619 UNS NO6030; B622 LINS NO6030.

Tubing: B622 UNS NOG030; B626 UNS NO6G030.
Fittings:  B366 UNS N0G030,

Forgings: No ASTM listings.

Bars: B581 UNS NO6030,

Castings:  No ASTM listings.

Compatible Alloy G-30 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).

' See A265 for clad plate.
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Table A1-4.37 ASTM specifications for common materials of construction

Material: Alloy C4 (16Cr-61Ni-16Mo)
UNS NO6455

Oxidation Scaling Threshold: 1900°F

Typical Code Temperature Ranges
VI, Div. 1 VIII, Div. 2 B31.3 o
-325 10 BO0FF -325 10 BOO°F =325 o 800°F
fi ich are avai
Plate: BS575' UNS N06455.
Pipe: B619 UNS NO6455; B622 UNS N06455.

Tubing: B622 UNS N06455; B626 UNS N06455.
Fittings:  B366 UNS N06455.

Forgings: No ASTM listings.

Bars; B574 NO6455.

Castings:  No ASTM listings.

Cmapmib]e Alloy C4 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).

! 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 NO6600

Oxidation Scaling Threshold: > 1800°F

Typical Code Temperamre Ranges
VI, Div. 1 VIII, Div. 2 B3l.3
-325 to 1200°F -325 to B0O°F -325 to 1200°F

Pipe: B167 UNS NO6600; B517.

Tubing: B163 UNS NO6600; B167 UNS NOGGOD; B516,
Fittings:  B366 UNS NO6600; B564 UNS NO6600.
Forgings: B564 UNS N06600.

Bars: B166 UNS NOGG00.

Castings:  No Code listings. Consider 4494 Gr CY-40 (a high-carbon version).

Compatible Alloy 600 bolis are Code listed as bar stock. Accordingly, they

Bolting: should be machined from bar stock if compatibility is necessary;
otherwise, see Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum

allowsable stresses.
! See A265 for clad plate.
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Table A1-4.39 ASTM specifications for common materials of construction

Material: Alloy 625 (22Cr-60Ni-9Mo, Cb stabilized)
UNS N06625

Oxidation Sealing Threshold: > 1800°F
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Table A1-4.40 ASTM specifications for common materials of construction

Typical Code Temperature Ranges
VIIIL, Div. 1 VIII, Div. 2 B31.3
-325 o 1200°F No listings. -325 w 1200°F

Pipe: B444; B705 UNS ND662S, BE34 UNS NO6625,
Tubing: B444; BT04 UNS ND662S,
Fittings: B366 UNS N06625; B564 UNS NO6625. BS34 [INS NOG62S.

Forgings: BS564 UNS NOG625,
Bars: B446,

Castings:  No Code listings. Consider A49¢ Gr CW-6MC.

Compatible Alloy 625 bolts are Code listed as bar stock. Accordingly, they

Bolting:  should be machined from bar stock if compatibility is necessary;
otherwise, see Table A1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,
' See A265 for clad plate.

Material: Alloy G-3 (22Cr-47Ni-20Fe-TMo)

UNS NO6OBS
Typical Code Temperature Ranges
VI, Div. 1 VIII, Div. 2 B3il3
—375 to BOOPF No listings. Mo listings.

Pipe: B619 UNS NOGORS; B622 UNS NOGOES,
Tubing: B622 UNS NO694S; B626 UNS NOGDES.
Fittings:  B366 UNS NOGS85.

Forgings: No Code or ASTM listings.

Bars: B581 UNS NO6985.

Castings: No Code or ASTM listings.

Compatible There are no ASTM listings for Alloy G-3 bolts.

Bolting: Machine from bar stock if compatibility is necessary; otherwise, see
Table Al-3 (p. 302).

! See A265 for clad plate.

-
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Table A1-4.41 ASTM specifications for commeon materials of construction Table A1-4.42 ASTM specifications for comnion materials of construction
Material: Alloy 20 Cb-3 (20Cr-35Ni-2.5Mo) Material: Alloy 800 (21Cr-33Ni-42Fe, with Al, Ti stabilized)
UNS NOS020 Alloy 800: UNS NOBE00

Alloy B00H: UNS NOSSI10

Oxidation Scaling Threshold: 1800°F Alloy BOOHT: UNS NOBB11

Typical Code Temperature Ranges Oxidation Scaling Threshold: > 1800°F
VI, Div. 1 VIII, Div. 2 B31.3 Typical Code Temperature Ranges
~325 to 800°F No listings. -325 to 800°F VIIL, Div. 1 VIII, Div. 2 B31.3
-325 to 1500°F" -325 to BOPF -325 1o 1650°F

Pi . ' ALY i i A et 3K | L= St i Ly oLl

pe BA64 UNS N08020; B729 UNS N08020. B474 UNS NoS020. Plate: B409® UNS NOS800, UNS NO8810 & UNS NOSS11.
Tubing:  B468 UNS NO8020: 08020

& 3 » B729 UNS NO8020. Pipe: B407 UNS NO8800, UNS NO8810 & UNS NO8811;
Fittings:  B366 UNS NO8020; B462 UNS NOS020. B514 UNS N08800 & UNS NO8S10.
Forgings:  B462 UNS NO8020. Tubing:  B163 UNS NOB800 & UNS NO8810; B407 UNS NO8B0O,
Bars: i UNS NO8810 & UNS N08811; BS15 UNS NOS800 &
3 UNS NOB020. B472 UNS NOSG20. UNS NOSSI0. BI63 UNS NOSSIJ.

Castings:  No Code listings. Consider A35I" Gr CN-7M, A743 Gr CN-7M, Fittings:  B366 UNS NO8800; B564 UNS NOS800 & UNS NO8810.

or A744 Gr CN-7M.

Compatible There are no ASTM listings for Alloy 20 Cb-3 bols. e S UNE TSR0 I H.

Bolting: Machine from bar stock if compatibility is necessary; otherwise, see Bars: B408 UNS NOB200 & UNS NOSS10. B408 UNS NOSSIL.
Table Al-3 (p. 302). Castings:  No Code or ASTM listings.
Compatible Alloy 800 bolts are Code listed as bar stock. Accordingly, they
Note: Specifications that are indicated in italics do not have Code maximum Bolting: should be machined from bar stock if compatibility is necessary;
allowable stresses. otherwise, see Table Al1-3 {p. 302).

; See A265 for clad plate.
Material should be ADD refined.

' The upper allowable temperature for these materials may depend on alloy
composition,

* This Code lists only pipe and tubing.

¥ See A265 for clad plate,
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Table A1-4.43 ASTM specifications for common materials of construction

Materials of Construction as a Function of Temperature 349

Table A1-4.44 mmmmmﬂsdmﬁm

Material: Alloy 825 (22Cr-42Ni-3Mo, Ti stabilized)
UNS NOBS2S5

Oxidation Scaling Threshold: 1800°F

Typical Code Temperature Ranges
vill, Div, 1 VIII, Div. 2 Bil.3
=325 to 1000°F -325 to BOO°F No listings.

Pipe: B423 UNS NO8825; B705 UNS NOBE2S,

Tubing: B163 UNS NOBS25; B423 UNS NOB8E2S; B704 UNS ND8E2S.
Fittings:  B366 UNS NOB&25,

Forgings:  No Code listings. BS564 UNS NOSS2S5,
Bars: B425 UNS NDB82S.
Castings:  No Code or ASTM listings.

Compatible Alloy 825 bolts are Code listed as bar stock. Accordingly, they
Bolting:  should be machined from bar stock if compatibility is necessary;
otherwise, see Table Al1-3 (p. 302).

Note: Specifications that are indicated in italics do not have Code maximum
allowable siresses.
' See A265 for clad plate.

Materdal: Alloy C-276 (15Cr-54Ni-16Mo)
UNS N10276

Oxidation Scaling Threshold: 1900°F

Typical Code Temperature Ranges
VIIl, Div. 1 VI, Div, 2 B31.3
=325 1o 1250°F -325 to 800°F =325 10 1250°F

Plate: BS75' UNS N10276.

Pipe: B619 UNS N10276; B622 UNS N10276.
Tubing:  B622 UNS N10276; B626 UNS N10276.
Fittings:  B366 UNS N10276.

Forgings:  No Code listings. BS64 UNS N10276.
Bars: BS74 UNS N10276.

Castings:  A494 Gr CW-6M’ & CW-12MW’; however, the preferred material
Is Gr CW-2M, since it has better corrosion resistance.

Compatible Alloy C-276 bolts are Code listed as bar stock, Accordingly, they

Bolting:  should be machined from bar stock if compatibility is necessary;
otherwise, see Table A1-3 (p. 302). F467 UNS N10276; F468 UNS
N10276.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' See A265 for clad plate.

? The upper allowable temperature for this material is 1000°F.
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Table A1-4.45 ASTM specifications for common materials of construction Table A1-4.46 ASTM specifications for common materials of construction
Material: Alloy B-2 (65Ni-28Mo-Fe) Material: Inhibited Admiralty Brass (71Cu-28Zn-15n)
UNS N10665 UNS C44300 (Arsenical)

) UNS C44400 (Antimonial)

Onxidation Scaling Threshold: 1000°F UNS C44500 (Phosphorized)
Typical Code Temperature Ranges Typical Code Temperature Ranges
bl VIL, Div. B33 VILL Div. 1 VIIL, Div. 2 B31.3
S X AE 325 to 800°F -325 10 450°F 325 10 S00°F No listings.

Plate:

Pipe: MNo ASTM listings.

Tubing: B111 UNS C44300, UNS C44400 & UNS C44500;
B366 UNS N10665. . B395 UNS C44300, UNS C44400 & UNS C44500;

B3543 UNS C44300, UNS C44400 & UNS C44500.
BI35 UNS C44300; B359" UNS C44300,

Plate

Pipe

Tubing:  B622 UNS N10665; B626 UNS N1066S.
Fittings:

Forgings: No Code or ASTM listings.

Bars: B335 UNS N10665. UNS C44400 & UNS C44500.
Castings:  A494 Gr N-12MV.* Fittings:  No ASTM listings.
Compatible Alloy B-2 bolts are Code listed as bar stock. Accordingly, they Forgings:  No ASTM listings.
Bolting: should be machined from bar stock if compatibility is necessary; Bars: No ASTM listings.

otherwise, see Table A1-3 (p. 302). Castings:  No ASTM listings

Compatible There are no ASTM listings for Admiralty brass bolts. Use Al-
Bolting: bronze or Ni-Al bronze.

' See A265 for clad plate.
* The upper allowable temperature for this material is 1000°F.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,

' See B432 for clad plate.

* Finned tubes.
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Table A1-4.47 ASTM specifications for common materials of construction
Material: Naval Brass (60Cu-40Zn)

fl
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Table A1-4.48 ASTM specifications for common materials of construction

UNS C46400
UNS C46500 (Arsenical)
UNS C46600 (Antimonial)
UNS C46700 (Phosphorized)
Typical Code Temperature Ranges
VIIL, Div, 1 VI, Div. 2 B31.3
~325 1o 400°F 325 to 100°F -452 to 400°F

Plate: B171' UNS C46400 & UNS C46500,
Pipe: No ASTM listings.

Tubing:  No ASTM listings.

Fittings:  No ASTM listings.

Forgings:  B283 UNS C46400. BI24 UNS C46400,
Bars: No Code listings. B21 UNS C46400.
Castings:  No ASTM listings.

Compatible
Bolting:  B21 UNS C46400. F467 UNS C46400; F468 UNS C46400.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.
' See B432 for clad plate.

Material: Alumipum Bronze (several compositions, including: 9%0Cu-5A1, 90Cu-
TA-3Fe-5n, eic.)
Wrought Alloys Cast Alloys

C60800, C61300, C61400, (C95200, C95300, CI5400,
C61900, C62300 & C62400 C95410 & C9H5900

Typical Code Temperature Ranges
VIIL, Div. 1 VIII, Div, 2 B31.3
-325 10 600°F' -325 1o S00°F" -452 10 600°F'

Plate: Blﬁ'? UNS Cﬁ!m Ei'ﬂ I.INS c&um B.i‘ﬁ' I'INS C61300;
BI7I UNS C61300.

Pipe: No Code listings. B315 UNS C61300 & UNS C61400; B6OS UNS
C61300 & UNS Cal1400.

Tubing: B111 UNS C60800; B395 UNS C60800. BIlI UNS C61300 &
UNS C61400; B315 UNS C61300 & UNS Co1400.

Fittings:  No ASTM listings.
Forgings:  No Code listings. B124 UNS C61900 & UNS C62300;

B150 UNS C61300, UNS C61400, UNS C61900, UNS C62300 &
UNS C62400; B283 UNS C61900 & UNS C62300.

Bars: No Code listings. B124 UNS C61900 & UNS C62300;
BI50 UNS C61300, UNS C61400, UNS C61900, UNS C62300 &
UNS C62400; B169 UNS C61300 & UNS C61400.

Castings:  B148 UNS C95200, UNS C95300, UNS C95400 & UNS C95410;
B271 UNS C95200. B30 UNS C95200, UNS C95300,
UNS 95400 & UNS C95410 & UNS C95520; B148 UNS C95900;
B505 UNS C95200, UNS C95300, UNS C95400, UNS C95410 &
UNS C95900; B763 UNS C95200, UNS (95300, UNS C95400 &
UNS C95410; B806 UNS 95300, UNS C95400 & UNS C95410.

Compatible BI150 UNS C61400, UNS C62300 & UNS C62400. F467 UNS
Bolting:  C6/300 & UNS C61400; F468 UNS C61300 & UNS C61400.

Also consider Ni-Al bronges fe.g., B150 UNS C63000). N

Note: Specifications that are indicated in italics do not have Code maximum o
ulluwabln siresses. .
Th= upper allowable temperature depends on the composition of the material, -

* See B432 for clad plate. a
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Table A1-4.49 ASTM specifications for common materials of construction

Material: Nickel-Aluminum Bronze (81Cu-10Al-3Fe-5Ni)

Wrought Alloys Cast Alloys
CA3000, CH3020 &C63200

C95500, C95520 & C95800

Typical Code Temperature Ranges

VIII, Div. 1 VIII, Div. 2 B31.3

-325 to 700°F' No listings. -452 to 500°F

Plate: BI71 UNS Co3000. BI7] UNS C63200.

Pipe: No Code listings. B35 UNS C63020.
Tubing: No Code listings. B315 UNS C53020.
Fittings:  No ASTM listings.

Forgings: No Code listings. BI24 UNS C63000 & UNS C63200;
B283 UNS C63000 & UNS C63200,

Bars: No Code listings. BI24 UNS C63000 & UNS C63020;
BI50 UNS C63000, UNS C63020 & UNS C63200.

Castings:  No Code listings. B30 UNS C95800; BI48 UNS C95500,
UNS C95520 & UNS C95800; B505 UNS C95500, UNS C95520 &
UNS COSS00; B763 UNS C95500 & UNS CO5800-
B806 UNS C95500 & UNS C95800.

Compatible B150 UNS C63000. BIS0 UNS C63020 & UNS C63200.
Bolting: F467 UNS C63000; UNS F468 C63000.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

" Plate only. See B432 for clad plate.

* Castings and Bolting only.
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Table A1-4.50 ASTM specifications for common materials of construction

Material: 90/10 Cu/Ni

UNS CT0600
Typical Code Temperamre Ranges
VIII, Div. 1 VIII, Div. 2 B31.3
-325 1o 600°F -325 1o 430°F -452 1 620°F

s [or which CO] aile sl il
Plate: B171' UNS C70600. BI22 UNS C70600,
Pipe: B466 UNS C70600; B467 UNS CT0600. B608 UNS CFG00,

Tubing: B111 UNS CT0600; B395 UNS C70600; B466 UNS C70600;
B543 UNS CT0600. B339 UNS C70600; B395 UNS C70600;
B469 UNS C70600; B532 UNS C70600; B608 UNS C70600.

Fittings:  No ASTM listings.

Forgings: No ASTM listings.

Bars: No Code listings. BI22 UNS C70600; BI5I UNS C70600.
Castings:  No Code listings. Consider B389 UNS C96200.

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 Al-bronze or Ni-Al bronze.

Note: Specifications that are indicated in italics do not have Code maximum
allowable siresses.
! See B432 for clad plate.
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Table A1-4.51 ASTM specifications for common materials of construction
Material: 7030 Cu/Ni
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Table A1-4.52 ASTM specifications for common materials of construction

UNS C71500
Typical Code Temperature Ranges
VI, Div. 1 VIIL, Div. 2 B31.3
325 to T00°F' 325 to 650°F -452 to T00°F

| arms for which code-allowahle stresses are
Plate: B171* UNS C71500. BI22 UNS C71500.
Pipe: B466 UNS CT71500; B467 UNS CT1500, B608 UNS C71500.,

Tubing:  Blll UNS C71500; B395 UNS C71500; B466 UNS CT71500;
B543 UNS C71500. B339 UNS C71500; B395 UNS C71500;
B552 UNS C71500; B608 UNS C71500.

Fittings: Mo ASTM listings.
Forgings: No ASTM listings.

Bars: No Code listings. BI22 UNS C71500; B151 UNS C71500.
Castings:  No Code listings. Consider B369 UNS CO6400,
Compatible

Bolting:  No Code listings. F467 UNS C71500 & F468 UNS C71500,

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.

' The upper allowable temperature for this material depends on heat treatment
and/or product form.

? gee B432 for clad plate.

Wrought Alloys Cast Alloys
AG50R3, AS5456 & A96061 AD3560 & AD3430

Typical Code Temperature Ranges
VI, Div, 1 VIII, Div. 2 B31.3
-452 to 400°F" 452 to 300°F' -452 10 400°F

s for which code-allowable stresse: L ailabl
B209 UNS A95083, UNS A05456 & LUNS A96DG].

Plate:
Pipe: B241 UNS ADS083, UNS A95456 & UNS A96061;
B345 UNS AG5083 & UNS A9606] .

Tubing: B210 UNS A95083, UNS A95456 & UNS A96061;
B221 UNS A95083, UNS A05456 & UNS A96061;
B234 UNS A96061; B241 UNS A95083, UNS A95456 &
UNS A96061; B345 UNS A95083 & UNS A96061.

Fittings: ~ B361 Gr WP5083 & WP6061.

Forgings:  B247 UNS A95083 & UNS A96061.

Bars: B211 UNS A96061; B221 UNS A95083 & UNS A96061.
Castings:  B26° UNS A03560 & UNS A04430,

Compatible Aluminum bolts are Code listed as B211 UNS A9606] bar stock.
Bolting:  Accordingly, they should be machined from bar stock if compat-
ibility is necessary; otherwise, see Table Al-3 (p. 302).

F467 UNS A96061; F468 UNS A9%061.

Note: Specifications that are indicated in italics do not have Code maximum

allowable stresses,

" The upper allowable temperature depends on the composition and temper of the
material,

? Listed in ASME B31.3 only.
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Table A1-4.53 ASTM specifications for common materials of construction

Material: Ni-Resist (these materials are castings, having several different compo-
sitions; they typically contain 13-35 percent Ni and may contain other
additions such as Si, Mn, Cu and Cr).

Oxidation Scaling Threshold: > 1500°F
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Table A1-4.54 ASTM specifications for common materiale of construction

Typical Code Temperature Ranges
VI, Div. 1 VIII, Div. 2 *Bil.3
No listings. No listings. No listings.

Castings:  AS71 T}:D—Z&f A436": several grades; A439: several grades.

Nore: Specifications that are indicated in italics do not have Code maximum
a.lluwabh siresses.

Mayh-:q.lahﬁndby impact testing to -320°F,

*Tp I should be avoided in services requiring impact toughness.

Material: Tantalum
Oxidation Scaling Threshold: 500°F

Typical Code Temperature Ranges
VIIL, Div. 1 VIII, Div. 2 B31.3

No Code listings. No Code listings. No Code listings.

MMEWEnHyMMMMmMgWMGWr with some other

Bars B365
Castings:  No ASTM listings,
Compatible

Bolting: No ASTM listings. Machine from bar stock.

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses,
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Table A1-4.55 ASTM specifications for common malerials of construction

Material: Titanium

Unalloyed:
UNS R50250: Gr 1
UNS RS0M00: Gr 2
UNS RS0550: Gr 3

Alloyed:
UNS R52400: Gr 7 (Pd addition)
UNS R53400: Gr 12 (Mo & Ni additions)

Oxidation Scaling Threshold: 800°F (long term); 1200°F (short term)
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Table A1-4.56 ASTM specifications for common materials of construction

Typical Code Temperature Ranges
VIII, Div. 1 VIIL, Div. 2 B313
-75 1o 600°F -75 10 600°F ~75 10 600°F

Pipe: B337: all grades. BS61: all grades.
Tubing: B338: all grades.

Fittings:  No Code listings. Consider B363 {all Brodes),
Forgings:  B381: all grades.

Bars: B348: all grades.

Castings:  B367 Gr C-2* & Gr C-3.

Compatible No Code listings.
Bolting:  Consider F467 & F468 UNS R50250, R50400 & R52400,

Note: Specifications that are indicated in italics do not have Code maximum
ulkmable stresses.
i ' This Code lists only pipe.

Clnd plate (explosion bonded) is commercially available.

Equivalm to UNS R50400.

* Equivalent to UNS R50550.

Material: Zirconium
Oxidation Scaling Threshold: 1000°F

Typical Code Temperature Ranges
VI, Div. 1 VI, Div. 2 B3l.3
-452 10 T00°F Mo listings. =75 to T00°F

Plate: BS551' UNS R60702 & UNS R60705. BS5I UNS R60704 & UNS

R60706.
Pipe: B658 UNS R60702 & UNS R60705. B658 UNS R60704.

Tubing:  B523 UNS R60702 & UNS R60705. B523 UNS R60704.
Fittings:  No Code listings. B653 UNS R60702, UNS R60704 &

UNS R60705.
Forgings:  B493 UNS R60702 & UNS R60705. B493 UNS R60704.
Bars: B550 UNS R60702 & UNS R60705. B351 UNS R6000],

UINS R60802, UNS R60804 & UNS R60901; B550 UNS R60704.
Castings:  No Code listings. B752,

Compatible
Bolting: No ASTM listings. Machine from bar stock,

Note: Specifications that are indicated in italics do not have Code maximum
allowable stresses.
' Clad plate (explosion bonded) is commercially available.
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General Notes for Tables A1-2, A1-3 and A14

L.

i

Carbon stecls weaken by graphitization of carbides from prolonged Exposure lo
temperatures above 800°F (427°C).

. Refer to Table Al-1 (p. 298).
. Above WO°F {43_2“‘(‘,‘], Killed steel has a higher maximum code-allowable stress.
. Refer o the applicable Code for specific impact testing requirements, or exemplions, in

s_:mblishing minimum allowable metal temperatures.  The minimum  lempernture
indicated in Table Al-1 may have to be justified by impact testing.

. Many of the Curve D materials of Section VIII, Div. 1, Fig, UCS-66, can be impact test

qualified down to —75°F (~59°C). Refer to Table A1.15 of ASTM A20,

.+ The maximum thickness of a structural part welded directly to a pressure vessel should

be %" (19 mm). For greater thicknesses, the part to be welded should be fabricated from
i material equivalent to that of the vessel.

- Type 310 55 has better spalling resistance than Type 309 55.

APPENDIX 2

The de Waard- Milliams CO,
Nomograph

The de Waard-Milliams nomograph is used to estimate the rate of aqueous CO,
(i.e., carbonic acid) comrosion for carbon steel, Figure A2-1 shows a worked-out
example of how to use the nomograph to estimate carbonic acid corrosion rates,
However, recall that 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.

+ Streams that do not include cathodic polarizers such as oxygen.

The corrosion rates estimated from Figure A2-1 may have to be adjusted for
several factors not included in the nomograph.

* The corrosion rate estimate is too large for condensing systems or for
systems in which protective scales form. de Waard and Lotz [1] suggest
derating the nomograph rates by a multiplier of one-tenth.

The paper by de Waard and Lotz [1] also discusses the use of
correction factors that can be used to adjust the estimated corrosion rates
for conditions such as high temperature, high pH, high CO, partial
pressure and scale formation.

* The corrosion rate estimate 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 cathodic depolarizers can
generate corrosion rates of 1000 mpy (25 mm/yr) or more,
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Nota: 1 bar = 14.5 psi

Figure A2-1 CO, corrosion nomograph. (© Copyright by NACE Inter-
national. All rights reserved by NACE; reprinted 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

. C. de Waard and U. Lotz, Prediction of CO, Comosion of Carbon Siecl, COR-
ROSION/93, Paper No. 69, NACE Intemnational, Houston, 1993

APPENDIX 3

Caustic Soda Service
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Figure A3-1  Graph for caustic soda service. (@ Copyright by NACE

International. Al rights reserved by NACE; reprinted with permission. Refer
to reference [14, p. 176] in Chapter 3. )

BAPPENDYY 4
The Nelson Curves
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APPENDIX 5
The McConomy Curves

The McConomy curves [1] apply to sour crude oils and sour crude fractions
operating at temperatures in excess of S00°F (260°C). They may be used for
processes containing hydrogen gas having hydrogen partial pressures of 50 psia
(0,34 MPa) and less.

Figure A5-1 is used to determine a correction factor which will be used later.
Use the total sulfur content, in wt. percent, to cbtain the correction factor. The
curve in Figure A5-1 is valid for the temperature range 550°F (290°C) to 750°F
{400°C). Figure A5-2 can then be used to obtain the average corrosion rate for the
materials of interest, for the maximum design temperature. Multiply the average
corrosion rate by the correction factor to obtain the corrected average corrosion
rate. This rate is the estimated average corrosion rate for the process stream for the
material.

Mote 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 estimate the time-to-first-leak 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-leak estimates. However, some users
employ McConomy curves only for estimating the 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 better to rely on plant experience, if the
operating conditions are not expected to change substantially.
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372 Appendix § The McConomy Curves ar3
L igi i heaters to fractionation towers are subject to accelerated,
Experience has shown that the original McConomy curves are usuall Transfer lines from o fracti |
conservative (2], for the following reasons: : ’ § localized corrosion from droplets impinging on elbows and tees. This phenomenon
' | can occur at velocities greater than 200 fi/sec (60 m/s) and can increase corrosion
* For most sour crude oils and their fractions, the reactive sulfur rates by an order of magnitude or more.

concentration is significantly less than would be indicated by the total
sulfur content. For such streams, derating the curves by 50 percent for

carbon steel through 12 Cr provides satisfactory agreement with pub- REFERENCES

lished plant data. The corrasion rate curves shown in Figure A5-2 have .

been derated accordingly. 1. H.F. McConomy, High Temperature Sulfidic Corrosion in Hydrogen Free Environment,
Note that some high-sulfur crudes may contain relatively small frac- API Subcommittee on Corrasion, May 12, 1963. : )

tions of reactive sulfur. Even the 50 percent derated McConomy curves 2 ). Gutzeit, High Temperature Sulfidic Corrosion of Steels: Process Industries Corrosion-

may result in estimating excessive high corrosion rates.  As mentioned Theory and Practice, edited by B. J. Moniz and W. L Pollock, NACE Int

above, it is obviously better in such cases to rely on plant experience. Houston, 1986, pp. 367-372.

* As the sour hydrocarbon stream is processed, the heavier ends concen-
trate the remaining sulfur bearing compounds, which indicates that they
should become more comosive. However, the heavy ends confain a
greater proportion of non-corrosive sulfur species, such as thiophenes. It
has been found that adjusting the sulfur concentration in the heavy ends
is usually required in order to 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 rate.

* The McConomy curves were originally developed from 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. The temper-
Alures represent process temperatures, not tube metal temperatures,
Thus, the temperatures in Figure AS-2 also represent process temper-
atures, not tube metal temperatures. Accordingly, heater tubes should be
handled differently from piping and equipment.

The following procedure is recommended for using the derated curves:

* As mentioned above, the original McConomy curves were developed
from data obtained from heaters used to heat crude oils. When used for
this purpase, the derated curves predict corrosion rates that are too low.
Thus, for heater tubes, use the process stream temperature and the sulfur
concentration of the process stream to obtain the McConomy rate from
Figure A5-2. This rate should then be doubled to obtain the McConomy
corrosion rate,

* For piping and equipment, whether in heavy end or crude oil service, use
the sulfur concentration of the feed stream to the unit to estimate the
corrosion rate at the process stream temperature.

A ]

A

f



o i —

APPENDIX 6

The Couper-Gorman Curves

The Couper-Gorman [1] curves apply to gaseous process sireams containing
hydrogen sulfide, hydrogen and hydrocarbons. These curves should be used for
process streams contaming hydrogen gas having a partial pressure of 50 psia (034
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 (150°C). Gas oils are those hydro-
carbons having an atmospheric boiling point of 300°F (150°C) and above. -

Note that estimates obtained from the Couper-Gorman curves are average
corrosion rates. While localized rates may be higher, it is conventional to use
average rates to estimate the time-to-first-leak or corrosion allowances.

LiknﬂteMcCunnmym:s,me Couper-Gorman curves have substantial
inherent “scatter.” Thus, the estimated comosion rates often do not agree with
previous plant data Itu:bﬁterlurdynuplmldﬂmrfumrenpemtmgmdm
are not expected to change substantially.
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Figure AB-1 Carbor, steel naphtha diluent (® Copyright by NACE
Intemational. All rights reserved by NACE; reprinted with permission [1].)
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International. All rights reserved by NACE; reprinted with permission [1].)

REFERENCE

I. A S. Couper and J. W. Gorman, Computer Correlations to Estimate High Temperature

H,S Corrosion in Refinery Streams, Materials Protection and Performance, Vol, 10, No.
L pp. 3137 (1971),

BAPPENDIX 7
Wet Sour Service Notes

A. ENVIRONMENT

Wet sour service refers to the following systems. In either case, the pressure is at
least 65 psia (0.45 Mpa).

«  Wel Ga: liquid water is present and the hydrogen sulfide partial pressure in
the vapor exceeds 0.05 psia (0.34 kPa).

+ Sour Water: liquid water in which hydrogen sulfide is dissolved at a
concentration of at least 50 ppmw.

B. SERVICE CLASSIFICATIONS

* Low-Risk Service: wet sour service for which the maximum design pressure
is less than 65 psia (0.45 MPa).

+ Simple Wet Sour Service: services containing no other crack-inducing
agents or cathodic poisons and for which the maximum design pressure is
at least 65 psia (0.45 MPa). Carbon steel vessels and heat exchangers
which contain thick section welds (e.g., heavy nozzies) should be regarded
as being in severe wet sour service.

* Severe Wet Sour Service. wet sour services for which the maximum design
pressure is at least 65 psia (0.45 MPa) and
= The service is known to be susceptible to any of the various forms of

wet H,S cracking or
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386 Appendix 7

« The service is cyclic or

s The process contains other crack-inducing agents (e.g., amines in
excess of 2 wi percent) or cathodic poisons (such as cyanides in
excess of 20 ppmw).

C. MATERIALS CONSIDERATIONS

. Low-Risk Service: in most cases, no special requirements. The major

exception s for low-pressure wet sour services that contain cyanide

concentrations exceeding 20 ppmw.

Simple Wet Sour Service: all metals and alloys should conform to the

requirements of NACE MRO175 [1]. Carbon steel is also subject to the

jrements of NACE RP0O472 [2].

+ Severe Wet Sour Service.

All metals and alloys should conform to the requirements of NACE

MRO175 [1]. Carbon steel is also subject to NACE RPO472 [21.

All weld metal, parent metal and heat affected zones should be hard-

ness conirolled.

s Carbon steel plate and plate products should be resistant to hydrogen-

induced cracking.

HIC-resistant plate should be nommalized. To obtain HIC-resistant

plate, order to ASTM A516 specifications, with the following special

requirements: (1) sulfur concentration of 0.002 wi. percent or less; (2)

calcium treated for inclusion shape control.

Internals, seamless pipe, forgings and castings are exempt from HIC
Carbon steel piping and equipment should be postweld heat

treated, regardless of wall thickness. '

REFERENCES

i wwmmmm#mu&umm
MRO175, NACE International, Houston (latet edition).
2. Methods and Conirols to Prevent In-Service Cracking of Carbon Steel Welds in P-1
Materials in Corrosive Petroleum Refining Environmenis, HﬁC'E'RPH'?I,HAIZE
wﬂ,ﬂm(ﬁmdm}.

APPENDIX 8

Guidelines on Chloride Stress Corrosion
Cracking of Austenitic Stainless Steels

Figure A8-1 indicates the temperature threshold for chioride stress comosion
cracking of Types 304 and 316 stainless steels as a function of chloride content.
This curve indicates the 140°F (60°C) threshold ofien quoted as the minimum
temperature for chloride stress corrosion cracking of austenitic stainless steels in
neutral saline water.

Figure A8-2 provides estimates of the time to failure of austenitic stainless
steels as a function of temperature and chloride content. Failure data were
measured in a variety of media. Samples were made from sheet or wire with
thicknesses of '/,¢" to /" (1.6 to 3.2 mm). The source article advises that the user
should employ a safety factor of 10 times the chloride concentration.

Figure A8-3 shows the effect of oxygen concentration on the chloride stress
corrosion cracking susceptibility of a typical austenitic stainless steel.
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Figure A8-1 Chloride stress corrosion cracking of Type 304 and Type 316
stainless steels as a function of chioride concentration and temperature.
(Reprinted with permission of MTI [1].)

Chiloride Stress Corrosion Cracking of Austenitic Stainless Steels
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Figure A8-2 Time to failure of austenitic stainless steels due to chloride
cracking. (Reprinted with permission from

January 1875, p. 75. © Copyright 1975 by Gulf Publishing Co., all rights
reserved.)
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Figure AB-3 Effect of oxygen on chioride stress comosion cracking. (Re-
printed with permission of MT1 [1).)
REFERENCE

1. D. R. Mclntyre, Experience Survey, Stress Corrosion Cracking of Austenitic Stainless
Steels in Water, MTT Publication No. 27, Materials Technology Institute, St. Louis, 1987.

APPENDIX 9

Use of Ryznar and Langelier Indices for
Predicting the Corrosivity of Waters

A method for calculating the Langelier Saturation Index and the Ryznar Stability
index has been described [1]. The caleulated indices can be used to estimate the
corrosivity of waters, as follows:

Langelier Saturation Index
Index Value Corrosivity of Water
0 Meither corrosive nor scaling
=0 Scale forming
<0 Corrosive
Ryznar Stability Index
Index Value Corrosivity of Water
4.0-5.0 Heavy scaling
5.0-6.0 Light scaling
6.0-7.0 Minor scaling or corrosion
T.0-7.5 Moderate cormosion
1.5-8.0 Severe corrosion

Of the two indices, the Ryznar index is considered to be the more quantitative.
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392 Appendix 9

The commonly used indicators of the potential of a water to scale or corrode
are the Langelier index, L, and the Ryznar stability index, R. L is somewhat
qualitative, i.e., positive values indicate scaling tendencies, and negative values
corrosive tendencies. R is somewhat quantitative, ie., decreasing values below 6
indicate increasing scaling, and increasing values above 7 indicate increasing
corrosion. A stable water is neither scale-forming nor corrosive.

Both indexes relate to water pH, alkalinity, calcium hardness, total dissolved
solids and temperature. Water analyses usually report constituents as calcium
carbonate equivalents (CaCO,) in grains per gallon (gpg), or parts per million by
weight

gpg = (.05838 ppm

ppm = 17.13 gpg

Also, Ca expressed as CaCO, equivalents is 2.5 times the Ca ion
concentration, and bicarbonate alkalinity expressed as CaCO, equivalents is 0.82
times the bicarbonate ion concentration. The nomograph solves for both indices,

EXAMPLE

Find L and R for 70°F water with

pH=6.9

total dissolved solids (TDS) = 72
caleium hardness as CaCO, = 34 ppm
alkalinity as CaCOy, (methyl orange) = 47

Rm:lingattl'lclmttumofthekﬂ-iwnds:alc,f‘mdm5=?2andnnulm
intersection of this reading with the curved 70°F line. Carry this intersection
horizontally to pivot line 2: connect that point with Ca hardness = 34 on the right-
had scale; note the intersection with pivot line 3: connect that point with alkalinity
= 47 on the lefi-hand scale; and note the intersection on pivot line 4. This
intersection is then connected to pH = 6.9, and the Langelier index and Ryznar
index are read as —1.8 and 10.5, respectively. This water is VETY COTTOSivE,

REFERENCE
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I. F. Caplan, Is Your Water Scaling or Corrosive?, ¢ hemical Engineering, September 1,

1975, p. 129, Figure A31  Computing the Ryznar and Langelier indices (see accomn-

panying text). (Reprinted with permission [1].)
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The Galvanic Series in Seawater 3585
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18 Cr - 8 Ni Stainless Stesls {Activa)
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Mickal (Passiva)
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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 Zones Have Reported Corrosion Rates of <20 mpy

ZONE 1

20Ce-30Ni
66Ni-32Cu’
62Ni-28Mo
Type 316°

Al bronze 10%'
Copper'

Gold

Lead
Molybdenum
Nickel cast iron
Platinum
Silver
Tantalum
Zirconium

ZONE2

20Cr-30N;’
66Ni-32Cu"
62Ni-28Mo
Type 316’

Al bronze 10%'
Copper'

Gold

Lead
Molybdenum
Nickel cast iron*
Platinum
Silicon cast iron
Silver
Tantalum
Zirconium

Reprinted with permission of NACE Intemational.
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ZONE3

20Cr-30Ni’
66Ni-32Cu’
62Ni-28Mo
Gold

Lead
Molybdenum
Platinum
Silicon iron
Tantalum
Zirconium

NACE Graphs for Sulfuric, Hydrochloric and Hydrofluoric Acids

ZONE4 ‘ ZONE 6 ZONE 9
20Cr-30Ni 62Ni-28Mo™ 20Cr-30Ni
62Ni-28Mo Gold 18Cr-8Ni
Type 316’ Platinum Gold
Gold Silicon iron Platinum
Lead® Tantalum
Nickel cast iron
Platinum . ZONE 10
Silicon iron ZONE1
Steel Gold
Tantalum Gold Platinum
Silicon iron
Tantalum
LONE 5
20Cr-30Ni ZONE 8
2Ni-28Mo
Gold 20Cr-30Ni
Lead” 18Cr-8Ni
Platinum 54Ni-15Cr-16Mo
Silicon iron Gold
Tantalum Platinum
Steel
"No air
2:10 %, serated
*<165°F (75°C)
‘<20 %2t 75°F (25°C)
*25 % acrated ot 75°F (25°C)
*296 % concentration
7580 % concentration
%280 %, scrated
*2165°F (15°C), <96 %
¥20 10 50 mpy (0.5 10 1.25 mmiyr)
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398 Appendix 11

CODE FOR HYDROCHLORIC ACID GRAPH
Materials in Shaded Zones Have Reported Corrosion Rates of <20 mpy

ZONE 1

20Cr-30N;'

Temparature F

g
@

h
fof
L= 1
gl

1
£
&
i
i
g
g
.I.I
ﬁ
1 b
p t
I
1

Percent Concentration in Water

Figure A11-1  Graph for sulfuric acid service. (@ Copyright by NACE
International. All rights reserved by NACE; reprinted with permission. Refer
to Reference [14, p. 184] in Chapter 3.)

e e
<2%at T3°F (25°C)

o air
lﬂu FeCly
4210 % at 75°F (25°C)
sﬂu chlorine
©20.05% concentration

ZONE2

62Ni-32Cu
Molybdenum
Platinum
Silicon bronze®
Silicon cast iron
Silver
Tantalum
Zirconium

3

ZONEJ

62Ni-28Mo’
Molybdenum
Platinum
Silver
Tantalum

NACE Graphs for Sulfuric, Hydrochlonc and Hydrofluoric Acids 399

ZONE4

66Ni-32Cu™
62Ni-28Mo’
Platinum
Silver
Tantalum
Tungsten
Firconium

ZONE 5

62Ni-28Mo’
Platinum
Silver
Tantalum
Zirconium
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Appendix 11 NACE Graphs for Sulfuric, Hydrochloric and Hydrofluoric Acids 401
wat - CODE FOR HYDROFLUORIC ACID GRAPH
—— Materials in Shaded Zones Have Reported Corrosion Rates of <20 mpy
ZONE 1 ZONE3 ZONE S
20Cr-30Ni 20Cr-30Ni 70Cu-30Ni'
25Cr-20Ni 70Cu-30Ni' 66Ni-32Cu’
70Cu-30Ni' 54Ni-15Cr-16Mo 54Ni-15Cr-16Mo
66Ni-32Cu’ 66Ni-32Cu’ Gold
54Ni-15Cr-16Mo Copper' Lead'
Copper' Gold Platinum
Gold Lead' Silver
i Lead' Platinum
i .! Nickel' Silver
s 2 Nickel cast iron ZONE 6
b i Platinum
= E Silver ZONE 4 66Ni-32Cu’
e e $4Ni-15Cr-16Mo
' 70Cu-30Ni' Gold
ZONE2 66Ni-32Cu’ Platinum
54Ni-15Cr-16Mo Sitver
e L 20Cr-30Ni Cnppul
: N pE s S 70Cu-30Ni’ Gold
: ‘% 1 AR e e 54Ni-15Cr-16Mo Lead' ZONE 1
v P 66Ni-32Cu’ Platinum
7 : % Copper' Silver 66Ni-32Cu’
sy 4 Gold 54Ni-15Cr-16Mo
% Lead' Carbon steel
% Nickel Gold
///‘/H Platinum Platinum
» E Silver Silver

Figure A11-2 Graph for hydrochloric acid service. (© Copyright

: : by NACE
International. All rights reserved by NACE; reprinted with permission. Refer
to reference [14, p. 180} in Chapter 3.) ‘
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Appendix 11
250 1
Biifing Pont
295 - 3
200
175
T8
g
E!lﬂ
™ 3
135
100
75 %
7
1 2
w ) x 0 50 (-] ™™ -]

Concentration HF%

Figure A11-3 Graph for hydrofluoric acid service. (@ Co

: . pyright by NACE
International. All rights reserved by NACE; reprinted with permission. Refer
to reference [14, p. 182] in Chapter 3.)

APPENDIX 12
Referenced Metals and Alloys

Nominal
Alloy UNS number Composition
Inhibited Admiralty Brass C44300 71Cu-28Zn-15n
Maval Brass C46400 60Cu-39Zn-5n
Aluminum Bronze Ca0800 95Cu-5A1
Nickel-Aluminum Bronze Co3000 81Cu-10AK3Fe
90/10 Cu/Ni C70600 90Cu-10Ni
70/30 Cu/Mi C71500 TOCu-30Ni
Ni-Resist F41000 {13 1o 35)Ni-Fe
AlST 4140 G41400 1Cr-0.2Mo, C =037
CA-15 191150 13Cr
CA-6NM 191540 13Cr-4Ni-Mo
HK-40 Jo4204 25Cr-20Ni
Alloy 200 NO2200 OUNi
Alloy 201 NO2201 99N, low carbon
Alloy 400 HNO4400 HTMI-30Cu
Alloy K500 NO5S500 G6NI-30Cu-3A1-T1
Alloy X NO6002 22Cr-4TNi-18Fe-90o
Alloy C-22 Noe022 22Cr-58Ni-13Mo-3W
Alloy G-30 NOG6030 29Cr-40Mo-15Fe-3Mo
Alloy C4 N06455 16Cr-6 1Ni-16Mo
Alloy 600 NOG600 15Cr-T2Ni-8Fe

403



404 Appendbe 12
Nominal
Alloy UNS number Composition
Alloy 625 NO6625 22Cr-60N-9Mo-Cb
Alloy G-3 NO6985 22Cr-47Ni-TMo
Alloy 20 Cb-3 NO2020 20Cr-35Ni-2.5Mo-Ch
Alloy 28 N08028 27Cr-3INi-3.5Mo
Alloy AL-6XN MNDEIBT 21Cr-25Ni-6.5Mo-N
Alloy 800" NOE00 21Cr-33Ni-42Fe, with Ti
and Al
Alloy 825 MNOEE2S5 22Cr-42Ni-3Mo, Ti
stabilized
Alloy 904L NO8904 21Cr-25Ni-4.5Mo
Alloy C-276 N10276 15Cr-54Ni-16Mo
Alloy B-2 N10665 65Ni-28Mo-Fe
Stellite 6° R30006 60Co-29Cr-5W
Alloy 25 R30605 52Co-20Cr-10Ni-15W
174 PH 517400 17Cr-<4Ni-4Cu
Alloy 254 SMO 531254 20Cr-18Ni-6Mo
Alloy 2205 (duplex SS) $31803 22Cr-5Ni-3Mo-N
UNS 532250 (duplex SS) 532250 25Cr-5Ni-3Mo-2Cu
Alloy 2507 (duplex SS) 532750 25Cr-TNi-dMo
26-3-3 S44660 26Cr-3Ni-3Mo-CvTi
25-4-4 544635 25Cr-4Ni-4Mo
29-4 544700 20Cr-4Mo
—

Also, Alloy B00H (UNS NOS810) and Alloy S00HT (UNS NOSS11).
*Registered Trademark of Deloro Stellite Tnc.

Accelerated testing, 213
Acid, 143
acetic, 151
dicarboxilic, 152
fatty, 152
formic, 151
hydrochloric, 147, 399
hydrofluoric, 148, 401
inorganic, 145
naphthenic, 152
nitric, 81
non-oxidizing, 72, 143
organic, 81, 150
oxidizing, 52, 72, 76, 143
phosphoric, 81, 150
polythionic, 124 (see also Poly-
thionic acid attack)
reducing, 52, 143
salts, 154
sulfuric, 81, 145, 396
tricarboxilic, 152
Alkaline stress corrosion cracking
(see Stress, corrosion
eracking)

Aluminum, 54
Amine, 22, 81, 157, 180
Ammonia, 157, 181
anhydrous, 158
Ammonium
chloride, 154
bisulfide, 156
hydroxide, 158
Amphoteric hydroxide, 55, 160
Anneal (see Heat treatments)
Anode, 18, 89, 90
current density, 21, 23
sacrificial, 8, 23, 24
Anodic
protection, 8 ,
stress cracking (see Stress, corrosion
cracking)
Austenite (see Microstructures)
Austenitic stainless steel (see Stainless
steels)
Austenitizing (see Heat treatments)

Bake-out (see Heat treatments)
Banded, 188

405
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Base metal, 34

Benign condition, 4

Bicarbonates, 181

Biological deterioration, 87 (see also
Microbiologically influenced
corrosion)

Brittle-ductile transition, 42, 116
Brittleness, 110
Buiter, 129, 131

Carbon, 79
black, 71
dioxide, 18, 20, 105, 158, 363
equivalent, 34
steel, 41
killed, 42
Carbonates, 181
Carburization, 131
Castings, 38
Cast irons, 39
ductile, 39
gray, 39
malleable, 40
nodular (see Cast irons, ductile)
silicon, 40
spheroidal (see Cast irons,
ductile)
while, 41
Catastrophic oxidation, 137
Cathode, 18
interacting with anodes, 99
poison, 26
Cathodic
charging, 32, 107
depolarizer, 25
protection, 6, 24
Caustic, 182
embrittlement (see Embrittle-
ments)
gouging, 159
soda, 182, 365

[Caustic]
stress cormrosion cracking (see also
Stress, corrosion cracking)
austenitic stainless steels, 183
service curve, 182
Cementite (see Microstructures)
Cement lining, 83
Ceramics (see Refractories)
Charpy V-notch, 37
Chlorides, 160, 183
Stress, commosion cracking)
Chlorine, 14, 56
Chromium, 55 :
alloys (see Stainless steels)
plating, 23
Cladding, 89, 100
Cobalt alloys, 53
Cold box, 195
Cold cracking (see Cracking)
Cold work, 34
Concrete, 83, 98
Control rolled, 189
Copper alloys, 53
Copper Development Association, 53
Corrodents, 14
Corrosion
allowance, 201
debris, 224
Couper-Gorman curves, 138, 374
Cracking
checking, 102
cold (see Cracking, delayed hydrogen)
craze, 102
creep (see Creep)
delayed hydrogen, 34, 115
hydrogen induced, 188
stepwise, 191, 193
stress oriented hydrogen induced,
193
underbead (see Hydrogen cracking,
delayed)

Index

Crack-inducing agent, iii, 14, 180
Creep, 119
embrittlement (see Embrittlements)
Crevice corrosion, 20, 209, 211 (see
also Stress, cormosion
cracking)
Cyanide, 186

de Waard-Milliams nomograph, 158

Dead soft, 27

Delayed hydrogen cracking (see
Cracking)

Deoxidation, 42

Design life, 8, 202, 221, 223

" Deazincify, 53, 173

Dielectric, 22, 89, 90, 99
Dirty steel, 130, 186, 188
Disbording, 77, 98, 101, 213,217
Ductile, 110
cast iron (see Cast irons)
Duplex stainless steel (see Stainless
steels)

Ebonite 71, 73
Elastic deformation, 35
Elastomers, 71, 215
butyl rubber (BR), 63, 76
chlorobutyl rubber, 74-76
chloroprene rubber (CR), 63, 74—
76
chlorosulfonated polyethylene
(CSM), 63, 74, 75, 77
epichlorohydrin (CO, ECO), 63
ethylene-propylene (EPDM), 62,
74,75, 78
fluorocarbon rubber (FPM), 62, 74,
75,1
fluorosilicone (FYMO), 63
natural rubber (NR), 72, 74, 75
neoprene (see Elastomers, chloro-
prene rubber)
nitrile rubber (NBR), 63, 7375

407

[Elastomers]
perfluoroelastomer (FFKM), 62, 77
polyacrylate (ACM, ANM), 62
polysulfide (PTR), 63
silicone rubber (VQM), 62, 74, 75, 78
Electroless nickel plate, 23, 49, 51
Electroplate, 107
Embrittlements, 109, 111
caustic, 115
creep, 112,297
B85°F, 47, 116, 297
hydrogen, 32, 33, 35,47, 51, 107, 133
liquid metal, 55, 193, 195
low-temperature, 32, 33, 47, 116
mercury, 193
temper, 111, 297
zinc, 195
End-of-run, 3, 207, 208
ENP (see Electroless nickel plate)
Erosion corrosion, 53, 155, 156, 211

Fabricated equipment, 226
Ferrite (see Microstructures)
Ferritic
stainless steel (see Stainless steels)
steel, 32
Fine grain practice, 42
Flash spool, v, 157
Flue gas, 163
Fracture, 110
fracture-safe design, 110
mechanics, 110
Fuel ash, 132

Galling, 35, 49, 89
Galvanic
cormrosion, 20, 23, 231
series, 23, 394
Galvanizing, 106
Glass, 82
Goveming condition, 3
Graphite, 79, 31
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Graphitization, 128
Graphitize, 40

Gray cast iron (see Cast irons)
Gunite, 83

Hardenability, 55
Hard

facing, 49, 53, 102
spots, 129, 188
Hardness control, 178
Heat
affected zone, 35
tint, 138
treatments, 27, 127
anneal, 27 (see also Stabilization
anneal)
austenitizing, 27
bakeout, 114
normalize, 28, 179
postweld, 29, 179
preheat, 28
quench, 31
solution annealing, 27
stabilize anneal, 31, 126
stress relief, 30
temper, 31
HIC (see Cracking)
resistance, 200
High
alloys, 46, 118
-strength, low-alloy steels, 43, 46

dip, 105 (see also Galvanizi
finished, 37 .
rolled, 37

spots, 167

work, 36

HP-Mod., 48
HSLA (see High-strength, low-alloy
steels)
Hydriding, 118
Hydrogen
attack, 133 (see also Nelson
curves)
embrittlement (see Embrittlements)
grooving, 146
induced cracking (see Cracking)
stress cracking (see Stress

cracking)

sulfide, 81, 164 (see also Wet sour
service)

Hydroxide

ammonium, 81

amphoteric, 55

calcium, 81

sodium, 81 (see also Caustic soda)

Impingement plate (see Splash plate)
Impregnants, 66, 79, 81
Inhibited alloy, 53
Inhibitors, 22
Insulation, 165
Intergranular
corrosion, 47, 50, 123
stress cracking (see Stress, corro-
sion cracking and Polythionic
acid attack)

Killed carbon steel (see Carbon
steel)
Knife edge attack, 20

Lamellar tearing, 130

Laminates, 68

Langelier index (see Scaling)

Leak-before-break, 110

L grade (see Stainless steels)

Linings, 22, 71, 82-106 (see also
Strip lining)

Index

[Linings]
cement, 83
glass, 82
refractory, 84
rubber, 91
Liquid metal embrittlement (see Em-
brittlements)
Low
-alloy steel, 5, 44
-risk service (see Wet sour service)
-temperature toughness (see
Embrittlements)

Malleable cast iron (see Cast irons)
Martensite (see Microstructures)
Martensitic stainless steel (see Stain-
less steels)
Materials selection diagram, v, 232
McConomy curves, 138, 369
Mercury, 55, 193
Mesa corrosion, 20, 159
Metal dusting, 13
Metallizing (see Sprayed metal coat-
ings)
MIC (see Microbiologically influ-
enced corrosion)
Microalloying, 43
Microstructures
austenite, 32
cementite, 33
ferrite, 32
martensite, 31, 32
pearlite, 33
Microbiologically influenced
comosion, 173 (see also
Biological deterioration and
Sulfate-reducing bacteria)
Mill scale, 20, 158, 161
Minimum design temperature, 5
MSD (see Materials selection di )

Nascent hydrogen, 26

409

Melson curves, 134, 367
Meutralizing wash, 125
Nickel, 51
alloys, 49-52
Nickel Development Institute, 53
Ni-resist, 41, 52
Nitriding, 136
Mormalize (see Heat treatments)

Ohm's law, 19,23
Overlay (see Weld overlay)
Oxidants, 165
Oxidation, 136

reaction, 18
Oxide-stabilized, 20
Oxidizing acids (see Acids)
Oxygen, 14, 56, 76

Parent metal (see Base metal)
Partial pressure, 12
Passivation, 25
Patina, 46
Pearlite (see Microstructures)
Pearlitic steel (see Carbon steel)
Peening, 38, 89, 184
Permanent strain (see Plastic defor-
mation)
Permeation, 70, 217
pH, 51
Pickling, 25
Pigging, 22
Piping, 225
Plastic
deformation, 30, 35
pipe, 58, 69
Plastics, 57, 215
acrylonitrile-butadiene-styrene
(ABS), 60, 66
chlorinated polyvinyl chloride
(CPVC), 60, 61, 64
epoxies, 60, 62, 67
epoxy novolacs, 62, 67

.
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[Plastics]
ethylene chlortrifluorethylene
(ECTFE), 60, 61, 66
fluorinated ethylene propylens
(FEP), 60, 61, 65
furan, 60, 68
perfluoralkoxy (PFA), 60, 61, 65
polyamide (nylon), 60, 61, 66
polyaryl ether ether ketone
(PEEK), 60, 61, 66
polychlortrifluorethylene (PCTFE),
61, 66
polyester, 62
bisphenol A fumarate, 60, 62, 68
chlorendic, 60, 62, 67
isopthalic, 60, 62, 67
polyethylene (PE), 59, 61
high-density (HDPE) 59-61
high-molecular-weight, high-
density (HMW-HDPE), 59
linear low-density (LLDPE), 59
low-density (LDPE), 59, 60
ultrahigh-molecular-weight
(UHMWPE), 59-61
ultralow-molecular-weight
(ULMWPE), 59
polypropylene (PP), 60, 61, 64
polytetraflucrethyene (PTFE), 60,
61,65
polyvinyl chloride (PVC), 60, 61,
64

polyvinyl fluoride (PVF), 61, 65
polyvinylidene chloride (PVDC),
60,61, 64
polyvinylidene fluoride (PVDF),
60,61, 65
vinyl esters, 60, 62, 68
Polarization, 25
Polythionic acid attack, 123 (see also
Stress, corrosion cracking)
Postweld heat treatment (see Heat
treatments)

Index

Precipitation hardening stainless stee!
(see Stainless steels)
Preheat (see Heat treatments)
Process flow diagram, v, 6, 232
Product
contamination, 7, 207, 221, 223
form, 36
Pumps, 225

Quench (see Heat treatments)

Reactive metals, 54

Real time testing, 213
Reducing acids (see Acids)
Reduction reaction, 18
Rafine, 28, 43
Refractories, 84

Refractory metals, 54
Reliability, iv, 224
Repairability, 38, 224
Rock guard, 91

Rubbers (see Elastomers and Linings)
Runout, 30

Ryznar index (see Scaling)

Scale, 26, 103

Scaling, 26, 167, 391

Seawater, 23, 26, 55, 90, 103, 166,
170, 394

Sensitization, 30, 35, 121, 297

Severe wet sour service (see Wet sour
services)

Sheradizing (see Galvanizing)

Shielding, 91

Short ransverse direction, 130

Sigma phase, 117, 297

Silicon cast iron (see Cast irons)

Simple wet sour service (see Wet sour
services)

SOHIC (see Stress oriented hydrogen
induced cracking)

Solution anneal (see Heat treatments)

Index

Sour wel service (see Wet sour
service)
Specification break, v, 233
Spheroidization, 128
Splash
plate, v, 88, 233
zone, 90, 103
Sprayed inetal coatings, 104
SRB (see Sulfate-reducing bacteria)
Stabilize anneal (see Heat treatments)
Stabilized grades, 30, 47, 52, 125
Stainless steels, 46
austenitic, 47, 117
duplex, 49, 50, 118
femnitic, 32, 46, 49, 116
low-carbon grades, 30, 48, 125,
144, 231
martensitic, 32, 46, 117
precipitation hardenable, 51
stabilized grades (see Stabilized
grades)
superaustenitic, 49
superferritic, 46
Start-of-run, 3, 207, 208
Stepwise cracking (see Cracking)
Strain
ageing, 35, 113
harden, 35
Stress
comosion cracking, 30, 35, 177,
209 (see also Stress cracking)
alkaline, 177
amine, 180
ammonia, 181
anodic (see Stress cracking)
carbonate/bicarbonate, 181
caustic, 182 (see also
Embrittlement)
chloride, 46, 49-52, 387
CSCC (see Stress, corrosion
cracking, chloride)
hydrogen (see Stress cracking)
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[Stress]
hydrogen sulfide, 186 (see also
Stress oriented hydrogen
induced cracking)
intergranular (see Stress
cracking)
liquid metal, 193, 195
mercury, 195
sulfide (see Stress, corrosion
cracking, hydrogen sulfide)
zine, 193
cracking
anodic, 177
hydrogen, 47, 50, 51, 114, 177
intergranular, 123 (see also
Polythionic acid attack)
relief (see Heat treatments)
rupture, 121
stress-oriented hydrogen-induced
cracking, 193, 231 (see also
Stress, corrosion cracking)
Strip lining, 102
Sulfate-reducing bacteria, 166, 171
Sulfidation, 139
Sulfide stress corrosion cracking (see
Stress, corrosion cracking)
Sulfidic corrosion, 138
Sulfur, 14, 71
Superaustenitic stainless steel (see
Stainless steels)
Superferritic stainless steel (see Stain-
less steels)

TAN (see Total acid number)

Tantalum, 57

Tapewrap, 91

Temper (see Heat treatments)
embritilement (see Embrittlements)

Ten percent rule, 111

Thermochromic paint, 84

Thermoplastics, 59 (see also Plastics)

Thermosets, A8 (see also Plactics”
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Threshold values, iv, 9
Titanium, 56
Total

acid number, 153

sulfur, 138
Toughness, 36, 51, 110, 226
Transicnt conditions, 3, 4

Underbead eracking (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, 103
Velocity effects, 167, 211
Wall papering, 102, 163
Wash water, 8, 156

Index

Water, 166 (see also Scawater 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 cast iron (see Cast irons)
Wood, 87
Wrought products, 37

Zinc, 24, 53, 196 (sce also Galvanizing)
Zirconium, 56




