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8.1 Introduction

From a purely technical standpoint, an obvious answer to corrosion
problems would be to use more-resistant materials. In many cases, this
approach is an economical alternative to other corrosion control meth-
ods. Corrosion resistance is not the only property to be considered in
making material selections, but it is of major importance in the chemi-
cal process industries. Table 8.1 lists the questions that should be
answered to estimate the corrosion behavior of materials either in ser-
vice or considered for such usage.1

The choice of a material is the result of several compromises. For
example, the technical appraisal of an alloy will generally be a com-
promise between corrosion resistance and some other properties such
as strength and weldability. And the final selection will be a compro-
mise between technical competence and economic factors. In specifying
a material, the task usually requires three stages:

1. Listing the requirements

2. Selecting and evaluating the candidate materials

3. Choosing the most economical material
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Some particular requirements and typical selection considerations
are presented in Table 8.2. The materials selection process is also
influenced by the fact that the materials are either considered for the
construction of a new system or for the modification or repairs in an
existing facility. For the construction of new equipment, the selection
procedure should begin as soon as possible and before the design is
finalized. The optimum design for corrosion resistance will often vary
with the material used. In a repair application, there is usually less
opportunity for redesign, and the principal decision factors will be
centered on delivery time and ease of fabrication in the field. It is
also advisable to estimate the remaining life of the equipment so that
the repair is not overdesigned in terms of the corrosion allowance.

8.1.1 Mechanical properties

The selection criteria used by materials engineers in choosing from a
group of materials includes a list of qualities that are either desirable

Materials Selection 579

TABLE 8.1 Information Necessary for Estimating Corrosion Performance

Corrodent variables

Main constituents (identity and amount)
Impurities (identity and amount)
Temperature
pH
Degree of aeration
Velocity or agitation
Pressure
Estimated range of each variable

Type of application

What is the function of part or equipment?
What effect will uniform corrosion have on serviceability?
Are size change, appearance, or corrosion product a problem?
What effect will localized corrosion have on usefulness?
Will there be stresses present?
Is SCC a possibility?
Is design compatible with the corrosion characteristics of the material?
What is the desired service life?

Experience

Has the material been used in identical situation?
With what specific results?
If equipment is still in operation, has it been inspected?

Has the material been used in similar situations?
What are the differences in performance between the old and new
situations?

Any pilot-plant experience?
Any plant corrosion-test data?
Have laboratory corrosion tests been run?
Are there any available reports?
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or necessary. Unfortunately, the optimum properties associated with
each selection criteria can seldom all be found in a single material,
especially when the operating conditions become aggressive. Thus,
compromises must frequently be made to realize the best performance
of the material selected.2

A wide variety of iron- and nickel-based materials are used for pres-
sure vessels, piping, fittings, valves, and other equipment in process
industries. The most common of these is plain carbon steel. Although it
is often used in applications up to 482 to 516°C, most of its use is limited
to 316 to 343°C due to loss of strength and susceptibility to oxidation
and other forms of corrosion at higher temperature. Ferritic alloys, with
additions consisting primarily of chromium (0.5 to 9%) and molybdenum
(0.5 to 1%), are most commonly used at temperatures up to 650°C. Their
comparative cost, higher strength, oxidation and sulfidation resistance,
and particular resistance to hydrogen, for example, result in their being
the material of choice. However, these low-alloy steels have inadequate
corrosion resistance to many other elevated temperature environments
for which more highly alloyed Ni-Cr-Fe alloys are required.2

For applications for which carbon or low-alloy steels are not suit-
able, the most common choice of material is from within the 18Cr-8Ni
austenitic group of stainless steels. These alloys and the 18Cr-12Ni
steels are favored for their corrosion resistance in many environments
and their oxidation resistance at temperatures up to 816°C. Above
650°C their decreasing strength becomes a consideration and more
heat-resistant alloys must often be used.

580 Chapter Eight

TABLE 8.2 Checklist for Materials Selection

Requirements to be met

Properties (corrosion, mechanical, physical, appearance)
Fabrication (ability to be formed, welded, machined, etc.)
Comparability with existing equipment
Maintainability
Specification coverage
Availability of design data

Selection considerations

Expected total life of plant or process
Estimated service life of material
Reliability (safety and economic consequences of failure)
Availability and delivery time
Need for further testing
Material costs
Fabrication costs
Maintenance and inspection costs
Return on investment analysis
Comparison with other corrosion-control methods
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Most chemical process equipment is designed and fabricated to the
requirements of specific pressure vessel and piping codes. These codes
include only approved materials and establish the basis for and the
setting of allowable stresses. Thus, the mechanical properties of a
material are usually the first criteria that materials engineers apply
in the selection process. This is especially important for applications
at temperatures in the creep range where a minor difference in oper-
ating temperature can significantly affect the load-carrying ability of
the material.2

8.1.2 Fabricability

There are many outstanding materials with highly desirable mechan-
ical properties and corrosion resistance that are seldom used because
they cannot be fabricated. There are some materials that have excel-
lent properties that can be fabricated as produced but, because of
aging, cannot be modified or repaired after exposure to operating con-
ditions. Materials should therefore be selected on the basis of their
maintainability as well as their original fabricability. In general, the
wrought heat-resistant alloys have greater fabricability than the cast
materials. Cast alloy steels, for example, can typically tolerate signifi-
cantly higher concentrations of carbon, silicon, tungsten, molybde-
num, and so forth, which are added to enhance mechanical properties,
corrosion resistance, or both. But, these elements also can adversely
affect the original, as-produced fabricability and make maintainability,
particularly weldability, difficult, if not impossible.2

8.1.3 Availability

Materials engineers and purchasing agents become frustrated when
trying to obtain materials that have a limited number of producers or
a limited production volume. Such frustration can be particularly high
when a small amount of material is needed to finish a job or replace a
failed piece. Prior to the original specification of a material, consider-
ation should be given to its future availability for repairs or replace-
ment in the form or forms that it will be used. In those cases where it
might not be available, alternative replacement materials should be
identified.2

8.1.4 Cost

Economics enter into every business decision. However, the important
criterion should not be the initial cost of a material, but its life-cycle
cost or cost effectiveness. It usually is much more cost effective to spec-
ify a material that will provide an extended life, particularly in areas
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that are difficult to repair or in components that would cause major
shutdowns in case of failure. In these situations, the original cost of
the material can be insignificant compared to the loss of production
caused by the use of a lower-cost, but less-effective, material. The fol-
lowing two extreme alternatives describe the consideration given to
economic factors when selecting materials for specific service:

1. A low initial cost system largely based on carbon steel and cast iron
that will require considerable maintenance over the life of the
plant. Such a system is a reasonable choice in areas where labor
costs are low and material is readily available.

2. A system based mainly on alloy materials that, if correctly designed
and fabricated, will require minimum maintenance and will func-
tion reliably. Rising labor costs in most industries, together with the
need for high reliability in capital-intensive plants has produced a
trend to this type of system.

In practice many systems are a mixture of these extreme options,
resulting in the high initial costs of one and the high maintenance costs
of the other. For example, a plant that has experienced costly replace-
ment to galvanized steel piping may replace it with copper alloy piping,
leaving valve fittings and other equipment in carbon steel and cast
iron. The resulting galvanic corrosion effects result in reduced life for
these parts. Thus, avoidance of higher initial costs has resulted in
reduced reliability and high maintenance costs.3 Unfortunately, com-
petitive bidding and corporate bottom lines frequently create barriers
that inhibit realization of long equipment life. The enlightened company
will recognize the value of the life-cycle cost approach on long-term
financial health and not embrace only the low initial cost option.2

8.1.5 Corrosion resistance

The additional cost usually associated with choosing increased corro-
sion resistance during the selection process is invariably less than that
due to product contamination or lost production and high maintenance
costs due to premature failure. Without adequate corrosion resistance,
or corrosion allowance, components often fall short of the expected
design life. Unlike mechanical properties, there are no codes govern-
ing corrosion properties. For some applications or services, recom-
mended practices have been published by NACE International or
other societies.

Many extensive sources of information concerning specific corrosion
resistance or corrosivity assessment data have been published in the
form of handbooks. Some advanced information systems and modeling
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tools, specially adapted to corrosion damage prediction, are reviewed
in Chap. 4, Modeling, Life Prediction, and Computer Applications.
Data upon which to base material selection are also available in inex-
pensive literature and manufacturers’ publications that are available
upon request or can be downloaded from the Internet. These sources
are referenced in the next sections dealing with specific alloy systems.

A common form of representing the corrosion resistance of materials
is what is known as iso-corrosion diagrams or charts. These diagrams
are two-dimensional representations of three-dimensional corrosion
data. Iso-corrosion diagrams present corrosion behavior as a function of
corrosive concentration (usually the abscissa) and temperature. The
use of the prefix iso refers to lines (or regions) of constant corrosion
behavior across variations in concentration and temperature.
Corrosion Data Survey—Metals4 and Corrosion Data Survey—Non-
metals5 are the most popular publications using such a scheme for rep-
resenting corrosion information. In these publications the corrosion
behavior of metals is expressed in units of penetration rates [i.e.,
mm�y�1 or milli-inch per year (mpy)], and the corrosion behavior of non-
metals is expressed in qualitative terms such as recommended, ques-
tionable, and not recommended. Figure 8.1 illustrates the elemental
matrix used to express corrosion resistance in Corrosion Data Survey—
Metals, and Fig. 8.2 presents iso-corrosion diagrams for S30400 and
S31600 stainless steels exposed to aerated acetic acid. Another inter-
esting visual representation of corrosion information can also found in
Corrosion Data Survey—Metals.4 Figure 8.3 is a rendition of the
hydrochloric acid graph, and Fig. 8.4 shows a mixed acid graph.

In l984 the National Association of Corrosion Engineers (NACE,
now NACE International) and National Institute of Standards and
Technology (NIST) agreed to process these two books for use on a per-
sonal computer as the first major project of the NACE-NIST Corrosion
Data Program. The resultant DOS-based programs were released as
the personal computer databases COR�SUR (Metals) and COR�SUR2
(Nonmetals). Over the past decade, they have become the most widely
distributed corrosion databases, with over 2000 copies in use.6 The
information can be searched and sorted for tabular or graphical pre-
sentations. Color coding is employed to facilitate the interpretation of
the iso-corrosion diagrams.

The COR�SUR databases have since been updated. The information
was revised, adding new materials and different environments as well
as additional information on the existing materials and corrosives.
Corrosion data for 37 alloys in over 900 chemical environments and 52
nonmetals in over 700 chemical environments are available in this
database. The specific metals and nonmetals covered in the latest ver-
sion are listed in Table 8.3. A significant enhancement to the latest
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version is that the user can add, edit, or delete proprietary records.
Searching through the data requires defining the environment and the
conditions of interest. The environment is defined by selecting the
appropriate corrosive from an alphabetical listing. After the corrosive
has been determined, the program steps through the procedure for
defining the limits of the search. The user can obtain a printed copy of
the iso-corrosion diagrams and a report that includes associated infor-
mation such as footnotes, references, and personal notes, if available.

8.2 Aluminum Alloys

8.2.1 Introduction

Aluminum is the second most plentiful metallic element on earth. It
has been estimated that 8 percent of the earth crust is composed of alu-
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minum, usually found in the oxide form known as bauxite. Aluminum
has become the most widely used nonferrous metal on a volume basis.
Although more expensive on a tonnage basis, it is the least expensive
of metals other than steel on the basis of volume or area. Aluminum
and its alloys are divided into two broad classes, castings and wrought,
or mechanically worked, products. The latter is subdivided into heat-
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Figure 8.3 Hydrochloric acid graph.
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treatable and non-heat-treatable alloys and into various forms pro-
duced by mechanical working.

Production of aluminum. All aluminum production is based on the
Hass-Heroult process. Alumina refined from bauxite is dissolved in a
cryolite bath with various fluoride salt additions made to control bath
temperature, density, resistivity, and alumina solubility. An electrical
current is then passed through the bath to electrolyze the dissolved
alumina, with oxygen forming at and reacting with the carbon anode
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TABLE 8.3 Metals and Nonmetals Included in Cor�Sur

Metals Nonmetals

1. Alloy 20-25-4Mo (904L)
2. Alloy 20-25-6Mo (254SMO/6XN)
3. Alloy 20-38-3-3Cu (20Cb3/825)
4. Alloy 30-44-5-3W (G-30)
5. Aluminum (3003/5154)
6. Austenitic (17-12-3) stainless steel 

(316L/317L)
7. Austenitic (18-8) stainless steel 

(304/304L/347)
8. Brass (� 15Zn)
9. Cast iron, gray/ductile

10. Copper/bronze/Low brass
11. Copper-nickel
12. Duplex (25-6-3)
13. Gold/platinum
14. Lead
15. Ni-16 Cr-16 Mo (C276)
16. Ni-20 Cr-16 Mo-4 W (686)
17. Ni-22 Cr-16 Mo (C22/59)
18. Ni-23 Cr-16 Mo-1 Cu (C20000)
19. Ni-30 Mo (B-2)
20. Nickel (200)
21. Nickel cast iron (15-35Ni)
22. Nickel-chromium-iron (600/690)
23. Nickel-copper (400)
24. Ni-Cr-Fe-9 Mo (625/725)
25. Niobium (columbium)
26. PH grade 15-7Mo (S15700)
27. PH grade 17-4 (S17400)
28. PH grade 17-7 (S17700)
29. Silicon cast iron (14Si)
30. Silver
31. Stainless steel (12Cr)
32. Stainless steel (17Cr)
33. Steels, carbon/low alloy
34. Superferritic (26-1) stainless steel
35. Tantalum
36. Titanium, unalloyed
37. Zirconium

1. Acetal (polyoxymethylene)
2. Acrylonitrile-butadiene-styrene (ABS)
3. Bisphenol A-fumarate
4. Carbon-graphite
5. Cellulose acetate
6. Cellulose acetate butyrate

(316L/317L)
7. Ceramics
8. Chlorendic fiberglass (190 � 47)
9. Chlorendic fiberglass (869 � 44.5)

10. Chlorinated polyvinylchloride
11. Chlorine sulfonyl polyethylene
12. Concrete
13. Epoxy cements
14. Epoxy-asbestos-glass
15. Epoxy-fiberglass
16. Ethylene-tetrafluoroethylene
17. Fluorinated ethylene propylene
18. Fluorocarbons FEP and TFE
19. Furan laminates
20. Furans
21. Furfuryl alcohol-asbestos
22. Furfuryl alcohol-glass
23. Glass chemical
24. Glassed steel
25. Magnesia partially stabilized zirconia
26. Nylon
27. Perfluoroalkoxy
28. Phenol-formaldehyde-asbestos
29. Phenolic, asbestos
30. Phenolic, nonasbestos
31. Phenolics
32. Polychloroprene
33. Polyester-fiberglass
34. Superferritic (26-1) stainless steel
34. Polyethylene
35. Polymethyl methacrylate
36. Polyphenylene sulfide (40% glass-filled)
37. Polyphenylene sulfide � fiberglass
38. Polypropylene
39. Polysulfone
40. Polyvinylchloride
41. Polyvinylidene chloride
42. Polyvinylidene fluoride
43. Rubber, butyl
44. Rubber, fluorine
45. Rubber, natural
46. Silicates
47. Soapstone
48. Styrene acrylonitrile
49. Vinyl ester cements
50. Vinyl ester resin
51. Vinyl polybutadiene
52. Wood
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and aluminum collecting as a metal pad at the cathode. The separated
metal is periodically removed by siphon or vacuum methods into cru-
cibles, which are then transferred to casting facilities where remelt or
fabricating ingots are produced. The major impurities of smelted alu-
minum are iron and silicon, but zinc, gallium, titanium, and vanadium
are typically present as minor contaminants. Refining steps are avail-
able to obtain high levels of purity. Purity of 99.99 percent is achieved
through fractional crystallization or Hoopes cell operation.

Some aluminum alloys can be solution treated to increase their
strength. This consists of heating the alloy to a temperature between 460
and 530°C, at which all the alloying elements are in solid solution (solu-
tion treated). The alloy is then rapidly cooled, usually by quenching in
water. The metal is then in an unstable state, forcing the alloying ele-
ments to precipitate from solution as hard, intermetallic particles, a
process known as natural aging, which takes about 5 days to complete.
However, some alloys naturally age too slowly and incompletely, so the
process needs to be accelerated by a precipitation treatment. This consists
of raising the temperature of the alloy to a temperature lower than 200°C
for a specified time. Under these conditions artificial aging is promoted.

Annealing, most commonly used with non-heat-treatable alloys to
soften the metal so that it can be more easily formed, consists of heat-
ing it to a temperature between 350 and 425°C and allowing it to cool.
The rate of cooling is not important except with heat-treatable alloys;
they must be cooled slowly to prevent age hardening. Although alu-
minum alloy is approximately a third of the weight of steel, it is about
three times the cost.

Mechanical properties. The mechanical properties of aluminum may be
improved by alloying, by strain hardening, by thermal treatment, or by
combinations of all three techniques. Copper, magnesium, manganese,
silicon, and zinc are used as the major constituents in aluminum alloys.
Chromium, lead, nickel, and other elements are used for special pur-
poses as minor alloy constituents. Impurities such as iron affect the
performance of aluminum alloys and must be considered. Pure alu-
minum can be strengthened by alloying with small amounts of man-
ganese (up to 1.25%) and magnesium (up to 3.5%). The addition of
larger percentages of magnesium produces still higher strengths, but
precautions are needed for satisfactory performance. These alloys and
pure aluminum can be further hardened by cold work up to tensile
strengths of 200 or even 300 MPa. Higher strengths are achieved in
alloys that are heat treatable.

Cast aluminum. Three processes, sand, permanent mold, and die-casting,
are commonly used for aluminum alloys. As a general rule, heat-treatable
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alloys are either sand or permanent mold cast. The following combina-
tions of elements constitute the main families of cast aluminum alloys:

Pure aluminum. Rarely used in the cast condition, but special cast-
ings may be required for electrical applications.

Al-Si. Silicon is the principal element for conferring good castibili-
ty on aluminum alloys.

Al-Si-Mg. Good casting alloys, which can be solution treated and
age hardened to give good mechanical properties.

Al-Mg. Best combination of strength and toughness of all the alu-
minum casting alloys.

Al-Cu. Moderately high strength, medium or poor impact resis-
tance, and fast casting properties; poorest corrosion resistance of
aluminum alloys.

Al-Mn. A cheap, non-heat-treatable alloy of poor mechanical prop-
erties, fair castibility, but exceptional for non-load-bearing applica-
tions at temperatures of up to 500°C (for instance, gas burners of
domestic cookers).

The following are the main casting methods for casting aluminum
alloys:

High-pressure vacuum die casting. A casting formed when metal is
injected into a cavity containing no air under pressures ranging
from 14 to 70 MPa. Such castings may be subjected to temperatures
of up to 450°C without blisters.

Ultra-high-pressure vacuum die-casting. A casting formed when
metal is injected into a cavity containing no air under pressures
ranging from 14 to 140 MPa.

Solution heat-treated vacuum die casting. A die casting that has
been solution heat treated to enhance its performance properties.

Permanent mold alloy high-pressure vacuum die casting. A casting
formed when permanent mold alloy is injected into a cavity contain-
ing no air under high pressure.

Casting compositions are described by a three-digit system followed
by a decimal value. The decimal .0 in all cases pertains to casting alloy
limits. Decimals .1 and .2 concern ingot compositions.

1xx.x. Controlled unalloyed (pure) compositions, especially for
rotor manufacture

2xx.x. Alloys in which copper is the principal alloying element
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3xx.x. Alloys in which silicon is the principal alloying element, but
other alloying elements such as copper and magnesium are specified

4xx.x. Alloys in which silicon is the principal alloying element

5xx.x. Alloys in which magnesium is the principal alloying element

6xx.x. Unused

7xx.x. Alloys in which zinc is the principal alloying element, but
other alloying elements such as copper and magnesium may be spec-
ified

8xx.x. Alloys in which tin is the principal alloying element

9xx.x. Unused

Wrought aluminum. Superpurity aluminum (99.99�%) is limited to
certain chemical plant items, flashing for buildings, and other appli-
cations requiring maximum resistance to corrosion and/or high ductil-
ity, justifying high cost. Other alloys are Al-Mn, Al-Mg, Al-Mg-Si,
Al-Cu-Mg, Al-Zn-Mg, Al-Li, and Al-Sn (used as bearing materials, par-
ticularly clad onto steel shells for automobile engines and similar
applications).

For wrought alloys, a four-digit system is used to produce a list of
wrought composition families as follows:

1xxx. Controlled unalloyed compositions of 99% or higher purity
are characterized by generally excellent resistance to attack by a
wide range of chemical agents, high thermal and electrical conduc-
tivity, and low mechanical properties. For example, 1100-O has a
room-temperature minimum tensile strength of 75 MPa and a yield
strength of 25 MPa. Iron and silicon are the major impurities.
Commercial purity metal (99.00 to 99.80%) is available in three
purities and a range of work-hardened grades, for a wide variety of
general applications plus a special composition for electrical purposes.
High-purity aluminum is used for many electrical and process
equipment applications. The higher-purity members of the 1xxx
group are used in equipment handling such products as hydrogen
peroxide and fuming nitric acid.

2xxx. Alloys in which copper is the principal alloying element,
although other elements, notably magnesium, may be specified.
This group involves the first age-hardening alloys and covers a
range of compositions. The 2xxx alloys are high-strength materials,
but their copper content reduces their corrosion resistance. Rolled
plate and sheet are often clad with a layer of pure aluminum approx-
imately 5% of the sheet thickness on each side. Alclad is a well-
known trade name for this coating process.
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3xxx. Alloys in which manganese is the principal alloying element.
The addition of about 1.25% Mn increases strength without impair-
ing ductility. Alternative alloys with not only Mn but also small
additions of Mg have slightly higher strength while retaining good
ductility. In general, these alloys are characterized by fairly good
corrosion resistance and moderate strength. For example, 3003-O
has a room-temperature minimum tensile strength of 125 MPa and
a yield strength of 35 MPa. It is formable, readily weldable, can be
clad to provide excellent resistance to pitting attack, and is one of
the more widely used aluminum alloys for tanks, heat-exchanger
components, and process piping.

4xxx. Alloys in which silicon is the principal alloying element.
Silicon added to aluminum substantially lowers the melting point
without causing the resulting alloys to become brittle.

5xxx. Alloys in which magnesium is the principal alloying ele-
ment. These alloys are characterized by corrosion resistance and
moderate strength. For example, 5858-O has a room-temperature
minimum tensile strength of 215 MPa and a yield strength of 80
MPa. There are five standard compositions with Mg contents up to
4.9%, with Mn or Cr in small amounts. There are work-hardening
alloys with high to moderated strength and ductility, and high
resistance to seawater corrosion, but alloys with � 3.5% Mg require
care because corrosion resistance may be impaired. They are widely
used for cryogenic equipment and large storage tanks for ammoni-
um nitrate solutions and jet fuel. Alloys of the 5xxx group can be
readily welded using filler metal of slightly higher Mg content than
the parent metal. They anodize well. Certain limitations must be
observed regarding cold working during fabrication. In the case of
5xxx alloys containing over 3.0% Mg, operating temperatures are
limited to 66°C to avoid establishing susceptibility to SCC.

6xxx. Alloys in which magnesium and silicon are the principal
alloying element. They can be readily extruded, possess good forma-
bility, and can be readily welded and anodized. The 6xxx alloys offer
moderate strength with good ductility in the heat-treated and aged
condition. The popular 6061-T6 has 260 MPa minimum tensile
strength and a 240 MPa minimum yield strength. Alloy 6063 has
good resistance to atmospheric corrosion and is the most commonly
used aluminum alloy for extruded shapes such as windows, doors,
store fronts, and curtain walls. Alloys such as 6061 and 6063 contain
balanced proportions of magnesium and silicon to form a stoichio-
metric second-phase intermetallic constituent, magnesium silicide
(Mg2Si). Alloys such as 6351 contain an excess of silicon over mag-
nesium and are termed unbalanced.
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7xxx. Alloys in which zinc is the principal alloying element, but
other alloying elements such as copper, magnesium, chromium, and
zirconium may be specified. A lower range of Zn/Mg additions pro-
vides reasonable levels of strength and good weldability. Rolled flat
products may be clad with Al-1% Zn alloy.

8xxx. Alloys including tin and some lithium compositions charac-
terizing miscellaneous compositions. Most of the 8xxx alloys are non-
heat-treatable, but when used on heat-treatable alloys, they may
pick up the alloy constituents and acquire a limited response to heat
treatment.

9xxx. Unused

Special aluminum products. In recent years, a number of new alu-
minum alloys have been developed. For example, the powder metal-
lurgy route can be a cost-effective method for manufacturing
components with conventional aluminum alloys, especially for small
parts requiring close dimensional tolerances (e.g., connecting rods for
refrigeration compressors). But this process is still relatively expen-
sive. Rapid solidification and vapor deposition processes permit pro-
duction of aluminum alloys with compositions and microstructures
that are not possible by conventional cast or wrought methods.

Reinforcing aluminum alloys with ceramic fibers can provide a use-
ful increase in elastic modulus (especially at elevated temperatures)
and improve creep strength and heat erosion resistance. The disad-
vantages are decreased elongation to fracture and more difficult
machining characteristics.

Temper designation system for aluminum alloys. The following lists the
temper designations for aluminum alloys:

F. As fabricated. Applies to products shaped by cold working, hot
working, or casting processes in which no special control over
thermal conditions or strain hardening is employed.

O. Annealed. Applies to wrought products that are annealed to
obtain lowest-strength temper, and to cast products that are
annealed to improve ductility and dimensional stability. The O may
be followed by a digit other than zero. Such a digit indicates special
characteristics. For example, for heat-treatable alloys, O1 indicates
a product that has been heat treated at approximately the same
time and temperature required for solution heat treatment and then
air cooled to room temperature.

H. Strain hardened (wrought products only). Applies to products
that have been strengthened by strain hardening, with or without
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supplementary heat treatment to produce some reduction in
strength. The H is always followed by two or more digits. The digit
following the designation Hl, H2, and H3, which indicates the
degree of strain hardening, is a numeral from 1 through 8. An 8 indi-
cates tempers with ultimate tensile strength equivalent to that
achieved by about 75 percent cold reduction (temperature during
reduction not to exceed 50°C) following full annealing.

■ H1. Strain hardened only. Applies to products that are strain
hardened to obtain the desired strength without supplementary
thermal treatment. The digit following the H1 indicates the
degree of strain hardening.

■ H2. Strain hardened and partially annealed. Applies to prod-
ucts that are strain hardened more than the desired final amount
and then reduced in strength to the desired level by partial
annealing. The digit following the H2 indicates the degree of
strain hardening remaining after the product has been partially
annealed.

■ H3. Strain hardened and stabilized. Applies to products that are
strain hardened and whose mechanical properties are stabilized
by a low-temperature thermal treatment that slightly decreases
tensile strength and improves ductility. This designation is
applicable only to those alloys that, unless stabilized, gradually
age soften at room temperature. The digit following the H3 indi-
cates the degree of strain hardening after stabilization.

W. Solution heat treated. An unstable temper applicable only to
alloys that naturally age after solution heat treatment. This desig-
nation is specific only when the period of natural aging is indicated.

T. Heat treated to produce stable tempers other than F, O, or H.
Applies to products that are thermally treated, with or without sup-
plementary strain hardening, to produce stable tempers. The T is
always followed by one or more digits:

■ T1. Cooled from an elevated temperature-shaping process and
naturally aged to a substantially stable condition. Applies to prod-
ucts that are not cold worked after an elevated temperature-shap-
ing process such as casting or extrusion and for which mechanical
properties have been stabilized by room-temperature aging.

■ T2. Cooled from an elevated temperature-shaping process, cold
worked, and naturally aged to a substantially stable condition.
Applies to products that are cold worked specifically to improve
strength after cooling from a hot working process such as rolling
or extrusion and for which mechanical properties have been sta-
bilized by room-temperature aging.
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■ T3. Solution heat treated, cold worked, and naturally aged to a
substantially stable condition. Applies to products that are cold
worked specifically to improve strength after solution heat treat-
ment and for which mechanical properties have been stabilized
by room-temperature aging.

■ T4. Solution heat treated and naturally aged to a substantially
stable condition. Applies to products that are not cold worked
after solution heat treatment and for which mechanical proper-
ties have been stabilized by room-temperature aging.

■ T5. Cooled from an elevated temperature-shaping process and
artificially aged. Applies to products that are not cold worked
after an elevated temperature-shaping process such as casting or
extrusion and for which mechanical properties, dimensional sta-
bility, or both have been substantially improved by precipitation
heat treatment.

■ T6. Solution heat treated and artificially aged. Applies to prod-
ucts that are not cold worked after solution heat treatment and for
which mechanical properties, dimensional stability, or both have
been substantially improved by precipitation heat treatment.

■ T7. Solution heat treated and stabilized. Applies to products
that have been precipitation heat treated to the extent that they
are overaged. Stabilization heat treatment carries the mechanical
properties beyond the point of maximum strength to provide some
special characteristic, such as enhanced resistance to stress cor-
rosion cracking or exfoliation P corrosion.

■ T8. Solution heat treated, cold worked, and artificially aged.
Applies to products that are cold worked specifically to improve
strength after solution heat treatment and for which mechanical
properties, dimensional stability, or both have been substantially
improved by precipitation heat treatment.

■ T9. Solution heat treated, artificially aged, and cold worked.
Applies to products that are cold worked specifically to improve
strength after they have been precipitation heat treated.

■ T10. Cooled from an elevated temperature-shaping process, cold
worked, and artificially aged. Applies to products that are 
cold worked specifically to improve strength after cooling from a
hot working process such as rolling or extrusion and for which
mechanical properties, dimensional stability, or both have been
substantially improved by precipitation heat treatment.

8.2.2 Applications of different types of
aluminum

Building and construction applications. Aluminum is used extensively
in buildings of all kinds, bridges, towers, and storage tanks. Because
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structural steel shapes and plate are usually lower in initial cost, alu-
minum is used when engineering advantages, construction features,
unique architectural designs, light weight, and/or corrosion resis-
tance are considerations. Corrugated or otherwise stiffened sheet
products are used in roofing and siding for industrial and agricultural
building construction. Ventilators, drainage slats, storage bins, win-
dow and door frames, and other components are additional applica-
tions for sheet, plate, castings, and extrusions.

Aluminum products such as roofing, flashing, gutters, and down-
spouts are used in homes, hospitals, schools, and commercial and
office buildings. Exterior walls, curtain walls, and interior applications
such as wiring, conduit, piping, duct-work, hardware, and railings uti-
lize aluminum in many forms and finishes. Construction of portable
military bridges and superhighway overpass bridges has increasingly
relied on aluminum elements. Scaffolding, ladders, electrical substa-
tion structures, and other utility structures utilize aluminum, chiefly
in the form of structural and special extruded shapes. Water storage
tanks are often constructed of aluminum alloys to improve resistance
to corrosion and to provide an attractive appearance.

Containers and packaging. Low-volumetric-specific heat results in
economies when containers or conveyers must be moved in and out of
heated or refrigerated areas. The nonsparking property of aluminum is
valuable in flour mills and other plants that are subject to fire and
explosion hazards. Corrosion resistance is important in shipping frag-
ile merchandise, valuable chemicals, and cosmetics. Sealed aluminum
containers designed for air, shipboard, rail, or truck shipments are used
for chemicals not suited for bulk shipment. Packaging has been one of
the fastest-growing markets for aluminum. Products include household
wrap, flexible packaging and food containers, bottle caps, collapsible
tubes, and beverage and food cans. Beverage cans have been the alu-
minum industry’s greatest success story, and market penetrations by
the food can are accelerating. Soft drinks, beer, coffee, snack foods,
meat, and even wine are packaged in aluminum cans. Draft beer is
shipped in Alclad aluminum barrels. Aluminum is used extensively in
collapsible tubes for toothpaste, ointments, food, and paints.

Transportation. Both wrought and cast aluminum have found wide use
in automobile construction. Aluminum sand, die, and permanent mold
castings are critically important in engine construction. Cast aluminum
wheels are growing in importance. Aluminum sheet is used for hoods,
trunk decks, bright finish trim, air intakes, and bumpers. Because of
weight limitations and desire to increase effective payloads, manufac-
turers have intensively employed aluminum cab, trailer, and truck
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designs. Sheet alloys are used in truck cab bodies, and dead weight is
also reduced using extruded stringers, frame rails, and cross members.
Extruded or formed sheet bumpers and forged wheels are usual.

Aluminum is also used in truck trailers, mobile homes, and travel
trailers and buses, mainly to minimize dead weight. Other uses are in
railroad cars, bearings, marine, and aerospace applications.
Aluminum is used in virtually all segments of the aircraft, missile, and
spacecraft industry. Aluminum is widely used in these applications
because of its high strength-to-density ratio, corrosion resistance, and
weight efficiency, especially in compressive designs.

Process industries. In the chemical industries aluminum is used for the
manufacture of hydrogen peroxide and the production and distribution
of nitric acid. It is also used in the manufacture and distribution of liq-
uefied gases, because it retains its strength and ductility at low tem-
peratures, and its lower density is also an advantage over nickel steels.

Aluminum cannot be used with strong caustic solutions, although
mildly alkaline solutions—when inhibited—will not attack alu-
minum. Aluminum may also be used to handle NH4OH (hot and
cold). It does not, however, resist the effects of most other strong
alkalis. Salts of strong acids and weak bases, except salts of halo-
gens, have little effect. Aluminum may also be used to handle sulfur
and its compounds. It will also be attacked by mercury and its salts.

Its use for handling chlorinated solvents requires careful consider-
ation. Under most conditions, particularly at room temperatures, alu-
minum alloys resist halogenated organic compounds, but under some
conditions they may react rapidly or violent with some of these chem-
icals. If water is present, these chemicals may hydrolyze to yield min-
eral acids that destroy the protective oxide film on the aluminum
surface. Such corrosion by mineral acids may in turn promote reac-
tion with the chemicals themselves, because the aluminum halides
formed by this corrosion are catalysts for some such reactions. To
ensure safety, service conditions should be ascertained before alu-
minum alloys are used with these chemicals.

Electrical applications. Aluminum is used in conductor applications,
because of its combination of low cost, high conductivity, adequate
mechanical strength, low specific gravity, and excellent resistance to
corrosion. It is used in motors and generators (stator frames and end
shields, field coils for direct current machines, stator windings in
motors, transformer windings and large turbogenerator field coils). It
is also used in dry-type power transformers and has been adapted to
secondary coil windings in magnetic-suspension-type constant current
transformers. Aluminum is used in lighting and capacitors.
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Machinery and equipment. Aluminum is used in processing equipment
in the petroleum industry such as aluminum tops for steel storage tanks
and aluminum pipelines for carrying petroleum products. It is also used
in the rubber industry because it resists all corrosion that occurs in rub-
ber processing and is nonadhesive. Aluminum alloys are widely used in
the manufacture of explosives because of their nonpyrophoric charac-
teristics. Aluminum is used in textile machinery and equipment, paper
and printing industries, coal mine machinery, portable irrigation pipe 
and tools, jigs, fixtures and patterns, and many instruments.

8.2.3 Weldability of aluminum alloys

The oxide film on aluminum surfaces must be removed or broken up
during welding to allow coalescence of the base and the filler metal.
The molten aluminum in the fusion zone must be shielded from the
atmosphere until it has resolidified. There are several techniques for
oxide removal and protection of the weld puddle. Aluminum can be
welded by gas and coated electrodes where a fluxing agent is used to
penetrate the alumina film and shield the molten metal. Unless com-
pletely removed following welding, this flux can be corrosive. The two
most common commercial techniques used to weld aluminum are gas
metal arc welding (GMAW) and gas tungsten arc welding (GTAW). In
both cases, the oxide film is decomposed by the high temperature and
shock effect of the arc. The weld puddle is protected from the atmos-
phere by an inert gas, such as argon or helium, flowing from the weld-
ing gun tip and around the electrode.7

For non-heat-treatable alloys, material strength depends on the
effect of work hardening and solid solution hardening of alloy elements
such as magnesium and manganese; the alloying elements are mainly
found in the 1xxx, 3xxx, and 5xxx series of alloys. When welded, these
alloys may lose the effects of work hardening, which results in soften-
ing of the heat-affected zone (HAZ) adjacent to the weld.

For heat-treatable alloys, material hardness and strength depend on
alloy composition and heat treatment (solution heat treatment and
quenching followed by either natural or artificial aging produces a fine
dispersion of the alloying constituents). Principal alloying elements
are found in the 2xxx, 6xxx, 7xxx, and 8xxx series. Fusion welding
redistributes the hardening constituents in the HAZ, which locally
reduces material strength.

Most of the wrought grades in the 1xxx, 3xxx, 5xxx, 6xxx, and medium-
strength 7xxx (e.g., 7020) series can be fusion welded using tungsten
inert gas (TIG), metal inert-gas (MIG), and oxyfuel processes. The 5xxx
series alloys, in particular, have excellent weldability. High-strength
alloys (e.g., 7010 and 7050) and most of the 2xxx series are not recom-
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mended for fusion welding because they are prone to liquation and
solidification cracking.

Filler alloys. Filler metal composition is determined by.

■ Weldability of the parent metal
■ Minimum mechanical properties of the weld metal
■ Corrosion resistance
■ Anodic coating requirements

Nominally matching filler metals are often employed for non-heat-
treatable alloys. However, for alloy-lean materials and heat-treatable
alloys, nonmatching fillers are used to prevent solidification cracking.

Imperfections in welds. Aluminum and its alloys can be readily welded
providing appropriate precautions are taken.

Porosity. Porosity is often regarded as an inherent feature of MIG welds.
The main cause of porosity is absorption of hydrogen in the weld pool
that forms discrete pores in the solidifying weld metal. The most common
sources of hydrogen are hydrocarbons and moisture from contaminants
on the parent material and filler wire surfaces, and water vapor from the
shielding gas atmosphere. Even trace levels of hydrogen may exceed 
the threshold concentration required to nucleate bubbles in the weld
pool, aluminum being one of the metals most susceptible to porosity.7

To minimize the risk, the material surface and filler wire should be
rigorously cleaned. Three cleaning techniques are suitable: mechani-
cal cleaning, solvent degreasing, and chemical etch cleaning. In gas-
shielded welding, air entrainment should be avoided by making sure
there is an efficient gas shield and the arc is protected from drafts.
Precautions should also be taken to avoid water vapor pickup from gas
lines and welding equipment.

Cracking. Cracking occurs in aluminum alloys because of high stresses
generated across the weld resulting from high thermal expansion, twice
that of steel, and the substantial contraction on solidification, typically 5
percent more than in equivalent steel welds. Solidification cracks form in
the center of the weld, usually extending along the centerline during
solidification. Solidification cracks also occur in the weld crater at the
end of the welding operation. The main causes of solidification cracks are

■ Incorrect filler wire/parent metal combination
■ Incorrect weld geometry
■ Welding under high restraint conditions
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The cracking risk can be reduced by using a nonmatching crack-
resistant filler, usually from the 4xxx or 5xxx series alloys. The disad-
vantage is that the resulting weld metal may have a lower strength
than the parent metal and not respond to a subsequent heat treatment.
The weld bead must be thick enough to withstand contraction stresses.
Also, the degree of restraint on the weld can be minimized by using cor-
rect edge preparation, accurate joint setup, and correct weld sequence.

Liquation cracking occurs in the HAZ, when low-melting-point
films are formed at the grain boundaries. These cannot withstand
the contraction stresses generated when the weld metal solidifies
and cools. Heat-treatable alloys, 6xxx, 7xxx, and 8xxx series alloys,
are more susceptible to this type of cracking. The risk can be reduced
by using a filler metal with a lower melting temperature than the
parent metal; for example, the 6xxx series alloys are welded with a
4xxx filler metal. However, 4xxx filler metal should not be used to
weld high magnesium alloys, such as 5083, because excessive mag-
nesium-silicide may form at the fusion boundary, decreasing ductili-
ty and increasing crack sensitivity.7

Poor weld bead profile. Incorrect welding parameter settings or poor
welder technique can introduce weld profile imperfections such as lack
of fusion, lack of penetration, and undercut. The high thermal conduc-
tivity of aluminum and the rapidly solidifying weld pool make these
alloys particularly susceptible to profile imperfections.

When a filler alloy is used, the weld nugget becomes an aluminum
alloy composed of elements of the alloys being joined and the filler
alloy. Proper selection of filler alloys is required to minimize the possi-
bility of the weld bead becoming anodic to the adjacent HAZ or to the
alloys being welded. The effect of welding on the corrosion resistance
of aluminum in a specific environment is determined by the alloy or
alloys being joined, the welding filler alloy, and the welding procedure
employed. The following factors may influence the corrosion behavior
of a welded aluminum assembly in a specific environment:

■ Differences in composition of the weld bead and the alloys being
welded

■ The cast structure of the weld bead as compared to the structure of
the welded alloys

■ Segregation of constituents of the welded alloys as the welded metal
solidifies

■ Segregation of constituents of the welded alloys due to precipitation
caused by overaging in the HAZ

■ Crevice effects due to porosity exposed at the weld bead surface, cold
folds in the weld bead, and microcracks
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8.2.4 Corrosion resistance

Corrosion resistance of aluminum is dependent upon a protective
oxide film. This film is stable in aqueous media when the pH is
between about 4.0 and 8.5. The oxide film is naturally self-renewing
and accidental abrasion or other mechanical damage of the surface
film is rapidly repaired. The conditions that promote corrosion of alu-
minum and its alloys, therefore, must be those that continuously
abrade the film mechanically or promote conditions that locally
degrade the protective oxide film and minimize the availability of oxy-
gen to rebuild it.8

The acidity or alkalinity of the environment significantly affects the
corrosion behavior of aluminum alloys. At lower and higher pH, alu-
minum is more likely to corrode but by no means always does so. For
example, aluminum is quite resistant to concentrated nitric acid.
When aluminum is exposed to alkaline conditions, corrosion may
occur, and when the oxide film is perforated locally, accelerated attack
occurs because aluminum is attacked more rapidly than its oxide
under alkaline conditions. The result is pitting. In acidic conditions,
the oxide is more rapidly attacked than aluminum, and more general
attack should result.

As a general rule, aluminum alloys, particularly the 2xxx series, are
less corrosion resistant than the commercial purity metal. Some alu-
minum alloys, for example, are susceptible to intergranular corrosion as
a result of low-temperature aging reactions and the subsequent precipi-
tation in the grain boundaries. Susceptibility to intergranular attack in
these alloys shows up as exfoliation and stress-corrosion cracking (SCC).

Aluminum is used in high-purity-water systems and to hold and
transfer a variety of organic solutions. Lower alcohol may give prob-
lems in storage, and organic halides and completely anhydrous organ-
ic acids should be avoided. Mercury and heavy metal salt solutions
will also give problems. Exfoliation and SCC are not commercial prob-
lems with the 1xxx, 3xxx, 4xxx, and 6xxx series, or the 5xxx alloys con-
taining less than 3% magnesium. The susceptible alloys (2xxx, 5xxx
with higher magnesium, and 7xxx) have not been used in major
amounts in the chemical process industries. Heat treatments, such as
overaging, can be used to improve systems that are susceptible.
Historically, the Al-Zn-Mg alloys have been the most susceptible to
cracking.

Galvanic corrosion is a potential problem when aluminum is used in
complex structures. It is anodic to most of the common construction
materials such as iron, stainless steel, titanium, copper, and nickel
alloys. If a galvanic situation arises, the aluminum will preferentially
corrode. This may cause unsatisfactory service. Aluminum can be used
in a wide range of environmental conditions without surface protection
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and with minimum maintenance. It is often used for its good resis-
tance to atmospheric conditions, as well as industrial fumes and
vapors. It is also widely used in cryogenic applications because of its
favorable mechanical properties at low temperature (it can be used
down to �250°C). Table 8.4 presents the results of atmospheric expo-
sure of different aluminum materials in a wide variety of testing sites
around the world.9

Effect of alloying. The additions of alloying elements to aluminum
change the electrochemical potential of the alloy, which affects corro-
sion resistance even when the elements are in solid solution. Zinc and
magnesium tend to shift the potential markedly in the anodic direc-
tion, whereas silicon has a minor anodic effect. Copper additions cause
marked cathodic shifts. This results in local anodic and cathodic sites
in the metal that affect the type and rate of corrosion.

Very high-purity aluminum, 99.99% or purer, is highly resistant to
pitting. Any alloying addition will reduce this resistance. The 5xxx Al-
Mg alloys and the 3xxx Al-Mn alloys resist pitting corrosion almost as
well. The pure metal and the 3xxx, 5xxx, and 6xxx series alloys are
resistant to the more damaging forms of localized corrosion, exfolia-
tion, and SCC. However, cold-worked 5xxx alloys containing magne-
sium in excess of the solid solubility limit (above 3% magnesium) can
become susceptible to exfoliation and SCC when heated for long times
at temperatures of about 80 to 175°C.10

Effect of metallurgical and mechanical treatments. Metallurgical and
mechanical treatments often act in synergy to produce desired or unde-
sired microstructural features in aluminum alloys. Variations in ther-
mal treatments can have marked effects on the local chemistry and
hence the local corrosion resistance of high-strength, heat-treatable
aluminum alloys. Ideally, all the alloying elements should be fully dis-
solved, and the quench cooling rate should be rapid enough to keep
them in solid solution.

Generally, practices that result in a nonuniform microstructure will
lower corrosion resistance, especially if the microstructural effect is
localized. Precipitation treatment or aging is conducted primarily to
increase strength. Some precipitation treatments purposely overage
the aluminum beyond the maximum strength condition (T6 temper) to
improve its resistance to IGC, exfoliation, and SCC through the for-
mation of randomly distributed, noncoherent precipitates (T7 tem-
pers). This diminishes the adverse effect of highly localized
precipitation at grain boundaries resulting from slow quenching,
underaging, or aging to peak strengths.
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TABLE 8.4 Results of Atmospheric Exposure of Different Aluminum Materials in a
Wide Variety of Testing Sites Around the World

State/province, Exposure, Rate, 
Alloy City country y Atmosphere �m�y�1

1094.88 Key West FL, USA 10 Marine 0.1
1095 Cristobal Panama 10 Marine 0.2
1095 Sandy Hook NJ, USA 10 Marine 0.1
1098.25 La Jolla CA, USA 10 Marine 0.7
1100 Panama inland Panama 16 Inland 12.7
1100 Panama marine Panama 16 Marine 17.3
1100 Cape Beale BC, Canada 10 Marine 0
1100 Durban South Africa 10 Marine 0.6
1100 Halifax NS, Canada 10 Industrial 1.1

marine
1100 Kingston ON, Canada 10 Rural 0.1
1100 Kure Beach-800 NC, USA 10 Marine 0.1

(800 ft)
1100 Kure Beach-80 NC, USA 10 Marine 0.3

(80 ft)
1100 Montreal QC, Canada 10 Severe 0.8

industrial
1100 Newark NJ, USA 10 Industrial 0.4
1100 Point Reyes CA, USA 10 Marine 0.1
1100 Toronto ON, Canada 10 Industrial 0.6
1100 University Park PA, USA 10 Rural 0.1
1100 Vancouver BC, Canada 10 Urban 0.5
1199 Chicago IL, USA 7 Industrial 0.6
1199 Richmond VA, USA 7 Mild 0

industrial
1199 Widnes UK 7 Severe 1.2

industrial
3003 Cape Beale BC, Canada 10 Marine 0
3003 Durban South Africa 10 Marine 0.7
3003 Esquimalt BC, Canada 10 Marine 0
3003 Halifax NS, Canada 10 Industrial 1.2

marine
3003 Kingston ON, Canada 10 Rural 0.1
3003 Kure Beach-800 NC, USA 10 Marine 0.1

(800 ft)
3003 Kure Beach-80 NC, USA 10 Marine 0.1

(80 ft)
3003 Montreal QC, Canada 10 Severe 0.7

industrial
3003 Newark NJ, USA 10 Industrial 0.6
3003 Point Reyes CA, USA 10 Marine 0.1
3003 Saskatoon SA, Canada 10 Rural 0
3003 Toronto ON, Canada 10 Industrial 0.9
3003 Trail BC, Canada 10 Semirural 0.4
3003 University Park PA, USA 10 Rural 0.1
3003 Vancouver BC, Canada 10 Urban 0.5
3005 Aruba Dutch Antilles 7 Marine 0.2
3005 Denge Marsh UK 7 Marine 0.7
3005 Kure Beach-80 NC, USA 7 Marine 0.2
3005 Manila Philippines 7 Marine 0.1
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TABLE 8.4 Results of Atmospheric Exposure of Different Aluminum Materials in a
Wide Variety of Testing Sites Around the World (Continued )

State/province, Exposure, Rate, 
Alloy City country y Atmosphere �m�y�1

5052 Cape Beale BC, Canada 10 Marine 0
5052 Durban South Africa 10 Marine 0.6
5052 Esquimalt BC, Canada 10 Marine 0.1
5052 Halifax NS, Canada 10 Industrial 1

marine
5052 Kingston ON, Canada 10 Rural 0.1
5052 Kure Beach-800 NC, USA 10 Marine 0.1

(800 ft)
5052 Kure Beach-80 NC, USA 10 Marine 0.2

(80 ft)
5052 Montreal QC, Canada 10 Severe 0.7

industrial
5052 Newark NJ, USA 10 Industrial 0.5
5052 Point Reyes CA, USA 10 Marine 0.1
5052 Saskatoon SA, Canada 10 Rural 0.1
5052 Toronto ON, Canada 10 Industrial 0.6
5052 Trail BC, Canada 10 Semirural 0.3
5052 University Park PA, USA 10 Rural 0.1
5052 Vancouver BC, Canada 10 Urban 0.5
6061 Cape Beale BC, Canada 10 Marine 0
6061 Durban South Africa 10 Marine 0.9
6061 Esquimalt BC, Canada 10 Marine 0.1
6061 Halifax NS, Canada 10 Industrial 1.1

marine
6061 Kingston ON, Canada 10 Rural 0.2
6061 Kure Beach-800 NC, USA 10 Marine 0.1

(800 ft)
6061 Kure Beach-80 NC, USA 10 Marine 0.3

(80 ft)
6061 Montreal QC, Canada 10 Severe 0.8

industrial
6061 Newark NJ, USA 10 Industrial 0.5
6061 Point Reyes CA, USA 10 Marine 0.1
6061 Saskatoon SA, Canada 10 Rural 0
6061 Toronto ON, Canada 10 Industrial 0.6
6061 Trail BC, Canada 10 Semirural 0.2
6061 University Park PA, USA 10 Rural 0.2
6061 Vancouver BC, Canada 10 Urban 0.6
6063 Kure Beach-80 NC, USA 10 Marine 0.2
6063 Montreal QC, Canada 10 Severe 0.7

industrial
6063 Toronto ON, Canada 10 Industrial 0.6
6063 Vancouver BC, Canada 10 Urban 0.5
1100 H14 Arenzano Italy 1.75 0.9
1100 H14 Bohus-Malmon Sweden 5.12 0.3
1100 H14 Kure Beach-800 NC, USA 5 Marine 0.2

(800 ft)
1100 H14 Kure Beach-80 NC, USA 5 Marine 0.5

(80 ft)
1100 H14 La Jolla CA, USA 18.15 Marine 12.4
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TABLE 8.4 Results of Atmospheric Exposure of Different Aluminum Materials in a
Wide Variety of Testing Sites Around the World (Continued )

State/province, Exposure, Rate, 
Alloy City country y Atmosphere �m�y�1

1100 H14 New York NY, USA 20.55 Industrial 15
1100 H14 Phoenix AZ, USA 19.15 Rural 1.5
1100 H14 Sandy Hook NJ, USA 20.37 Marine 5.6
1100 H14 State College PA, USA 20.15 Rural 1.5
1135 H14 State College PA, USA 7 Rural 0.1
1180 H14 Arenzano Italy 1.75 0.6
1180 H14 Bohus-Malmon Sweden 5.12 0.2
1180 H14 Kure Beach-800 NC, USA 5 Marine 0.2

(800 ft)
1180 H14 Kure Beach-80 NC, USA 5 Marine 0.6

(80 ft)
1195 H14 Kure Beach-80 NC, USA 7 Marine 0.1
1199 H14 Aruba Dutch Antilles 7 Marine 0.2
1199 H14 Denge Marsh UK 7 Marine 0.2
1199 H14 Manila Philippines 7 Marine 0.1
2014 T3 Aruba Dutch Antilles 7 Marine 17.8
2014 T3 Denge Marsh UK 7 Marine 1
2014 T3 Kure Beach-80 NC, USA 7 Marine 0.4
2014 T3 Manila Philippines 7 Marine 0.3
2017 T3 La Jolla CA, USA 18.15 Marine 45.2
2017 T3 New York NY, USA 20.55 Industrial 25.1
2017 T3 Phoenix AZ, USA 19.15 Rural 1.5
2017 T3 State College PA, USA 20.15 Rural 2
2024 T3 Panama Panama 1 Rain forest 0.4

rain forest
2024 T3 Panama Panama 1 Open field 1.3

open field
2024 T3 Panama marine Panama 1 Marine 6.2
3003 H14 Arenzano Italy 1.75 0.9
3003 H14 Bohus-Malmon Sweden 5.12 0.2
3003 H14 Chicago IL, USA 7 Industrial 1.1
3003 H14 Kure Beach-800 NC, USA 5 Marine 0.2

(800 ft)
3003 H14 Kure Beach-80 NC, USA 5 Marine 0.5

(80 ft)
3003 H14 La Jolla CA, USA 18.15 Marine 12.2
3003 H14 New York NY, USA 20.55 Industrial 19.3
3003 H14 Phoenix AZ, USA 19.15 Rural 0.3
3003 H14 Richmond VA, USA 7 Mild 0.5

industrial
3003 H14 Sandy Hook NJ, USA 20.37 Marine 7.1
3003 H14 State College PA, USA 7 Rural 0.1
3003 H14 State College PA, USA 20.15 Rural 1.8
3003 H14 Widnes UK 7 Severe 3.8

industrial
3004 H34 State College PA, USA 7 Rural 0.1
3004 H36 Chicago IL, USA 7 Industrial 1.4
3004 H36 Richmond VA, USA 7 Mild 0.5

industrial
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TABLE 8.4 Results of Atmospheric Exposure of Different Aluminum Materials in a
Wide Variety of Testing Sites Around the World (Continued )

State/province, Exposure, Rate, 
Alloy City country y Atmosphere �m�y�1

3004 H36 Widnes UK 7 Severe 2.3
industrial

5005 H34 State College PA, USA 7 Rural 0.1
5050 H34 Arenzano Italy 1.75 0.6
5050 H34 Bohus-Malmon Sweden 5.12 0.2
5050 H34 Kure Beach-800 NC, USA 5 Marine 0.2

(800 ft)
5050 H34 Kure Beach-80 NC, USA 5 Marine 0.4

(80 ft)
5052 H34 Arenzano Italy 1.75 0.5
5052 H34 Aruba Dutch Antilles 7 Marine 0.2
5052 H34 Bohus-Malmon Sweden 5.12 0.2
5052 H34 Denge Marsh UK 7 Marine 0.3
5052 H34 Kure Beach-800 NC, USA 7 Marine 0.1

(800 ft)
5052 H34 Kure Beach-80 NC, USA 5 Marine 0.2

(80 ft)
5052 H34 Kure Beach-80 NC, USA 5 Marine 0.3

(80 ft)
5052 H34 Manila Philippines 7 Marine 0.1
5083 H116 Wrightsville NC, USA 2 Marine 2.5

Beach
5083 H116 Wrightsville NC, USA 1 Marine 2.8

Beach
5083 H116 Wrightsville NC, USA 1 Marine 3.3

Beach
5083 H116 Wrightsville NC, USA 2 Marine 0

Beach
5086 H116 Wrightsville NC, USA 1 Marine 2.3

Beach
5086 H116 Wrightsville NC, USA 2 Marine 2.5

Beach
5086 H116 Wrightsville NC, USA 1 Marine 3

Beach
5086 H116 Wrightsville NC, USA 2 Marine 0

Beach
5086 H117 Wrightsville NC, USA 1 Marine 3.3

Beach
5086 H117 Wrightsville NC, USA 2 Marine 0

Beach
5086 H32 Aruba Dutch Antilles 7 Marine 0.3
5086 H32 Denge Marsh UK 7 Marine 0.4
5086 H32 Kure Beach-80 NC, USA 7 Marine 0.2

(80 ft)
5086 H32 Manila Philippines 7 Marine 0.1
5086 H34 Arenzano Italy 1.75 0.6
5086 H34 Bohus-Malmon Sweden 5.12 0.2
5086 H34 Kure Beach-800 NC, USA 5 Marine 0.3

(800 ft)
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TABLE 8.4 Results of Atmospheric Exposure of Different Aluminum Materials in a
Wide Variety of Testing Sites Around the World (Continued )

State/province, Exposure, Rate, 
Alloy City country y Atmosphere �m�y�1

5086 H34 Kure Beach-80 NC, USA 5 Marine 0.3
(80 ft)

5154 H34 Arenzano Italy 1.75 0.6
5154 H34 Bohus-Malmon Sweden 5.12 0.2
5154 H34 Chicago IL, USA 7 Industrial 1.4
5154 H34 Kure Beach-800 NC, USA 5 Marine 0.2

(800 ft)
5154 H34 Kure Beach-80 NC, USA 5 Marine 0.3

(80 ft)
5154 H34 Richmond VA, USA 7 Mild 0.4

industrial
5154 H34 Widnes UK 7 Severe 2.7

industrial
5456 H116 Wrightsville NC, USA 2 Marine 1.3

Beach
5456 H116 Wrightsville NC, USA 2 Marine 2.5

Beach
5456 H116 Wrightsville NC, USA 1 Marine 2.8

Beach
5456 H116 Wrightsville NC, USA 1 Marine 3.3

Beach
5456 H116 Wrightsville NC, USA 1 Marine 3.3

Beach
5456 H116 Wrightsville NC, USA 2 Marine 0

Beach
5456 H321 Aruba Dutch Antilles 7 Marine 0.6
5456 H321 Kure Beach-80 NC, USA 7 Marine 0.2
5456 H321 Manila Philippines 7 Marine 0.1
6051 T4 Key West FL, USA 19.67 Marine 1.5
6051 T4 La Jolla CA, USA 18.15 Marine 15.5
6051 T4 New York NY, USA 20.55 Industrial 18.3
6051 T4 Phoenix AZ, USA 19.15 Rural 0.3
6051 T4 Sandy Hook NJ, USA 20.37 Marine 6.9
6051 T4 State College PA, USA 20.15 Rural 1.5
6061 T Panama inland 16 Inland 14.2
6061 T Panama marine 16 Marine 17.3
6061 T6 Arenzano Italy 1.75 1
6061 T6 Aruba Dutch Antilles 7 Marine 0.9
6061 T6 Bohus-Malmon Sweden 5.12 0.3
6061 T6 Chicago IL, USA 7 Industrial 1.7
6061 T6 Kure Beach-80 NC, USA 7 Marine 0.2

(80 ft)
6061 T6 Kure Beach-800 NC, USA 5 Marine 0.3

(800 ft)
6061 T6 Kure Beach-80 NC, USA 5 Marine 0.5

(80 ft)
6061 T6 Manila Philippines 7 Marine 0.1
6061 T6 Richmond VA, USA 7 Mild 0.4

industrial
6061 T6 State College PA, USA 7 Rural 0.1

0765162_Ch08_Roberge  9/1/99 6:01  Page 607



608 Chapter Eight

TABLE 8.4 Results of Atmospheric Exposure of Different Aluminum Materials in a
Wide Variety of Testing Sites Around the World (Continued )

State/province, Exposure, Rate, 
Alloy City country y Atmosphere �m�y�1

6061 T6 Widnes UK 7 Severe 2.6
industrial

6062 T5 Aruba Dutch Antilles 7 Marine 1.2
6062 T5 Kure Beach-80 NC, USA 7 Marine 0.2
6062 T5 Manila Philippines 7 Marine 0.1
6063 T6 Chicago IL, USA 7 Industrial 1.3
6063 T6 Richmond VA, USA 7 Mild 0.3

industrial
6063 T6 Widnes UK 7 Severe 1.5

industrial
7075 T6 Andrews AFB MD, USA 0.4
7075 T6 Aruba Dutch Antilles 7 Marine 10.2
7075 T6 Barksdale AFB LA, USA 0.2
7075 T6 Francis Warren WY, USA 0.1

AFB
7075 T6 Kure Beach-80 NC, USA 7 Marine 0.5
7075 T6 Manila Philippines 7 Marine 0.3
7075 T6 Tinker AFB OK, USA 0.1
7079 T6 Andrews AFB MD, USA 0.5
7079 T6 Davis Monthan USA 0.5

AFB
7079 T6 Francis Warren WY, USA 0.1

AFB
7079 T6 Tinker AFB OK, USA 0
Al 7 Mg O Aruba Dutch Antilles 7 Marine 0.4
Al 7 Mg O Denge Marsh UK 7 Marine 1
Al 7 Mg O Kure Beach-80 NC, USA 7 Marine 0.2
Al 7 Mg O Manila Philippines 7 Marine 0.6
Alclad Key West FL, USA 19.67 Marine 1

2017 T3
Alclad La Jolla CA, USA 18.15 Marine 11.7

2017 T3
Alclad New York NY, USA 20.55 Industrial 20.3

2017 T3
Alclad Phoenix AZ, USA 19.15 Rural 0.3

2017 T3
Alclad State College PA, USA 20.15 Rural 1.5

2017 T3
Alclad Aruba Dutch Antilles 7 Marine 2.2

6061 T6
Alclad Kure Beach-80 NC, USA 7 Marine 0.2

6061 T6
Alclad Manila Philippines 7 Marine 0.1

6061 T6
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Mechanical working influences the grain morphology and the distrib-
ution of alloy constituent particles. Both of these factors can affect the
type and rate of localized corrosion. Cast aluminum products normally
have an equiaxed grain structure. Special processing routes can be taken
to produce fine, equiaxed grains in a thin rolled sheet and certain extru-
ded shapes, but most wrought products (rolled, forged, drawn, 
or extruded products) normally have a highly directional, anisotrophic
grain structure. Rectangular products have a three dimensional (3D)
grain structure. Figure 8.5 shows the 3D longitudinal (principal working
direction), long transverse, and short transverse grain structures typi-
cally present in rolled plate. Almost all forms of corrosion, even pitting,
are affected to some degree by this grain directionality. However, highly
localized forms of corrosion, such as exfoliation and SCC that proceed
along grain boundaries, are highly affected by grain structure. Long,
wide, and very thin pancake-shaped grains are virtually a prerequisite
for a high degree of susceptibility to exfoliation.

These directional structures markedly affect resistance to SCC and to
exfoliation of high-strength alloy products, as evidenced by the SCC sus-
ceptibility ratings presented in Table 8.5. The information presented in
that table was collected from at least 10 random lots that were then
tested in Recommended Practice ASTM G 44 (Practice for Evaluating
Stress Corrosion Cracking Resistance of Metals and Alloys by Alternate
Immersion in 3.5% Sodium Chloride Solutions). The highest rating was
assigned for results that showed 90 percent conformance at the 95 per-
cent confidence level when tested at the following stresses:8

A. �75 percent of the specified minimum yield strength

B. �50 percent of the specified minimum yield strength

C. �25 percent of the specified minimum yield strength or 100
MPa, whichever is higher

D. Failure to meet the criterion for rating level C
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Figure 8.5 Schematic representation of the 3D grain structure typically present in rolled
aluminum plates.
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TABLE 8.5 Resistance to SCC of Various Aluminum Alloys in Different Temper
and Work Conditions

Alloy Temper Direction Plate Rod/bar Extrusion Forging

2011 T3 L B
LT D
ST D

2011 T4 L B
LT D
ST D

2011 T8 L A
LT A
ST A

2014 T6 L A A A B
LT B D B B
ST D D D D

2024 T3 L A A A
LT B D B
ST D D D

2024 T4 L A A A
LT B D B
ST D D D

2024 T6 L A A
LT B A
ST B D

2024 T8 L A A A A
LT A A A A
ST B A B C

2048 T851 L A
LT A
ST B

2124 T851 L A
LT A
ST B

2219 T351X L A A
LT B B
ST D D

2219 T37 L A A
LT B B
ST D D

2219 T6 L A A A A
LT A A A A
ST A A A A

2219 T85XX L A A A
LT A A A
ST A A A

2219 T87 L A A A
LT A A A
ST A A A

6061 T6 L A A A A
LT A A A A
ST A A A A

7005 T63 L A A
LT A A
ST D D
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TABLE 8.5 Resistance to SCC of Various Aluminum Alloys in Different Temper
and Work Conditions (Continued )

Alloy Temper Direction Plate Rod/bar Extrusion Forging

7005 T53 L A A
LT A A
ST D D

7039 T64 L A A
LT A A
ST D D

7049 T73 L A A A
LT A A A
ST A B A

7049 T76 L A
LT A
ST C

7149 T73 L A A
LT A A
ST B A

7050 T736 L A A A
LT A A A
ST B B B

7050 T76 L A A A
LT A B A
ST C B C

7075 T6 L A A A A
LT B D B B
ST D D D D

7075 T73 L A A A A
LT A A A A
ST A A A A

7075 T736 L A
LT A
ST B

7075 T76 L A A
LT A A
ST C C

7079 T6 L A A A
LT B B B
ST D D D

7175 T736 L A
LT A
ST B

7178 T6 L A A
LT B B
ST D D

7178 T76 L A A
LT A A
ST C C

7475 T6 L A
LT B
ST D

7475 T73 L A
LT A
ST A

7475 T76 L A
LT A
ST C
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Because SCC in aluminum alloys characteristically is intergranular,
susceptible alloys and tempers are most prone to SCC when the ten-
sile stress acts in the short-transverse, or thickness direction, so that
the crack propagates along the aligned grain structure. The same
material (e.g., 7075-T651 plate) will show a much higher resistance to
stress acting in the longitudinal direction, parallel to the principal
grain flow. In this case the intergranular crack must follow a very
meandering path and usually does not propagate to any major extent.
Special agings to various highly resistant T7 tempers have been devel-
oped to counteract this adverse effect of directional grain structure.
Various artificially aged tempers are available for both 2xxx and 7xxx
alloys that provide a range of compromise choices between maximum
strength and maximum resistance to exfoliation and SCC.5

Role of hydrogen. Hydrogen will dissolve in aluminum alloys in the
molten state and during thermal treatments at temperatures close to
the melting point in atmospheres containing water vapor or hydrocar-
bons. Upon solidification, this causes porosity and surface blistering.
Recent literature surveys show there is still considerable dispute as to
how much, if at all, high-strength aluminum alloys are embrittled by
hydrogen. There is some evidence that hydrogen evolving from anodic
dissolution at a crack tip can dissolve into the metal at the grain bound-
ary ahead of the crack tip and can thus be a factor in SCC of some 7xxx
and possibly 2xxx alloys. Hydrogen embrittlement, however, has not
restricted the commercialization of high-strength aluminum alloys.10

Protective coatings. As mentioned earlier, pure aluminum, the 3xxx,
5xxx, and most 6xxx series alloys, are sufficiently resistant to be used
in industrial atmospheres and waters without any protective coatings.
Examples of this are cookware, boats, and building products.
Generally coatings are used to enhance an alloy’s resistance, and pro-
tection is considered necessary for the higher-strength 6xxx alloys and
for all 2xxx and 7xxx alloys. Chapter 9, Protective Coatings, describes
many of the coatings and coating technologies that have been
employed successfully with aluminum alloys for improved service and
performance.

8.3 Cast Irons

8.3.1 Introduction

Cast iron is a generic term that identifies a large family of ferrous
alloys. Cast irons are primarily alloys of iron that contain more than 2
percent carbon and 1 percent or more silicon. Low raw material costs
and relative ease of manufacture make cast irons the least expensive
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of the engineering metals. Cast irons may often be used in place of
steel at considerable cost savings. The design and production advan-
tages of cast iron include

■ Low tooling and production cost
■ Ready availability
■ Good machinability without burring
■ Readily cast into complex shapes
■ Excellent wear resistance and high hardness (particularly white

irons)
■ High inherent damping

Cast irons can be cast into intricate shapes because of their excellent
fluidity and relatively low melting points and can be alloyed for
improvement of corrosion resistance and strength. With proper alloy-
ing, the corrosion resistance of cast irons can equal or exceed that of
stainless steels and nickel-base alloys.11 The wide spectrum of proper-
ties of cast iron is controlled by three main factors: the chemical com-
position of the iron, the rate of cooling of the casting in the mold, and
the type of carbide or graphite formed.

8.3.2 Carbon presence classification

Cast irons are often classified on the basis of the forms taken by the
high level of carbon present.

White cast iron: Iron carbide compound. By reducing the carbon and sil-
icon content and cooling rapidly, much of the carbon is retained in the
form of iron carbide without graphite flakes. However, iron carbide, or
cementite, is extremely hard and brittle, and these castings are used
where high hardness and wear resistance are needed.

Unalloyed white cast iron. Unalloyed white cast iron is a very hard, abra-
sion-resistant, and low-cost material compared with competitive mate-
rials such as carbon steels. The main limitation comes from its
brittleness when subjected to compressive loads. White irons are not
machinable and are finished by grinding when necessary.

Low-alloy white cast iron. Low-alloy white cast iron has improved
toughness and wear resistance. The main limitation is that a better
performance or a longer life must justify its extra cost.

Martensitic white cast iron. Martensitic white cast iron has a higher
hardness and toughness than other types of white iron. It is stable at
high temperatures (480 to 540°C) due to presence of Cr. Low-carbon
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compositions have higher toughness but lower hardness. The main
disadvantage is again higher cost. Stress-relieving heat treatment is
also necessary for optimum properties.

High-chromium white cast iron. High-chromium white cast iron has an abra-
sion resistance similar to martensitic white iron but with higher tough-
ness, strength, and corrosion resistance. Its limitation is high cost.

Malleable cast iron: Irregularly shaped nodules of graphite. Malleable
cast iron is produced by heat treatment of closely controlled composi-
tions of white irons that are decomposed to give carbon aggregates dis-
persed in a ferrite or pearlitic matrix. Because the compact shape of
the carbon does not reduce the matrix ductility to the same extent as
graphite flakes, a useful level of ductility is obtained. Malleable iron
may be divided into the following classes: whiteheart, blackheart, and
pearlitic irons.

Malleable iron castings are often selected because the material has
excellent machinability in addition to significant ductility. In other
applications, malleable iron is chosen because it combines castability
with toughness and machinability. Malleable iron is often chosen
because of its shock resistance alone. It is used for low-stress parts
requiring good machinability such as steering gear, housings, carriers,
and mounting brackets. It is used for compresser crankshafts and
hubs; for high-strength parts such as connecting rods and universal-
joint yokes; in transmission gear, differential cases, and certain gears;
and for flanges, pipe fittings, and valve parts for railroad, marine, and
other heavy-duty service.

Whiteheart malleable cast iron. Whiteheart malleable castings are pro-
duced from high-carbon white cast irons annealed in a decarburizing
medium. Carbon is removed at the casting surface, the loss being only
compensated for by the diffusion of carbon from the interior.
Whiteheart castings are inhomogeneous with a decarburized surface
skin and a higher carbon core.

It has a higher-carbon content than other types of malleable iron,
which gives better castibility, especially for thin sections. The decar-
burized layer improves weldability and provides a soft, ductile surface
to absorb local-impact blows. Whiteheart malleable cast iron has a
marked increase in shock resistance above 100°C and can be used in
furnaces up to 450°C. It can also be galvanized and does not suffer gal-
vanizing embrittlement. This iron has very good machinability but is
limited by a long heat-treatment time.

Blackheart malleable cast iron. Blackheart malleable irons are produced by
annealing low-carbon (2.2 to 2.9%) white iron castings without decar-
burization. The resulting structure of carbon in a ferrite matrix is
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homogenous and has better mechanical properties than those of white-
heart irons. It has the best combination of machinability and strength
of any ferrous material and a lower cost than nodular cast iron.
However, it is not suitable for wear-resistant applications unless it is
surface treated. Long heat-treatment cycle times compared with fer-
ritic nodular cast iron are required.

Pearlitic blackheart malleable cast iron. Pearlitic blackheart malleable iron has
a pearlitic rather than ferritic matrix, which provides higher strength
but lower ductility than ferritic blackheart irons. It has good wear resis-
tance and the highest strength of malleable irons. It can be hardened,
and a wide range and combination of properties are possible by control
of matrix microstructure. However, it is difficult to weld and requires
longer heat-treatment cycle times compared with nodular cast iron.

Gray cast iron: Graphite flakes. Gray cast irons contain 2.0 to 4.5% car-
bon and 1 to 3% silicon. Their structure consists of branched and inter-
connected graphite flakes in a matrix of pearlite, ferrite, or a mixture
of the two. The graphite flakes form planes of weakness, and so
strength and toughness are inferior to those of structural steels. Gray
cast iron is used for many different types of parts in a very wide vari-
ety of machines and structures. The advantages and limitations of this
widely used cast iron are presented in Table 8.6.

Low-alloy gray cast iron enables casting formerly produced in unal-
loyed gray cast iron to be used in higher-duty applications without
redesign or need for costly materials. Alloy additions can cause
foundry problems with reuse of scrap. The increase in strength does
not bring a corresponding increase in fatigue strength. Cr, Mo, and V
are carbide stabilizers that improve strength and heat resistance but
impair machinability.

Nodular or ductile cast iron: Spherical graphite nodules. The mechanical
properties of gray irons can be greatly improved if the graphite shape
is modified to eliminate planes of weakness. Such modification is pos-
sible if molten iron, having a composition in the range 3.2 to 4.5% C
and 1.8 to 2.8% Si, is treated with magnesium or cerium additions
before casting. This produces castings with graphite in spheroidal
form instead of flakes, known as nodular, spheroidal graphite, or duc-
tile irons. Nodular irons are available with pearlite, ferrite, or pearlite-
ferrite matrixes that offer a combination of greater ductility and
higher tensile strength than gray cast irons.

Nodular iron castings are used for many structural applications, par-
ticularly those requiring strength and toughness combined with good
machinability and low cost. The automotive and agricultural industries
are the major users of ductile iron castings. Almost a million tons of duc-
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tile iron castings were produced in the in the United States in 1988.11

Because of its economic advantage and high reliability, ductile iron is
used for such critical automotive parts as crankshafts, front wheel spin-
dle supports, complex shapes of steering knuckles, disk brake calipers,
engine connecting rods, idler arms, wheel hubs, truck axles, suspension
system parts, power transmission yokes, high-temperature applications
for turbo housings and manifolds, and high-security valves for various
applications. Nodular cast iron can be rolled or spun to the desired
shape or coined to the exact dimension. The cast iron pipe industry is
another major user of ductile iron.

8.3.3 Weldability

The weldability of cast irons depends on their microstructure and
mechanical properties. For example, gray cast iron is inherently brit-
tle and often cannot withstand stresses set up by a cooling weld.
Because the lack of ductility is caused by the coarse graphite flakes,
the graphite clusters in malleable irons and the nodular graphite in
irons with spheroidal graphite give significantly higher ductility,
which improves the weldability. The weldability may be lessened by
the formation of hard and brittle microstructures in the HAZ, con-
sisting of iron carbides and martensite. Because nodular and mal-
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TABLE 8.6 Advantages and Limitations of Gray Cast Iron

Advantages

Most common type of cast iron.
Cheapest material for metal castings, especially for small quantity production.
Very easy to cast—much narrower solidification temperature range than steel.
Low shrinkage in mold due to formation of graphite flakes.
Good machinability, faster material removal rates, but poorer surface finish with 
ferritic matrix and vice versa for pearlitic matrix.

Graphite acts as a chip breaker and a tool lubricant.
Very high damping capacity.
No difference in notched and unnotched fatigue strength.
Good dry bearing qualities due to graphite.
After formation of protective scales, it resists corrosion in many common engineering 
environments.

Limitations

Brittle (low impact strength) due to sharp ends of graphite flakes; severely limits use 
for critical applications.

Graphite acts as a void and reduces strength.
Maximum recommended design stress is one-quarter of ultimate tensile strength.
Maximum fatigue loading limit is one-third of fatigue strength.
Changes in section size will cause variations in machining characteristics (due to 
variation in microstructure).

Higher-strength irons are more expensive to produce.
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leable irons are less likely to form martensite, they can be more read-
ily welded, particularly if the ferrite content is high. White cast iron
that is very hard and contains iron carbides normally cannot be
unwelded.12

Bronze welding is frequently employed to avoid cracking. Because
oxides and other impurities are not removed by melting, and mechan-
ical cleaning tends to smear the graphite across the surface, surfaces
must be thoroughly cleaned, for example, by means of a salt bath. The
potential problem of high-carbon weld metal deposits is avoided by
using a consumable nickel or nickel alloy that produces finely divided
graphite, lower porosity, and a readily machinable deposit. However,
nickel deposits that are high in sulfur and phosphorus from parent
metal dilution may result in solidification cracking.

The formation of hard and brittle HAZ structures makes cast irons
particularly prone to HAZ cracking during postweld cooling.
Preheating and slow postweld cooling reduces HAZ cracking risk.
Because preheating will slow the cooling rate both in weld deposit and
HAZ, martensitic formation is suppressed and the HAZ hardness is
somewhat reduced. Preheating can also dissipate shrinkage stresses
and reduce distortion, lessening the likelihood of weld cracking and
HAZ. Typical preheat temperatures are given in Table 8.7. Because
cracking may also result from unequal expansion, which is especially
likely during preheating of complex castings or when preheating is
localized on large components, preheat should always be applied grad-
ually. Also, the casting should always be allowed to cool slowly to avoid
thermal shock.

8.3.4 Corrosion resistance

Corrosion forms

Selective leaching. Graphitic corrosion is a selective leaching attack
observed in gray cast irons in relatively mild environments in which
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TABLE 8.7 Typical Preheat Levels for Welding Cast Irons

Preheat temperature, °C

Manual Metal Gas Gas 
Cast iron type metal arc inert gas (fusion) (powder)

Ferritic flake 300 300 600 300
Ferritic nodular RT-150 RT-150 600 200
Ferritic whiteheart malleable RT* RT* 600 200
Pearlitic flake 300–330 300–330 600 350
Pearlitic nodular 200–330 200–330 600 300
Pearlitic malleable 300–330 300–330 600 300

*RT 5 room temperature; 200°C if high C core is involved.
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selective leaching of iron leaves a structurally very poor graphite net-
work. Selective leaching of the iron takes place because the graphite is
cathodic to iron, and the gray iron structure establishes an excellent gal-
vanic cell. This form of corrosion generally occurs only when corrosion
rates are low. If the metal corrodes more rapidly, the entire surface,
including the graphite, is removed, and more or less uniform corrosion
occurs. Graphitic corrosion is observed only in gray cast irons. The lack
of graphite flakes, in both nodular and malleable irons, provides no net-
work to hold the corrosion products together.

Fretting corrosion. The relatively good resistance of cast irons to fretting
corrosion is influenced by such variables as lubrication, hardness vari-
ations between materials, the presence of gaskets, and coatings.

Pitting and crevice corrosion. The presence of chlorides and crevices or
other shielded areas presents conditions that are favorable to the pit-
ting and/or crevice corrosion of cast iron. Pitting has been reported in
such environments as dilute alkylaryl sulfonates, antimony trichloride
(SbCl3), and calm seawater. Alloying can influence the resistance of
cast irons to pitting and crevice corrosion. For example, in calm sea-
water, nickel additions reduce the susceptibility of cast irons to pitting
attack. High-silicon cast irons with chromium or molybdenum offer
enhanced resistance to pitting and crevice corrosion.

Intergranular corrosion. The only reference to intergranular attack in
cast irons involves ammonium nitrate (NH4NO3), in which unalloyed
cast irons are reported to be intergranularly attacked.

Erosion corrosion. Fluid flow by itself or in combination with solid par-
ticles can cause erosion corrosion attack in cast irons. Two methods are
known to enhance the erosion-corrosion resistance of cast irons. First,
the hardness of the cast irons can be increased through solid solution
hardening or phase transformation–induced hardness increases.

Second, better inherent corrosion resistant can also be used to
increase the erosion-corrosion resistance of cast irons. Austenitic
nickel cast irons can have hardness similar to unalloyed cast irons
but may exhibit better erosion resistance because of the improved
inherent resistance of nickel alloyed irons compared to unalloyed
irons.

Stress corrosion cracking. SCC is observed in cast irons under certain com-
binations of environment and stress, and under certain conditions, SCC
can be a serious problem. Because unalloyed cast irons are generally
similar to ordinary steels in resistance to corrosion, the same environ-
ments that cause SCC in steels are likely to cause problems in cast irons.
Environments that may cause SCC in unalloyed cast irons include11
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■ Sodium hydroxide (NaOH) solutions
■ NaOH-Na2SiO2 solutions
■ Calcium nitrate [Ca(NO3)2] solutions
■ NH4NO3 solutions
■ Sodium nitrate (NaNO3) solutions
■ Mercuric nitrate [Hg(NO3)2] solutions
■ Mixed acids (H2SO4-HNO3)
■ Hydrogen cyanide (HCN) solutions
■ Seawater
■ Acidic hydrogen sulfide (H2S) solutions
■ Molten sodium-lead alloys
■ Acid chloride solutions
■ Fuming H2SO4

Effect of alloying. Alloying elements can play a dominant role in the
susceptibility of cast irons to corrosion attack. Silicon is the most
important alloying element used to improve the corrosion resistance
of cast irons. Silicon is generally not considered an alloying element
in cast irons until levels exceed 3%. Silicon levels between 3 and 14%
offer some increase in corrosion resistance to the alloy, but above
about 14% Si, the corrosion resistance of the cast iron increases dra-
matically. Silicon levels up to 17% have been used to enhance the cor-
rosion resistance of the alloy further, but silicon levels over 16%
make the alloy extremely brittle and difficult to manufacture.
Alloying with silicon promotes the formation of strongly adherent
surface films in cast irons. Considerable time may be required to
establish these films fully on the castings. Consequently, in some ser-
vices, corrosion rates may be relatively high for the first few hours or
even days of exposure and then may decline to extremely low steady-
state rates for the rest of the time the parts are exposed to the cor-
rosive environment.

Nickel increases corrosion resistance by the formation of protective
oxide films on the surfaces of the castings. Up to 4% Ni is added in com-
bination with chromium to improve both strength and corrosion resis-
tance in cast iron alloys. The enhanced hardness and corrosion
resistance obtained is particularly important for improving the erosion-
corrosion resistance of the material. Nickel additions enhance the cor-
rosion resistance of cast irons to reducing acids and alkalies. Nickel
additions of 12% or greater are necessary to optimize the corrosion
resistance of cast irons.
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Chromium is frequently added alone and in combination with nickel
and/or silicon to increase the corrosion resistance of cast irons. As with
nickel, small additions of chromium are used to refine graphite and
matrix microstructures. These refinements enhance the corrosion
resistance of cast irons in seawater and weak acids. Chromium addi-
tions of 15 to 30% improve the corrosion resistance of cast irons to oxi-
dizing acids. Chromium increases the corrosion resistance of cast iron
by the formation of protective oxides on the surfaces of castings. The
oxides formed will resist oxidizing acids but will be of little benefit
under reducing conditions.

Copper is added to cast irons in special cases. Copper additions of
0.25 to 1% increase the resistance of cast iron to dilute acetic, sulfuric,
and hydrochloric (HCl) acids as well as acid mine water. Small addi-
tions of copper are also made to cast irons to enhance atmospheric cor-
rosion resistance. Additions of up to 10% are made to some high
nickel-chromium cast irons to increase corrosion resistance.

Classification based on corrosion resistance. Cast irons can also be
classified on the basis on their corrosion resistance, as in the following
section.11

Unalloyed gray, ductile, malleable, and white cast irons. Unalloyed gray, duc-
tile, malleable, and white cast irons represent the first and largest cat-
egory. All of these materials contain carbon and silicon of 3% or less
and no deliberate additions of nickel, chromium, copper, or molybde-
num. As a group, these materials exhibit corrosion resistance that
equals or slightly exceeds that of unalloyed steels, but they show the
highest rates of attack for cast irons. These materials are available in
a wide variety of configurations and alloys.

Low and moderately alloyed irons. Low and moderately alloyed irons con-
stitute the second major class. These irons contain the iron and silicon
of unalloyed cast irons plus up to several percentages of nickel, copper,
chromium, or molybdenum. As a group, these materials exhibit 2 to 3
times the service life of unalloyed cast irons.

High-nickel austenitic cast irons. High-nickel austenitic cast irons contain
large percentages of nickel and copper and are fairly resistant to acids.
When nickel levels exceed 18%, austenitic cast irons are nearly
immune to alkalies or caustics, although SCC can occur. High-nickel
cast irons can be nodularized to yield ductile irons.

High-chromium cast irons. High-chromium cast irons are basically white
cast irons alloyed with 12 to 30% Cr. Other alloying elements may also
be added to improve resistance to specific environments. When
chromium levels exceed 20%, high-chromium cast irons exhibit good
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resistance to oxidizing acids. High-chromium irons are not resistant to
reducing acids. They are used in saline solutions, organic acids, and
marine and industrial atmospheres. These materials display excellent
resistance to abrasions, and with proper alloying additions, they can
also resist combinations of abrasives and liquids, including some
dilute acid solutions.

High-silicon cast irons. The principal alloying element in high-silicon
cast irons is 12 to 18% Si, with more than 14.2% Si needed to develop
excellent corrosion resistance. Chromium and molybdenum are also
used in combination with silicon to develop corrosion resistance to spe-
cific environments. High-silicon cast irons represent the most univer-
sally corrosion-resistant alloys available at moderate cost. When
silicon levels exceed 14.2%, high-silicon cast irons exhibit excellent
resistance to most mineral and organic acids. These materials display
good resistance in oxidizing and reducing environments and are not
appreciably affected by concentration or temperature. Exceptions to
universal resistance are hydrofluoric acid (HF), fluoride salts, sul-
furous acid (H2SO3), sulfite compounds, strong alkalies, and alternat-
ing acid-alkali conditions.

The corrosion resistance of high-silicon cast iron is attributed to the
development of a thin passive barrier film of hydrated oxides of silicon
on the metal surface. This film develops with time due to the dissolu-
tion of iron from the metal matrix, which leaves behind silicon that
hydrates due to the presence of moisture. Any flaws in the barrier film
will reduce its effectiveness.

The passive hydrated silicon film bridges over and forms an imper-
vious barrier layer on a fine-grained high-silicon cast iron with spher-
oidal graphite areas much more readily than on a high-silicon cast
iron with coarse graphite flakes. Thus, a coarse-grained high-silicon
cast iron that contains graphite flakes is much more likely to have
structural defects and flaws in the passive film than a fine-grained
material with spheroidal graphite. Flaws in the passive film are sites
for film breakdown. Penetration of the corrosive medium below the
film results in localized areas of corrosion and preferential current
flow due to lower resistance at graphite flakes, and so on, than on the
hydrated silicon film.

Thus, due to the fine grain size with spheroidal graphite and more
uniform composition, chill-cast high-silicon cast iron would be expected
to have better corrosion resistance than a sand-cast high-silicon cast
iron. The shape of the graphite present in an alloy affects the mechan-
ical properties of the material. Flake graphite acts as a severe stress
raiser, but the spheroidal graphite does not. A classic example of this
effect is the difference between gray cast iron and ductile iron.
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8.4 Copper Alloys

8.4.1 Introduction

Copper occurs naturally with elements such as lead, nickel, silver, and
zinc. It is widely used in industry both as a pure metal and as an alloy-
ing material. The copper industry is composed of two segments: pro-
ducers (mining, smelting, and refining industries) and fabricators
(wire mills, brass mills, foundries, and powder plants). The end prod-
ucts of copper producers, the most important of which are refined cath-
ode copper and wire rod, are sold almost entirely to copper fabricators.
The end products of copper fabricators can be generally described as
mill and foundry products, and they consist of wire and cable, sheet,
strip, plate, rod, bar, mechanical wire, tubing, forgings, extrusions,
castings, and powder metallurgy shapes. These products are sold to a
wide variety of industrial users.

Mining companies remove vast quantities of low-grade material
from open-pit mines to extract copper from the crust of the earth.
Approximately 2 tons of overburden must be removed to extract 1 ton
of copper. Copper ore is normally crushed, ground, and concentrated,
usually by flotation, to produce a beneficiated ore containing about
25% copper. The ore concentrates are then reduced to the metallic
state, most often by pyrometallurgical process. The concentrated ore is
processed by oxygen/flash smelting to produce a copper sulfide-iron
sulfide matte containing up to 60% copper. Sulfuric acid is manufac-
tured from the sulfur dioxide contained in the gases given off and is an
important coproduct of copper smelting. The matte is oxidized in a con-
verter to transform the iron sulfides to iron oxides, which separate out
in a slag, and to reduce the copper sulfide to blister copper, which con-
tains at least 98.5% copper. Fire refining of blister copper then
removes most of the oxygen and other impurities, leaving a product
99.5% pure, which is cast into anodes. Finally most anode copper is
electrolytically refined, usually to a purity of at least 99.95%.

Table 8.8 describes briefly some of the advantages and limitations of
copper and its alloys. Copper-based alloys are usually classified in terms
of one of the main alloying elements. Two main categories of copper
alloys are brass and bronze. Brasses are essentially copper-zinc alloys to
which other elements may be added. True bronzes are copper-tin alloys.

The Unified Numbering System (UNS) is the accepted alloy designa-
tion system in North America for wrought and cast copper and copper
alloy products.13 The three-digit system developed by the U.S. copper
and brass industry was expanded to five digits following the prefix let-
ter C and made part of the UNS for metals and alloys. UNS designa-
tions are simply expansions of the former designations. For example,
Copper Alloy No. 377 (forging brass) in the original three-digit system
became C37700 in the UNS system. The UNS is managed jointly by the
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American Society for Testing and Materials (ASTM) and the Society of
Automotive Engineers (SAE).

The designation system is administered by the Copper Development
Association (CDA). New designations are assigned as new coppers and
copper alloys come into commercial use, and designations are discon-
tinued when an alloy composition ceases to be used commercially. The
standard designation composition limits do not preclude the possible
presence of other unnamed elements. However, analysis will regularly
be made only for the minor elements listed in the table, plus either
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TABLE 8.8 Advantages and Limitations of Copper and Its Alloys

Advantages Limitations

High conductivity of electrical grades High cost relative to other common 
superior to all other metals except silver metals.
on a volume basis and aluminum on 
weight basis.

High thermal conductivity. Conductivity reduced by small quantities
of other elements.

Excellent ductility permits easy working. High casting temperatures of the metal
and its alloys.

Wide range of copper-base alloys, most High-temperature properties of the 
types having good ductility and metal impose limitations on its use.
malleability in the annealed condition 
and being particularly appropriate for 
tube forming, hot forming, spinning, 
deep drawing, etc.

Mechanical properties of copper strength, . The “gasing” reaction of copper with 
creep resistance, and fatigue performance oxygen requires precautions when 
are improved by alloying (but conductivity temperatures exceed 700°C.
is impaired)

Good corrosion resistance to potable Toxic; therefore must not be used in 
water and to atmospheric and marine contact with foodstuff (e.g., food 
environments; can be further processing plant).
improved by alloying.

Useful biocidal properties of the metal Some alloys are prone to stress  
and salts. corrosion and other forms of attack

(e.g., dezincification of brasses).

Wide range of alloys with special 
properties (e.g., very high damping 
capacity).

Mechanical and electrical properties 
retained at cryogenic temperatures.

Weldability of alloys good by 
appropriate process.

Nonmagnetic, except some Cu-Ni alloys.
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copper or zinc or plus all major elements except one. The major ele-
ment that is not analyzed is determined by the difference between the
sum of those elements analyzed and 100%. New designations are
assigned if a copper or copper alloy meets three criteria:

1. The complete chemical composition is disclosed.

2. The copper or copper alloy is in commercial use or is proposed for
commercial use.

3. The composition does not fall within the limits of any designated
composition already in the list.

In the designation system, numbers from C10000 through C79999
denote wrought alloys. Cast alloys are numbered from C80000
through C99999. Within these two categories, the compositions are
grouped into the following coppers and copper alloys. More detailed
families are described in Tables 8.9 and 8.10 for wrought and cast
alloys. Detailed compositions of individual alloys can be found in App.
E.14 The main trade names associated with some of these copper alloys
are given in Table 8.11.

■ Coppers. Metals with a designated minimum copper content of
99.3% or higher.

■ Brasses. These alloys contain zinc as the principal alloying element
with or without other designated alloying elements such as iron, alu-
minum, nickel, and silicon. The wrought alloys comprise three main
families of brasses. The cast alloys comprise five main families of
brasses. Ingot for remelting for the manufacture of castings may
vary slightly from the ranges shown.

■ Bronzes. Broadly speaking, bronzes are copper alloys in which the
major alloying element is not zinc or nickel. Originally bronze
described alloys with tin as the only or principal alloying element.
Today, the term is generally used with a modifying adjective.
Bronzes are unquestionably one of the most versatile classes of cor-
rosion- and wear-resistant materials, offering a broad range of prop-
erties from a wide selection of alloys and compositions.

■ Copper-nickels. These are alloys with nickel as the principal alloy-
ing element, with or without other elements designated commonly
as “nickel silvers” (i.e., alloys containing zinc and nickel as the prin-
cipal and secondary alloying elements).

■ Leaded coppers. These comprise a series of cast alloys of copper
with 20% or more lead, sometimes with a small amount of silver but
without tin or zinc.

■ Special alloys. Alloys whose chemical compositions do not fall into
any of the above categories are combined in “special alloys.”
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TABLE 8.9 Generic Classification of Wrought Copper Alloys

UNS Number Composition

Coppers
Coppers C10100-C15760 � 99% Cu
High-copper alloys C16200-C19600 � 96% Cu

Brasses
Brasses C20500-28580 Cu-Zn
Leaded brasses C31200-C38590 Cu-Zn-Pb
Tin brasses C40400-C49080 Cu-Zn-Sn-Pb

Bronzes
Phosphor bronzes C50100-C52400 Cu-Sn-P
Leaded phosphor bronzes C53200-C54800 Cu-Sn-Pb-P
Copper-phosphorus and copper-silver- C55180-CS5284 Cu-P-Ag

phosphorus alloys
Aluminum bronzes C60600-C64400 Cu-Al-Ni-Fe-Si-Sn
Silicon bronzes C64700-C66100 Cu-Si-Sn

Others
Other copper-zinc alloys C66400-C69900
Copper-nickels C70000-C72950 Cu-Ni-Fe
Nickel silvers C73200-C79900 Cu-Ni-Zn

TABLE 8.10 Generic Classification of Cast Copper Alloys

UNS Number Composition

Coppers
Coppers C80100-C81100 � 99% Cu
High-copper alloys C81300-C82800 � 94% Cu

Brasses and Bronzes
Red and leaded red brasses C83300-C85800 Cu-Zn-Sn-Pb 

(75-89% Cu)
Yellow and leaded yellow brasses C85200-C85800 Cu-Zn-Sn-Pb 

(57-74% Cu)
Manganese and leaded manganese C86100-C86800 Cu-Zn-Mn-Fe-Pb
bronzes

Silicon bronzes, silicon brasses C87300-C87900 Cu-Zn-Si
Tin bronzes and leaded tin bronzes C90200-C94500 Cu-Sn-Zn-Pb
Nickel-tin bronzes C94700-C94900 Cu-Ni-Sn-Zn-Pb
Aluminum bronzes C95200-C95810 Cu-Al-Fe-Ni

Others
Copper-nickels C96200-C96800 Cu-Ni-Fe
Nickel silvers C97300-C97800 Cu-Ni-Zn-Pb-Sn
Leaded coppers C98200-C98800 Cu-Pb
Miscellaneous alloys C99300-C99750
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TABLE 8.11 Trade Names Associated with Some Commonly Used Copper Alloys

Alloy Trade name Alloy Trade name

Coppers
C10100 Oxygen-free, electronic 

(OFE)
C10200 Oxygen-free (OF)
C10300 OFXLP
C10400 Oxygen-free with Ag 

(OFS)
C10500 OFS
C10700 OFS
C10800 OFLP
C11000 Electrolytic, tough 

pitch (ETP)
C11010 Remelted high conductivity

(RHC)
C11020 Fire-refined high conductivity 

(FRHC)
C11030 Chemically refined tough 

pitch (CRTP)
C11100 Electrolytic tough pitch, 

anneal resistant
C11300 Tough pitch with Ag (STP)
C11400 STP
C11500 STP
C11600 STP
C12200 Phosphorus-deoxidized, high- 

residual phosphorus (DHP)
C12900 Fire-refined tough pitch 

with Ag (FRSTP)
C14200 Phosphorus-deoxidized, 

arsenical (DPA)
C14300 Cadmium copper, deoxidized
C14500 Tellurium-bearing
C14510 Tellurium-bearing
C14520 Phosphorus-deoxidized, 

tellurium-bearing (DPTE)
C14700 Sulfur-bearing
C15000 Zirconium copper

High coppers
C16200 Cadmium copper
C17000 Beryllium copper
C17200 Beryllium copper
C17500 Beryllium copper
C18200 Chromium copper
C18400 Chromium copper

Brasses
C21000 Gilding, 95%
C22000 Commercial bronze, 90%
C22600 Jewelry bronze, 87.5%
C23000 Red brass, 85%
C24000 Low brass, 80%
C26000 Cartridge brass, 70%
C26800 Yellow brass, 66%
C27000 Yellow brass, 65%
C27400 Yellow brass, 63%
C28000 Muntz metal, 60%
C31400 Leaded commercial bronze
C31600 Leaded commercial 

bronze (nickel-bearing)

Brasses 
(Cont.)

C32000 Leaded red brass
C33000 Low-leaded brass (tube)
C33200 High-leaded brass (tube)
C33500 Low-leaded brass
C34000 Medium-leaded brass, 64.5%
C34200 High-leaded brass, 64.5%
C35000 Medium-leaded brass, 62%
C35300 High-leaded brass, 62%
C35600 Extra-high-leaded brass
C36000 Free-cutting brass
C36500 Leaded muntz metal, 

uninhibited
C37000 Free-cutting muntz metal
C37700 Forging brass
C38500 Architectural bronze
C44300 Admiralty, arsenical
C44400 Admiralty, antimonial
C44500 Admiralty, phosphorized
C46200 Naval brass, 63.5%
C46400 Naval brass, uninhibited
C46500 Naval brass, arsenical
C47000 Naval brass welding and 

brazing rod
C48200 Naval brass, medium leaded
C48500 Naval brass, high leaded

Bronzes
C50500 Phosphor bronze, 1.25% E
C51000 Phosphor bronze, 5% A
C51800 Phosphor bronze
C52100 Phosphor bronze, 8% C
C52400 Phosphor bronze, 10% D
C53400 Phosphor bronze B-1
C54400 Phosphor bronze B-2
C65100 Low-silicon bronze B
C65500 High-silicon bronze A
C66700 Manganese brass
C67000 Manganese bronze B
C67500 Manganese bronze A
C68000 Bronze, low fuming (nickel)
C68100 Bronze, low fuming
C68700 Aluminum brass, arsenical
C69400 Silicon red brass

Copper-Nickel alloys
C70400 Copper-nickel, 5%
C70500 Copper-nickel, 7%
C70600 Copper-nickel, 10%
C70800 Copper-nickel, 11%
C71000 Copper-nickel, 20%
C71500 Copper-nickel, 30%

Nickel-Silvers
C74500 Nickel silver, 65-10
C75200 Nickel silver, 65-18
C75400 Nickel silver, 65-15
C75700 Nickel silver, 65-12
C76700 Nickel silver, 56.5-15
C77000 Nickel silver, 55-18
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8.4.2 Weldability

In terms of weldability, copper alloys have a wide spectrum of weld-
ing characteristics. Copper, because of its high thermal conductivity,
needs substantial preheat to counteract its very high heat sink.
However, some of the alloys that have a thermal conductivity similar
to low-carbon steel, such as cupro-nickel alloys, can normally be
fusion welded without a preheat.

Coppers. Tough pitch copper contains stringers of copper oxide 
(� 0.1% oxygen as Cu2O), which does not impair the mechanical prop-
erties of wrought material and has high electrical conductivity. Oxygen-
free and phosphorus deoxidized copper are more easily welded. TIG
and MIG are the preferred welding processes, but oxyacetylene and
MMA welding can be used in the repair of tough pitch copper compo-
nents. To counteract the high thermal conductivity, helium- and
nitrogen-based gases, which have higher arc voltages, can be used as
an alternative to argon.15

High copper alloys. Low alloying additions of sulfur or tellurium can
made to improve machining. However, these grades are normally con-
sidered to be unweldable. Small additions of chromium, zirconium, or
beryllium will produce precipitation hardened alloys that, on heat
treatment, have superior mechanical properties. Chromium and beryl-
lium copper may suffer from HAZ cracking unless they are heat treated
before welding. When welding beryllium copper, care should be taken
to avoid inhaling the welding fumes.

Brasses and nickel silvers. When considering weldability, brasses can
be conveniently separated into two groups, low zinc (up to 20% Zn) and
high zinc (30 to 40% Zn). Nickel silvers contain 20 to 45% zinc and nickel
to improve strength. The main problem in fusion welding these alloys
is the volatilization of the zinc, which results in white fumes of zinc
oxide and weld metal porosity. Only low-zinc brasses are normally con-
sidered suitable for fusion welding using the TIG and MIG processes.

TIG and MIG processes are used with argon or an argon-helium mix-
ture but not nitrogen. A preheat is normally used for low zinc (� 20% Zn)
to avoid fusion defects because of the high thermal conductivity.
Although preheat is not needed in higher zinc content alloys, slow cool-
ing reduces cracking risk. Postweld heat treatment also helps reduce the
risk of stress corrosion cracking in areas where there is high restraint.

Bronzes. Tin bronzes can contain between 1 and 10% tin. Phosphor
bronze contains up to 0.4% phosphorus. Gunmetal is essentially a tin
bronze with up to 5% zinc and may additionally have up to 5% lead.
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Silicon bronze typically contains 3% silicon and 1% manganese and is
probably the easiest of the bronzes to weld.

Bronzes are generally considered to be weldable, apart from phos-
phor bronze and leaded gunmetal, and a matching filler composition is
normally employed. Autogenous welding of phosphor bronzes is not
recommended due to porosity, but the risk can be reduced by using a
filler wire with a higher level of deoxidants. Gunmetal is not consid-
ered weldable due to hot cracking in the weld metal and HAZ.15

There are essentially two types of aluminum bronzes: single-phase
alloys containing between 5 and 10% aluminum, with a small amount
of iron or nickel, and more complex, two-phase alloys containing up to
12% aluminum and about 5% of iron with specific alloys also containing
nickel and manganese and silicon. Gas-shielded welding processes are
preferred for welding this group of alloys. In TIG welding, the presence
of a tenacious, refractory oxide film requires ac (argon) or dc with a heli-
um shielding gas. Because of its low thermal conductivity, a preheat is
not normally required except when welding thick-section components.

Rigorous cleaning of the material surface is essential, both before
and after each run, to avoid porosity. Single-phase alloys can be sus-
ceptible to weld metal cracking, and HAZ cracking can occur under
highly restrained conditions. It is often necessary to use matching
filler metals to maintain corrosion resistance, but a nonmatching, two-
phase filler will reduce the cracking risk. Two-phase alloys are more
easily welded. For both types, preheat and interpass temperatures
should be restricted to prevent cracking. Table 8.12 gives a brief
description of the uses made of some of these alloys.16

Copper-nickel alloys. Cupro-nickel alloys contain between 5 and 30%
nickel, with specific alloys having additions of iron and manganese;
90/10 and 70/30 (Cu/Ni) alloys are commonly welded grades. These
alloys are single phase and are generally considered to be readily weld-
able using inert gas processes and, to a lesser extent, MMA. A match-
ing filler is normally used, but 70/30 (C18) is often regarded as a
universal filler for these alloys. Because the thermal conductivity of
cupro-nickel alloys is similar to low-carbon steels, preheating is not
required.15

These alloys do not contain deoxidants; therefore, autogenous weld-
ing is not recommended because of porosity. Filler metal compositions
typically contain 0.2 to 0.5% titanium to prevent weld metal porosity.
Argon shielding gas is normally used for both TIG and MIG, but in TIG
welding, an argon-H2 mixture, with an appropriate filler, improves
weld pool fluidity and produces a cleaner weld bead. Gas backing (usu-
ally argon) is recommended, especially in pipe welding, to produce an
oxide-free underbead.
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TABLE 8.12 Properties and Uses of Main Bronze Bearing Materials

Manganese bronzes: C86300, C86400

Manganese bronzes are modifications of the Muntz metal-type alloys (60% copper 40%
zinc brasses) containing small additions of manganese, iron, and aluminum, plus lead
for lubricity, antiseizing, and embeddibility. Like the aluminum bronzes, they combine
very high strength with excellent corrosion resistance. Manganese bronze bearings can
operate at high speeds under heavy loads but require high shaft hardness and
nonabrasive operating conditions.

Tin bronzes: C90300, C90500, C90700

The principal function of tin in these bronzes is to strengthen the alloys. (Zinc also adds
strength, but more than about 4% zinc reduces the antifrictional properties of the
bearings alloy.) The tin bronzes are strong and hard and have very high ductility. This
combination of properties gives them a high load-carrying capacity, good wear
resistance, and the ability to withstand pounding. The alloys are noted for their
corrosion resistance in seawater and brines.

The tin bronzes’ hardness inhibits them from conforming easily to rough or
misaligned shafts. Similarly, they do not embed dirt particles well and therefore must
be used with clean, reliable lubrication systems. They require a shaft hardness
between 300 and 400 BHN. Tin bronzes operate better with grease lubrication than
other bronzes. They are also well suited to boundary-film operation because of their
ability to form polar compounds with small traces of lubricant. Differences in
mechanical properties among the tin bronzes are not great. Some contain zinc as a
strengthener in partial replacement for more expensive tin.

Leaded tin bronzes: C92200, C92300, C92700

Some tin bronzes contain small amounts of lead. In this group of alloys, lead’s main
function is to improve machinability. It is not present in sufficient concentration to
change the alloys’ bearing properties appreciably. A few of the leaded bronzes also
contain zinc, which strengthens the alloys at a lower cost than tin. The leaded bronzes
in this family otherwise have properties and application that are similar to the tin
bronzes.

High-leaded tin bronzes: C93200, C93400, C93500, C93700, C93800, C94300

The family of high-leaded tin bronzes include the workhorses of the bearing bronze
alloys. Alloy C3200 has a wider range of applicability and is more often specified than
all other bearing materials. It and the other high-leaded tin bronzes are used for
general utility applications under medium loads and speeds (i.e., those conditions that
constitute the bulk of bearing uses). Strengths and hardnesses are somewhat lower
than those of the tin bronzes, but this group of leaded alloys excels in its antifriction
and machining properties.

Alloy C93200 utilizes a combination of tin and zinc for cost-effective strengthening,
whereas C93700 relies solely on tin to obtain the same strength level. In addition to its
good strength, C93700 is known for its corrosion resistance to mildly acidic mine
waters and to mineral waters and paper mill sulfite liquors. Wear resistance is good at
high speeds and under high-load, shock, and vibration conditions. The alloy has fair
casting properties, something to be considered when large or complex bearing shapes
must be produced. Alloy C93700 contains enough lead to permit use under doubtful or
interruptible lubrication, but it must be used with hardened shafts. The lead addition
makes these alloys easy to machine. High strength is sacrificed for superior lubricity in
the bronzes containing 15 and 25% lead (C93800 and C94300).
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8.4.3 Corrosion resistance

The resistance of all grades of copper to atmospheric corrosion is good,
hence their wide usage for roofing and for contact with most waters. The
metal develops adherent protective coatings, initially of oxide, but sub-
sequently thickening to give a familiar green patina on roofs and the
dark brownish color of bronze statuary. Because copper is largely unaf-
fected by potable water, its is widely used for tubes carrying domestic
and industrial water. In the following broad classifications, copper and
copper alloys have demonstrated superior corrosion performance:17

■ Atmospheric exposure such as roofing and other architectural appli-
cations

■ Plumbing systems, with superior corrosion resistance to both
potable waters and soils

■ Marine applications involving supply lines, heat exchangers, and
hardware where resistance to seawater and biofouling are mandatory

■ Industrial and chemical plant process equipment involving exposure
to a wide variety of organic and inorganic chemicals

630 Chapter Eight

TABLE 8.12 Properties and Uses of Main Bronze Bearing Materials (Continued )

As in all leaded bronzes the lead is present as discrete microscopic particles. In alloys
C93800 and C94300 there is ample lead available to smear onto the journal to prevent
welding and seizing, should the lubricant supply be interrupted. The lead also provides
excellent machinability.

Because of their comparatively lower strength and somewhat reduced ductility,
alloys C93800 and C94300 should not be specified for use under high loads or in
applications where impacts can be anticipated. They operate best at moderate loads
and high speeds, especially where lubrication may be unreliable. They conform well
and are very tolerant of dirty operating conditions, properties which have found them
extensive use in off-highway, earthmoving, and heavy industrial equipment.

Aluminum bronzes: C95300, C95400, C95500, C95510

The aluminum bronzes are the strongest and most complex of the copper-based bearing
alloys. Their aluminum content provides most of their high strength and makes them
the only bearing bronzes capable of being heat treated. Their high strength, up to 470
MPa yield strength and 820 MPa tensile strength, permits them to be used at unit loads
up to 50 percent higher than those for leaded tin bronze alloy C93200. Because of their
high strength, however, they have fairly low ductility and do not conform or embed well.
They consequently require shafts hardened to 550 to 600 BHN. Surfaces must also be
extremely smooth, with both shaft and bearing finished to 1520 �m in RMS.

Careful attention should be given to lubricant cleanliness and reliability, the latter
because these alloys do not have the antiseizing properties typical of the leaded and tin
bearing bronzes. On the other hand, the aluminum bronzes have excellent corrosion
resistance and are ideally suited for such applications as marine propellers and pump
impellers. The aluminum bronzes also have superior elevated temperature strength.
These bronzes are the only conventional bearing materials able to operate at
temperatures exceeding 260°C.

0765162_Ch08_Roberge  9/1/99 6:01  Page 630



Brasses are the most numerous and the most widely used of the
copper alloys because of their low cost, easy or inexpensive fabrication
and machining, and relative resistance to aggressive environments.
They are, however, generally inferior in strength to bronzes and must
not be used in environments that cause dezincification. In these
alloys, zinc is added to copper in amounts ranging from about 5 to
45%. As a general rule, corrosion resistance decreases as zinc content
increases. It is customary to distinguish between those alloys con-
taining less than 15% zinc (better corrosion resistance) and those with
higher amounts. The main problems with the higher zinc alloys are
dezincification and SCC. In dezincification, a porous layer of zinc-free
material is formed locally or in layers on the surface. Dezincification
in the high-zinc alloys can occur in a wide variety of acid, neutral, and
alkaline media.18

Dezincification can be avoided by maintaining the zinc content
below about 15%, and can be minimized by adding 1% tin such as in
admiralty (C44300) and naval brass (C46400). Adding less than 0.1%
of arsenic, antimony, or phosphorus gives further protection, provided
the brass has the single 	-phase structure. SCC occurs readily in the
high-zinc brasses in the presence of moisture and ammonia. Again, a
decrease in the zinc content to less than 15% is beneficial. Brasses con-
taining less than 15% zinc can be used to handle many acid, alkaline,
and salt solutions, provided

1. There is a minimum of aeration.

2. Oxidizing materials, such as nitric acid and dichromates, and com-
plexing agents, such as ammonia and cyanides, are absent.

3. There are no elements or compounds that react directly with copper
such as sulfur, hydrogen sulfide, mercury, silver salts, or acetylene.

Table 8.13 presents corrosion-resistance ratings for some coppers
(C11000, C12200), brasses (C22000, C23000, C26000, 28000), leaded
brasses (C36000, C38500), and tin brasses (C42000, C44300, C44500,
C46400) in different chemical environments. Table 8.14 presents cor-
rosion ratings for some phosphor-bronzes (C51000, C52100), alu-
minum-bronzes (C61300, C62700, C63700, C64200), silicon-bronzes
(C65100, C65500), copper-nickel alloys (C70600, C71500), aluminum
brass (C68700), and one nickel-silver alloy (C75200).19

Atmospheric exposure. Copper and copper alloys perform well in indus-
trial, marine, and rural atmospheres except in atmospheres containing
ammonia, which have been observed to cause SCC in brasses contain-
ing over 20% zinc. Alloy C11000 (ETP copper) is the most widely used,

Materials Selection 631
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TABLE 8.13 Corrosion-Resistance Ratings* for Coppers (C11000, C12200), Brasses (C22000, C23000, C26000, 28000), Leaded Brasses
(C36000, C38500), and Tin Brasses (C42000, C44300, C44500, C46400) in Different Chemical Environments

Environment/alloy 11000 12200 22000 23000 26000 28000 36000 38500 42000 44300 46400

Alkalies
Aluminum hydroxide E E E E E E E E NA E E
Ammonium hydroxide P P P P P P P P NA P P
Barium carbonate E E E E E E E E NA E E
Barium hydroxide E E E E VG VG VG VG NA E VG
Black liquor-sulfate process G G G G P P P P NA P P
Calcium hydroxide E E E E VG VG VG VG NA E VG
Lime E E E E E E E E NA E E
Lime-sulfur G G G G VG VG VG VG NA VG VG
Magnesium hydroxide E E E E E E E E NA E E
Potassium carbonate E E E E VG VG VG VG NA E VG
Potassium hydroxide VG VG VG VG G G G G NA VG G
Sodium bicarbonate VG VG VG VG G G G G NA VG G
Sodium carbonate E E E E VG VG VG VG NA E VG
Sodium hydroxide VG VG VG VG G G G G NA VG G
Sodium phosphate E E E E VG VG VG VG E VG
Sodium silicate E E E E VG VG VG VG NA E VG
Sodium sulfide G G G G VG VG VG VG NA VG VG

Atmosphere
Industrial E E E E VG VG VG VG NA E VG
Marine E E E E VG VG VG VG NA E VG
Rural E E E E E E E E NA E E

Chlorinated organics
Carbon tetrachloride, dry E E E E E E E E NA E E
Carbon tetrachloride, moist VG VG VG VG P P P P NA VG P
Chloroform, dry E E E E E E E E NA E E
Ethyl chloride VG VG VG VG G G G G NA VG G
Methyl chloride, dry E E E E E E E E NA E E
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Trichlorethylene, dry E E E E E E E E NA E E
Trichlorethylene, moist VG VG VG VG G G G G NA VG G

Fatty acid
Oleic acid E E E E G G G G NA E G
Palmitic acid VG VG VG VG G G G G NA VG G
Stearic acid VG VG VG VG G G G G NA VG G

Food/beverage
Beer E E E E VG VG VG VG NA E VG
Beet sugar syrups E E E E VG VG VG VG NA E VG
Cane sugar syrups E E E E VG VG VG VG NA E VG
Carbonated beverages VG VG VG VG G G G G NA VG G
Carbonated water VG VG VG VG G G G G NA VG G
Cider E E E E G G G G NA E G
Coffee E E E E E E E E NA E E
Corn oil E E E E VG VG VG VG NA E VG
Cottonseed oil E E E E VG VG VG VG NA E VG
Fruit juices VG VG VG VG P P P P NA G P
Gelatine E E E E E E E E NA E E
Milk E E E E VG VG VG VG NA E VG
Sugar solutions E E E E VG VG VG VG NA E VG
Vinegar VG VG VG VG P P P P NA G P

Gases
Ammonia, absolutely dry E E E E E E E E NA E E
Ammonia, moist P P P P P P P P NA P P
Carbon dioxide, dry E E E E E E E E NA E E
Carbon dioxide, moist VG VG VG VG G G G G NA VG G
Hydrogen E E E E E E E E NA E E
Nitrogen E E E E E E E E NA E E
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TABLE 8.13 Corrosion-Resistance Ratings* for Coppers (C11000, C12200), Brasses (C22000, C23000, C26000, 28000), Leaded Brasses
(C36000, C38500), and Tin Brasses (C42000, C44300, C44500, C46400) in Different Chemical Environments (Continued)

Environment/alloy 11000 12200 22000 23000 26000 28000 36000 38500 42000 44300 46400

Oxygen E E E E E E E E NA E E
Bromine, dry E E E E E E E E NA E E
Bromine, moist VG VG VG VG P P P P NA G P
Chlorine, dry E E E E E E E E NA E E
Chlorine, moist G G G G P P P P NA G P

Hydrocarbons
Acetylene P P P P P E E E NA P E
Asphalt E E E E E E E E NA E E
Benzene E E E E E E E E NA E E
Benzol E E E E E E E E NA E E
Butane E E E E E E E E NA E E
Creosote E E E E VG VG VG VG NA E VG
Crude oil VG VG VG VG G G G G NA VG G
Freon, dry E E E E E E E E NA E E
Fuel oil, light E E E E VG VG VG VG NA E VG
Gasoline E E E E E E E E NA E E
Hydrocarbons, pure E E E E E E E E NA E E
Kerosene E E E E E E E E NA E E
Natural gas VG VG E E E E E E NA E E
Paraffin E E E E E E E E NA E E
Propane E E E E E E E E NA E E
Tar NA NA NA NA NA NA NA NA NA NA NA
Turpentine E E E E VG VG VG VG NA E VG

Inorganic acids
Boric acid E E E E VG VG VG VG NA E VG
Carbolic acid VG VG VG VG VG VG VG VG NA VG VG
Hydrobromic acid G G G G P P P P NA G P
Hydrochloric acid G G G G P P P P NA G P
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Hydrocyanic acid, dry P P P P P P P P NA P P
Hydrofluosilicic acid, VG VG VG VG P P P P NA VG P
anhydrous

Phosphoric acid VG VG VG VG P P P P NA G P
Sulfuric acid, 80–95% VG VG VG VG P P P P NA G P
Chromic acid P P P P P P P P NA P P
Nitric acid P P P P P P P P NA P P
Sulfurous acid VG VG VG VG P P P P NA VG P

Liquid metal
Mercury P P P P P P P P NA P P

Miscellaneous
Glue E E E E VG VG VG VG NA E VG
Linseed oil VG VG VG VG VG VG VG VG NA VG VG
Rosin E E E E E E E E NA E E
Sewage E E E E G G G G NA E VG
Soap solutions E E E E VG VG VG VG NA E VG
Varnish E E E E E E E E NA E E

Neutral/acid salts
Alum VG VG VG VG P P P P NA VG P
Alumina E E E E E E E E NA E E
Aluminum chloride VG VG VG VG P P P P NA G P
Aluminum sulfate VG VG VG VG P P P P NA VG P
Ammonium chloride P P P P P P P P NA P P
Ammonium sulfate G G G G P P P P NA P P
Barium chloride VG VG VG VG P P P P NA G P
Barium sulfate E E E E E E E E NA E E
Barium sulfide G G G G VG VG VG VG NA VG VG
Calcium chloride VG VG VG VG P P P P NA VG G
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TABLE 8.13 Corrosion-Resistance Ratings* for Coppers (C11000, C12200), Brasses (C22000, C23000, C26000, 28000), Leaded Brasses
(C36000, C38500), and Tin Brasses (C42000, C44300, C44500, C46400) in Different Chemical Environments (Continued)

Environment/alloy 11000 12200 22000 23000 26000 28000 36000 38500 42000 44300 46400

Carbon disulfide VG VG VG VG E E E E NA E E
Magnesium chloride VG VG VG VG P P P P NA G P
Magnesium sulfate E E E E G G G G NA E G
Potassium chloride VG VG VG VG P P P P NA VG G
Potassium cyanide P P P P P P P P NA P P
Potassium dichromate acid P P P P P P P P NA P P
Potassium sulfate E E E E VG VG VG VG NA E VG
Sodium bisulfate VG VG VG VG P P P P NA VG G
Sodium chloride VG VG VG VG P P P P NA VG G
Sodium cyanide P P P P P P P P NA P P
Sodium dichromate, acid P P P P P P P P NA P P
Sodium sulfate E E E E VG VG VG VG NA E VG
Sodium sulfite VG VG VG VG P P P P NA VG P
Sodium thiosulfate G G G G VG VG VG VG NA VG VG
Zinc chloride G G G G P P P P NA G P
Zinc sulfate VG VG VG VG P P P P NA VG P

Organic acids
Acetic acid VG VG VG VG P P P P NA G P
Acetic anhydride VG VG VG VG P P P P NA G P
Benzoic acid E E E E VG VG VG VG NA E VG
Butyric acid E E E E G G G G NA E G
Chloracetic acid VG VG VG VG P P P P NA G P
Citric acid E E E E G G G G NA E G
Formic acid E E E E G G G G NA E G
Lactic acid E E E E G G G G NA E G
Oxalic acid E E E E G G G G NA E G
Tannic acid E E E E VG VG VG VG NA E VG
Tartaric acid E E E E G G G G NA E G
Trichloracetic acid VG VG VG VG P P P P NA G P
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Organic compounds
Aniline G G G G G G G G NA G G
Aniline dyes G G G G G G G G NA G G
Castor oil E E E E E E E E NA E E
Ethylene glycol E E E E VG VG VG VG NA E VG
Formaldehyde (aldehydes) E E E E G G G G NA E G
Furfural E E E E G G G G NA E G
Glucose E E E E E E E E NA E E
Glycerine E E E E E E E E NA E E
Lacquers E E E E E E E E NA E E

Organic solvents
Acetone E E E E E E E E NA E E
Alcohols E E E E E E E E NA E E
Amyl acetate E E E E VG VG VG VG E VG
Amyl alcohol E E E E E E E E E E
Butyl alcohol E E E E E E E E NA E E
Ethers E E E E E E E E NA E E
Ethyl acetate E E E E VG VG VG VG E VG
Ethyl alcohol E E E E E E E E NA E E
Lacquer solvents E E E E E E E E NA E E
Methyl alcohol E E E E E E E E E E
Toluene E E E E E E E E NA E E

Oxidizing salts
Ammonium nitrate P P P P P P P P NA P P
Bleaching powder, wet VG VG VG VG P P P P NA VG P
Borax E E E E E E E E NA E E
Bordeaux mixture E E E E VG VG VG VG NA E VG
Calcium bisulfite VG VG VG VG P P P P NA VG P

0
7
6
5
1
6
2
_
C
h
0
8
_
R
o
b
e
r
g
e
 
 
9
/
1
/
9
9
 
6
:
0
1
 
 
P
a
g
e
 
6
3
7



TABLE 8.13 Corrosion-Resistance Ratings* for Coppers (C11000, C12200), Brasses (C22000, C23000, C26000, 28000), Leaded Brasses
(C36000, C38500), and Tin Brasses (C42000, C44300, C44500, C46400) in Different Chemical Environments (Continued )

Environment/alloy 11000 12200 22000 23000 26000 28000 36000 38500 42000 44300 46400

Calcium hypochlorite VG VG VG VG P P P P NA VG P
Copper chloride G G G G P P P P NA G P
Copper nitrate G G G G P P P P NA G P
Copper sulfate VG VG VG VG VG P P P NA P VG
Ferric chloride P P P P P P P P NA P P
Ferric sulfate P P P P P P P P NA P P
Ferrous chloride VG VG VG VG P P P P NA VG P
Ferrous sulfate VG VG VG VG P P P P NA VG P
Hydrogen peroxide VG VG VG VG G G G G NA VG G
Mercury salts P P P P P P P P NA P P
Potassium chromate E E E E E E E E NA E E
Silver salts P P P P P P P P NA P P
Sodium bisulfite VG VG VG VG P P P P NA VG G
Sodium chromate E E E E E E E E NA E E
Sodium hypochlorite G G G G P P P P NA G P
Sodium nitrate VG VG VG VG G G G G NA VG G
Sodium peroxide G G G G P P P P NA G P
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Sulfur compounds
Hydrogen sulfide, dry E E E E E E E E NA E E
Hydrogen sulfide, moist P P P P G G G G NA G G
Sulfur, dry (solid) VG VG VG VG E E E E NA E E
Sulfur, molten P P P P P P P P NA P P
Sulfur chloride, dry E E E E E E E E NA E E
Sulfur dioxide, dry E E E E E E E E NA E E
Sulfur dioxide, moist VG VG VG VG P P P P NA VG P
Sulfur trioxide, dry E E E E E E E E NA E E

Waters
Brines VG VG VG VG P P P P NA VG G
Mine water G G G G P P P P NA G P
Seawater VG VG VG VG G G G G NA E VG
Steam E E E E G G G G NA E E
Water, potable E E E E G G G G NA E G

*Rating: Excellent (E), very good (VG), good (G), poor (P), not acceptable (NA).
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TABLE 8.14 Corrosion Ratings* for Some Phosphor Bronzes (C51000, C52100), Aluminum Bronzes (C61300, C62700, C63700, 
C64200), Silicon Bronzes (C65100, C65500), Copper-Nickel Alloys (C70600, C71500), Aluminum Brass (C68700), and One 
Nickel-Silver Alloy (C75200)

Environment/alloy 51000 52100 61300 62700 63700 65100 65500 68700 70600 71500 75200

Alkalies
Aluminum hydroxide E E E NA E E E E E E E
Ammonium hydroxide P P P NA P P P P P G P
Barium carbonate E E E NA E E E E E E E
Barium hydroxide E E E NA E E E E E E E
Black liquor-sulfate process G G P NA G G G G G VG G
Calcium hydroxide E E E NA E E E E E E E
Lime E E E NA E E E E E E E
Lime-sulfur G G VG NA G G G VG G VG VG
Magnesium hydroxide E E E NA E E E E E E E
Potassium carbonate E E E NA E E E E E E E
Potassium hydroxide VG VG E NA VG VG VG VG E E E
Sodium bicarbonate VG VG E NA VG VG VG VG E E E
Sodium carbonate E E E NA E E E E E E E
Sodium hydroxide VG VG E NA VG VG VG VG E E E
Sodium phosphate E E E E E E E E E E
Sodium silicate E E E NA E E E E E E E
Sodium sulfide G G G NA G G G VG G VG VG

Atmosphere
Industrial E E E NA E E E E E E E
Marine E E E NA E E E E E E E
Rural E E E NA E E E E E E E

Chlorinated organics
Carbon tetrachloride, dry E E E NA E E E E E E E
Carbon tetrachloride, moist VG VG G NA VG VG VG VG VG E VG
Chloroform, dry E E E NA E E E E E E E
Ethyl chloride VG VG VG NA VG VG VG VG VG VG VG
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Methyl chloride, dry E E E NA E E E E E E E
Trichlorethylene, dry E E E NA E E E E E E E
Trichlorethylene, moist VG VG VG NA VG VG VG VG VG E VG

Fatty acid
Oleic acid E E E NA E E E E E E E
Palmitic acid VG VG VG NA VG VG VG VG VG VG VG
Stearic acid VG VG VG NA VG VG VG VG VG VG VG

Food/beverage
Beer E E E NA E E E E E E E
Beet sugar syrups E E E NA E E E E E E E
Cane sugar syrups E E E NA E E E E E E E
Carbonated beverages VG VG E NA VG VG VG VG VG VG VG
Carbonated water VG VG VG NA VG VG VG VG VG VG VG
Cider E E E NA E E E E E E E
Coffee E E E NA E E E E E E E
Corn oil E E E NA E E E E E E E
Cottonseed oil E E E NA E E E E E E E
Fruit juices VG VG VG NA VG VG VG G VG VG VG
Gelatine E E E NA E E E E E E E
Milk E E E NA E E E E E E E
Sugar solutions E E E NA E E E E E E E
Vinegar VG VG VG NA VG VG VG G VG V G VG

Gases
Ammonia, absolutely dry E E E NA E E E E E E
Ammonia, moist P P P NA P P P P P G P
Carbon dioxide, dry E E E NA E E E E E E E
Carbon dioxide, moist VG VG VG NA VG VG VG VG VG VG VG
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TABLE 8.14 Corrosion Ratings* for Some Phosphor Bronzes (C51000, C52100), Aluminum Bronzes (C61300, C62700, C63700, 
C64200), Silicon Bronzes (C65100, C65500), Copper-Nickel Alloys (C70600, C71500), Aluminum Brass (C68700), and One 
Nickel-Silver Alloy (C75200) (Continued )

Environment/alloy 51000 52100 61300 62700 63700 65100 65500 68700 70600 71500 75200

Hydrogen E E E NA E E E E E E E
Nitrogen E E E NA E E E E E E E
Oxygen E E E NA E E E E E E E
Bromine, dry E E E NA E E E E E E E
Bromine, moist VG VG G NA VG VG VG G VG VG VG
Chlorine, dry E E E NA E E E E E E E
Chlorine, moist G G G NA G G G G G VG G

Hydrocarbons
Acetylene P P P NA P P P P P P P
Asphalt E E E NA E E E E E E E
Benzene E E E NA E E E E E E E
Benzol E E E NA E E E E E E E
Butane E E E NA E E E E E E E
Creosote E E E NA E E E E E E E
Crude oil VG VG VG NA VG VG VG VG VG VG VG 
Freon, dry E E E NA E E E E E E E
Fuel oil, light E E E NA E E E E E E E
Gasoline E E E NA E E E E E E E
Hydrocarbons, pure E E E NA E E E E E E E
Kerosene E E E NA E E E E E E E
Natural gas E E E NA E E E E E E E
Paraffin E E E NA E E E E E E E
Propane E E E NA E E E E E E E
Tar NA NA NA NA NA NA NA NA NA
Turpentine E E E NA E E E E E E E

Inorganic acids
Boric acid E E E NA E E E E E E E
Carbolic acid VG VG VG NA VG VG VG VG VG VG VG
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643

Hydrobromic acid G G G NA G G G G G G G
Hydrochloric acid G G G NA G G G G G G G
Hydrocyanic acid, dry P P P NA P P P P P P P
Hydrofluosilicic acid, VG VG VG NA VG VG VG VG VG VG VG 
anhydrous

Phosphoric acid VG VG VG NA VG VG VG G VG VG VG
Sulfuric acid, 80–95% VG VG VG NA VG VG VG G VG VG VG
Chromic acid P P P NA P P P P P P P
Nitric acid P P P NA P P P P P P P
Sulfurous acid VG VG VG NA VG VG VG VG G G G

Liquid metal
Mercury P P P NA P P P P P P P

Miscellaneous
Glue E E E NA E E E E E E E
Linseed oil VG VG VG NA VG VG VG VG VG VG VG
Rosin E E E NA E E E E E E E
Sewage E E E NA E E E E E E E
Soap solutions E E E NA E E E E E E E
Varnish E E E NA E E E E E E E

Neutral/acid salts
Alum VG VG E NA VG VG VG VG VG E VG
Alumina E E E NA E E E E E E E
Aluminum chloride VG VG VG NA VG VG VG G VG VG VG
Aluminum sulfate VG VG E NA VG VG VG VG VG E VG
Ammonium chloride P P P NA P P P P P G P
Ammonium sulfate G G G NA G G G P G VG G
Barium chloride VG VG VG NA VG VG VG G VG VG VG
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TABLE 8.14 Corrosion Ratings* for Some Phosphor Bronzes (C51000, C52100), Aluminum Bronzes (C61300, C62700, C63700, 
C64200), Silicon Bronzes (C65100, C65500), Copper-Nickel Alloys (C70600, C71500), Aluminum Brass (C68700), and One 
Nickel-Silver Alloy (C75200) (Continued )

Environment/alloy 51000 52100 61300 62700 63700 65100 65500 68700 70600 71500 75200

Barium sulfate E E E NA E E E E E E E
Barium sulfide G G VG NA G G G VG G VG VG
Calcium chloride VG E E NA VG VG VG VG E E E
Carbon disulfide VG VG VG NA VG VG VG E VG VG VG
Magnesium chloride VG VG E NA VG G G VG VG VG VG
Magnesium sulfate E E E NA E E E E E E E
Potassium chloride VG E E NA VG VG VG VG E E E
Potassium cyanide P P P NA P P P P P P P
Potassium dichromate acid P P P NA P P P P P P P
Potassium sulfate E E E NA E E E E E E E
Sodium bisulfate VG VG E NA VG VG VG VG E E E
Sodium chloride VG E E NA VG VG VG VG E E E
Sodium cyanide P P P NA P P P P P P P
Sodium dichromate, acid P P P NA P P P P P P P
Sodium sulfate E E E NA E E E E E E E
Sodium sulfite VG VG VG NA VG VG VG VG VG VG VG
Sodium thiosulfate G G G NA G G G VG G VG VG
Zinc chloride G G G NA G G G G G G G
Zinc sulfate VG VG VG NA VG VG VG VG VG VG VG

Organic acids
Acetic acid VG VG VG NA VG VG VG G VG VG VG
Acetic anhydride VG VG VG NA VG VG VG G VG VG VG
Benzoic acid E E E NA E E E E E E E
Butyric acid E E E NA E E E E E E E
Chloracetic acid VG VG VG NA VG VG VG G VG VG VG
Citric acid E E E NA E E E E E E E
Formic acid E E E NA E E E E E E E
Lactic acid E E E NA E E E E E E E
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645

Oxalic acid E E E NA E E E E E E E
Tannic acid E E E NA E E E E E E E
Tartaric acid E E E NA E E E E E E E
Trichloracetic acid VG VG VG NA VG VG VG G VG VG VG

Organic compounds
Aniline G G G NA G G
Aniline dyes G G G NA G G
Castor oil E E E NA E E
Ethylene glycol E E E NA E E
Formaldehyde (aldehydes) E E E NA E E
Furfural E E E NA E E
Glucose E E E NA E E
Glycerine E E E NA E E
Lacquers E E E NA E E

Organic solvents
Acetone E E E NA E E
Alcohols E E E NA E E
Amyl acetate E E E E E
Amyl alcohol E E E E E
Butyl alcohol E E E NA E E
Ethers E E E NA E E
Ethyl acetate E E E E E
Ethyl Alcohol E E E NA E E
Lacquer solvents E E E NA E E
Methyl alcohol E E E E E
Toluene E E E NA E E
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TABLE 8.14 Corrosion Ratings* for Some Phosphor Bronzes (C51000, C52100), Aluminum Bronzes (C61300, C62700, C63700, 
C64200), Silicon Bronzes (C65100, C65500), Copper-Nickel Alloys (C70600, C71500), Aluminum Brass (C68700), and One 
Nickel-Silver Alloy (C75200) (Continued )

Environment/alloy 51000 52100 61300 62700 63700 65100 65500 68700 70600 71500 75200

Oxidizing salts
Ammonium nitrate P P P NA P P
Bleaching powder, wet VG VG G NA VG VG
Borax E E E NA E E
Bordeaux mixture E E E NA E E
Calcium bisulfite VG VG VG NA VG VG
Calcium hypochlorite VG VG G NA VG VG
Copper chloride G G G NA G G
Copper nitrate G G G NA G G
Copper sulfate P VG VG NA P VG
Ferric chloride P P P NA P P
Ferric sulfate P P P NA P P
Ferrous chloride VG VG VG NA VG VG
Ferrous sulfate VG VG VG NA VG VG
Hydrogen peroxide VG VG G NA VG VG
Mercury salts P P P NA P P
Potassium chromate E E E NA E E
Silver salts P P P NA P P
Sodium bisulfite VG VG VG NA VG VG
Sodium chromate E E E NA E E
Sodium hypochlorite G G G NA G G
Sodium nitrate VG VG VG NA VG VG
Sodium peroxide G G G NA G G
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Sulfur compounds
Hydrogen sulfide, dry E E E NA E E
Hydrogen sulfide, moist P P P NA P G
Sulfur, dry (solid) VG VG VG NA VG VG
Sulfur, molten P P P NA P P
Sulfur chloride, dry E E E NA E E
Sulfur dioxide, dry E E E NA E E
Sulfur dioxide, moist VG VG G NA VG VG
Sulfur trioxide, dry E E E NA E E

Waters
Brines VG E E NA VG VG
Mine water G G G NA G G
Seawater VG E E NA VG E
Steam E E E NA VG E
Water, potable E E E NA E E

*Rating: Excellent (E), very good (VG), good (G), poor (P), not acceptable (NA).
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particularly for roofing, flashing, gutters, and downspouts, with alloys
C22000 (commercial bronze), C23000 (red brass), C38500 (architectural
bronze), and C75200 (65-12 nickel silver) accounting for much of the
remainder.

Water and soils. The largest single application of copper tube is for hot
and cold water distribution lines in building construction, with smaller
amounts for heating and drainage lines and fire safety systems.
Copper protects itself by forming a protective film, the degree of pro-
tection depending on mineral, oxygen, and carbon dioxide contents.
The brasses also perform well in unpolluted freshwaters but may
experience dezincification in stagnant or slowly moving brackish or
slightly acid waters. The copper-nickels, silicon, and aluminum
bronzes display excellent resistance to corrosion.17

Copper exhibits high resistance to corrosion in most soil types.
Studies of samples exposed underground have shown that tough pitch
coppers, deoxidized coppers, silicon bronzes, and low-zinc brasses
behave essentially alike. Soils containing cinders with high concentra-
tions of sulfides, chlorides, or hydrogen ions corrode these materials. In
this type of contaminated soil, alloys containing more than 22% zinc
experience dezincification. In soils that contain only sulfides, corrosion
rates of the brasses decrease with increasing zinc content and no 
dezincification occurs. The corrosion rate of copper in quiescent ground
water tends to decrease with time, the rate depending on the amount
of dissolved oxygen present.

Steam systems. Copper and copper alloys resist attack by pure
steam, but if carbon dioxide, oxygen, or ammonia is present, conden-
sates can be quite corrosive to copper alloys. Modern power utility
boiler feedwater treatments commonly include the addition of organic
amines to inhibit the corrosion of iron components of the system by
scavenging oxygen and increasing the pH of the feedwater. These
chemicals tend to release ammonia, which can be corrosive to some
copper alloys.

Salts. The superior seawater performance of many tin brasses, alu-
minum bronzes, and copper-nickels over copper is the result of corro-
sion product insolubility combined with erosion and biofouling
resistance. Both alloys C70600 and C71500, for example, display excel-
lent resistance to pitting in seawater. The next section is dedicated to
the behavior of these alloys in marine environments. In general, the
copper-base alloys are galvanically compatible with one another in
seawater. Although the copper-nickel alloys are slightly cathodic
(noble) to the nickel-free copper base alloys, the small differences in
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corrosion potential generally do not lead to serious galvanic effects
unless unusually adverse anodic/cathodic area ratios are involved.

Copper metals are widely used in equipment for handling various
kinds of salt solutions including the nitrates, sulfates, and chlorides of
sodium and potassium. Although alkaline sodium salts such as sili-
cate, phosphate, and carbonate attack copper alloys at low rates, alka-
line cyanide is aggressive and attacks copper alloys fairly rapidly
because of the formation of soluble complex copper species such as
Cu(CN), Cu(CN)2

1� and Cu(CN)3
2�.

Polluted cooling waters. The primary causes of accelerated attack of
copper alloys by polluted seawater are the action of sulfate-reducing
bacteria under anaerobic conditions and the putrefaction of organic
sulfur compounds from decaying plant and animal matter within sea-
water systems during periods of extended shutdown. However, the
copper alloys have long been recognized for their inherent resistance
to marine fouling, mostly due to the biocidal effect copper ions have on
microorganisms in general.

Acids and alkalies. In general, copper alloys are successfully used
with nonoxidizing acids as long as the concentration of oxidizing
agents, such as dissolved oxygen or air, and ferric (Fe3�) or dichro-
mate ions (CrO7)2� is low. Successful applications of copper and its
alloys are in phosphoric, acetic, tartaric, formic, oxalic, malic, and
other organic acids that react in a manner similar to sulfuric.
Copper and its alloys resist alkaline solutions, except those contain-
ing ammonium hydroxide, or compounds that hydrolyze to ammoni-
um hydroxide or cyanides. Ammonium hydroxide reacts with copper
to form the soluble complex copper-ammonium compound
Cu(NH3)4

2�.

Liquid metal embrittlement. Although mercury embrittles copper, the
severity increases when copper is alloyed with aluminum or zinc. This
embrittlement occurs in both tension and fatigue and varies with
grain size and strain rate. Other alloying elements such as lithium,
sodium, bismuth, gallium, and indium also affect embrittlement.

Organic compounds. Copper and many of its alloys resist corrosive
attack by organic compounds such as amines, alkanolamines, esters,
glycols, ethers, ketones, alcohols, aldehydes, naphtha, gasoline, and
most organic solvents. Corrosion rates of copper and copper alloys in
alkanolamines and amines, although low, can be significantly
increased if these compounds are contaminated, particularly at high
temperatures.
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8.4.4 Marine application of copper-nickel
alloys

The excellent corrosion and biofouling resistance of copper-nickel
alloys in seawater has led to their substantial use in marine service for
many years. Development work began in the 1930s in response to a
requirement by the British Navy for an improved condenser material.
The 70-30 brass used at that time could not adequately withstand pre-
vailing seawater velocities. Based on observations that the properties
of 70-30 copper-nickel tended to vary with iron and manganese levels,
a composition was sought to optimize resistance to velocity effects,
deposit attack, and pitting corrosion. Typical levels of 0.6% iron and
1.0% manganese were finally chosen.20

Since the 1950s, the 90-10 alloy has become accepted for condenser
service as well as for seawater pipe work in merchant and naval ser-
vice. In naval vessels, the 90-10 copper-nickel is preferred for surface
ships, whereas the 70-30 alloy is used for submarines because its
greater strength makes it more acceptable for the higher pressures
encountered. These alloys are also used for power station condensers
and offshore seawater pipe work on oil and gas platforms. Large quan-
tities are selected for the desalination industry, and they are addition-
ally used for cladding and sheathing of marine structures and hulls.21

The two main wrought copper-nickel alloys chosen for seawater ser-
vice contain 10 and 30% percent nickel, respectively. When comparing
international specifications, the compositional ranges of the two alloys
vary slightly between specifications, as can be seen in Tables 8.15 and
8.16 for 90-10 and 70-30 copper-nickel alloys. In practice, these varia-
tions have little influence on the overall service performance of the
alloys. Iron is essential for both alloys because it provides added resis-
tance to corrosion caused by velocity effects called impingement
attack.22 An optimum level is between 1.5 and 2.5% iron, probably as
a result of solid solubility. The corrosion resistance improves with
increasing iron so long as it remains in solid solution. The specification
limits for alloys were set by this observation.

Manganese is necessary as a deoxidant during the melting process,
but its effect on corrosion resistance is less well defined than that for
iron. Impurity levels must be tightly controlled because elements such
as lead, sulfur, carbon, and phosphorus, although having minimal
effect on corrosion resistance, can influence hot ductility and, there-
fore, influence weldability and hot workability.

A comparison of the physical and mechanical properties of the two
alloys is given in Table 8.17. Of particular interest for heat exchangers
and condensers are the thermal conductivity and expansion charac-
teristics. Although conductivity values for both are good, the 90-10
alloy has the higher value. This partly explains the alloy’s greater pop-
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ularity for heat exchanger and condenser service, where higher
strength is not the most important factor.21 The 70-30 alloy is essen-
tially nonmagnetic and has a magnetic permeability very close to unity.
The 90-10 alloy, with higher iron content, is nonmagnetic if the iron
can be retained in solid solution during processing. For 90-10 tubing
used in minesweepers, air cooling after the final anneal suppresses
precipitation sufficiently to provide low permeability.

Both alloys have good mechanical strengths and ductilities, although
the higher-nickel alloy does possess the greater inherent strength. Both
alloys are single-phase, solid solution alloys and cannot be hardened by
heat treatment. The strengths, however, can be increased by work
hardening. Although 90-10 copper nickel tubing can have a proof stress
of 100 to 160 MPa when supplied in the annealed condition, this could
typically be 345 to 485 MPa in the as-drawn condition.
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TABLE 8.15 Specifications for 90-10 Copper-Nickel Alloy (Maximum Except
Where Range Given)

ISO BS UNS DIN
CuNi10FelMn CN 102 C70600 CuNi10Fe 2.0872

Copper
Minimum Rem. Rem. Rem. Rem.
Maximum

Nickel
Minimum 9.0 10.0 9.0 9.0
Maximum 11.0 11.0 11.0 11.0

Iron
Minimum 1.2 1.0 1.0 1.0
Maximum 2.0 2.0 1.8 1.8

Manganese
Minimum 0.5 0.5 0.5
Maximum 1.0 1.0 1.0 1.0

Tin
Minimum
Maximum 0.02

Carbon 0.05 0.05 0.05* 0.05

Lead 0.03 0.01 0.02* 0.03

Phosphorus 0.02*

Sulfur 0.05 0.05 0.02* 0.05

Zinc 0.5 0.5 0.5* 0.5

Total other impurities 0.1 0.1

Total impurities 0.3

*When required for welding.
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Corrosion behavior. General corrosion rates for 90-10 and 70-30 cop-
per-nickel alloys in seawater are low, ranging between 25 and 2.5
�m�y�1. For the majority of applications, these rates would allow the
alloys to last the required lifetime, and there would be little proba-
bility of their premature failure in service due to such a corrosion
mechanism.21

Pitting corrosion. Although copper-nickels have a passive surface film,
they have advantages over some other alloy types by having a high
resistance to biofouling, thereby decreasing the number of potential
sites where corrosion could occur. The copper-nickels also have a high
inherent resistance to pitting and crevice corrosion in quiet seawater.
Pitting penetration rates can conservatively be expected to be well
below 127 �m/y. Sixteen-year tests on 70-30 alloy reported the average
depth of the 20 deepest pits to be less than 127 �m.21 When pits do
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TABLE 8.16 Specifications for 70-30 Copper-Nickel Alloy (Maximum Except
Where Range Given)

ISO BS UNS DIN
CuNi30MnlFe CN 107 C71500 CuNi30Fe 2.0882

Copper
Minimum Rem. Rem. Rem. Rem.
Maximum

Nickel
Minimum 29.0 30.0 29.0 30.0
Maximum 32.0 32.0 33.0 32.0

Iron
Minimum 0.4 0.4 0.4 0.4
Maximum 1.0 1.0 1.0 1.0

Manganese
Minimum 0.5 0.5 0.5
Maximum 1.5 1.5 1.0 1.5

Tin
Minimum
Maximum 0.02

Carbon 0.06 0.06 0.05* 0.06

Lead 0.03 0.01 0.02* 0.03

Phosphorus 0.02*

Sulfur 0.06 0.08 0.02* 0.05

Zinc 0.5 0.5* 0.5

Total other impurities 0.1 0.1

Total impurities 0.3

*When required for welding.
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occur, they tend to be shallow and broad in nature and not the under-
cut type of pitting that can be expected in some other types of alloys.

Stress corrosion cracking. The 90-10 and 70-30 copper-nickels are resis-
tant to chloride- and sulfide-induced SCC. Some copper-based alloys
such as aluminum brass are subject to SCC in the presence of ammo-
nia. In practice, this prevents their use in the air-removal section of
power plant condensers. Copper-nickel alloys, however, are resistant
to SCC and are commonly used in air-removal sections.

Denickelification. Denickelification of 70-30 alloys (i.e., the selective
leaching of nickel out of an alloy matrix) has been encountered occa-
sionally in refinery overhead condenser service, where hydrocarbon
streams condense at temperatures above 150°C. This appears to be
due to thermogalvanic effects resulting from the occurrence of local
“hot spots.” The solution has been to remove deposits that lead to the
hot spots, either by more frequent cleaning or by increasing flow
rates. Denickelification was also observed recently in modern warship
heat exchangers where some 70-30 copper-nickel tubes suffered
severe hot spots corrosion. To prevent this problem from recurring,
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TABLE 8.17 Physical and Mechanical Properties of 90-10 (C70600) and 70-30
(C71500) Copper Nickels

Property 90-10 70-30

Specific gravity (g/cm3) 8.9 8.95

Specific heat (J/kg�K) 377 377

Melting range (°C) 1100–1145 1170–1240

Thermal conductivity (W/mK) 50 29

Coefficient of linear expansion
�180 to 10°C 10�6/K 13 12
10 to 300°C 10�6/K 17 16

Electrical resistivity (�
�cm) 19 34

Coefficient of electrical resistivity (10�6) 70 50

Modulus of elasticity (GPa)
Annealed 135 152
Cold worked 50% 127 143

Modulus of rigidity (GPa)
Annealed 50 56
Cold worked 47 53

Yield strength (0.2%) (MPa) 140 170

Tensile strength (MPa) 320 420

Elongation (%) 40 42
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it is recommended to maintain a continuous flow of seawater and
install sacrificial anodes.23

Galvanic effects. As a general rule, the copper-base alloys are galvani-
cally compatible with one another in seawater. The copper-nickel
alloys are slightly cathodic (noble) to the nickel-free copper-base
alloys, but the small differences in corrosion potential generally do not
lead to serious galvanic effects between alloys unless unusually
adverse anodic/cathodic area ratios are involved. Corrosion rates for
galvanic couples of alloys C70600 and C71500 with other materials are
shown in Table 8.18. These data demonstrate the increased attack of
less noble carbon steel coupled to copper-nickel alloys, the increased
attack on the copper-nickel alloys when coupled to more noble titani-
um, and the general compatibility of copper-nickel alloys with alu-
minum bronze. It should be noted that coupling the copper-nickel
alloys to less noble materials, such as carbon steel, affords protection
to the copper-nickel. This effectively reduces its corrosion rate, there-
by inhibiting the natural resistance to biofouling of the alloy.24

Alloy C70600 is very slightly anodic to C71500, and some advantage
has been taken of this fact. Alloy C70600 has been used as cladding on
a substrate of C71500 for oil coolers. Any local penetrations by turbu-
lent seawater, such as by erosion corrosion, of the C70600 are arrested
when the underlying C71500 alloy is reached, until some significant
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TABLE 8.18 Galvanic Couple Data for C70600 and C71500 with Other 
Materials in 0.6-m/s Flowing Seawater (One-Year Exposures - 
Equal Area Couples)

Uncoupled Corrosion rate, �m/y

C70600 31
C71500 20
Aluminum bronze (C61400) 43
Carbon steel 330
Titanium 2

Coupled Corrosion rate, �m/y

C70600 25
Al bronze (C61400) 43

C70600 3
Carbon steel 787

C70600 208
Titanium 2

C71500 18
Al bronze (C61400) 64

C71500 3
Carbon steel 711

C71500 107
Titanium 2

0765162_Ch08_Roberge  9/1/99 6:01  Page 654



area of the anodic cladding has been consumed. This clad construction
increased the life of an all C70600 construction in plate-type coolers
from about 6 months to more than 5 years of continuous use.

Results of short-term galvanic couple tests between C70600 and sev-
eral cast copper-base alloys and ferrous alloys are given in Table 8.19.
The corrosion rate of cast 70-30 copper-nickel was unaffected by cou-
pling with an equal area of C70600, whereas some increased corrosion
of other cast copper-base alloys was noted. Corrosion rates of cast
stainless steels were reduced with a resultant increase in corrosion of
C70600. Gray iron displayed the largest galvanic effect, and the corro-
sion rates of nickel-resist alloys nominally doubled.

The contact between the tubes and tube sheet can lead to galvanic
corrosion, particularly if proper attention is not given to materials
selection. Key problem material combinations in recent years appear
to be in the use of titanium or stainless steel tubing (particularly in
retubing existing units) where tube sheets of muntz metal (C63500) or
aluminum bronze (C61400) exist. Severe galvanic corrosion of these
tube sheets has resulted and has led to studies that showed the effec-
tive cathodic area was many times larger than had been assumed,
approaching a 1000:1 cathode-to-anode ratio. These copper alloy tube
sheets coupled to titanium or stainless steels require a carefully
designed cathodic protection system.24

Microfouling. Copper alloys have good resistance to microfouling,
although they are not totally immune to it. Microfouling can be found in
heat-exchanger and condenser tubing. A 90-to 100-day interval between
cleanings for copper alloys compared favorably with the 10-day interval
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TABLE 8.19 Galvanic Corrosion Data for C70600
Cast Alloy Couples in Seawater*

Galvanic effect

Alloy C70600 Other alloy

C70600 1.0
Cast 90-10CuNi 0.8 1.6
Cast 70-30CuNi 0.9 1.0
85-5-5-5 (C83600) 0.9 1.5
Monel bronze (C92200) 0.7 1.8
CN7M stainless steel 1.5 0.6
CF8M stainless steel 1.2 0.1
Gray iron 0.1 6.0
Nickel-resist type I 0.4 2.1
Nickel-resist type II 0.3 2.6
Nickel-resist type D2 0.3 2.0

*Seawater velocity: 1.8 m/s; seawater temperature: 10°C
(nickel-resist couple tests: 29°C); exposure time: 32 days;
equal area couples; ratio of mass loss in couple to control.
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found necessary for other alloy condenser tubes in the study.25 The abil-
ity of copper-nickel to resist microfouling and remain effective as a heat-
transfer surface in seawater for the 3- to 4-month normal intervals
between mechanical cleanings, without chlorination, is of clear benefit
and one of the reasons why copper-nickel continues as a useful tubing
material wherever saline waters are used for cooling.

Because the condenser is the heart of the heat-reject system in oper-
ating power or process industry plants, as well as in ships, its reliabil-
ity and efficiency affect the overall system performance. Deposits and
films that accumulate and grow on the tube’s internal surface affect
heat-transfer capacity and in turn its ability to condense steam. The
heat exchanger is simply a device that directs the flow paths in such a
way that the two streams are brought into thermal contact through a
conducting wall while being kept physically separate. The relatively
thin-walled tube, selected primarily for heat-transfer efficiency,
becomes the critical component in condensers and other heat exchang-
ers and must perform well over long periods of time under sometimes
very difficult operating conditions.26

Protective film formation. The good corrosion resistance in seawater
offered by copper-nickel alloys results from the formation of a protec-
tive oxide film on the metal surface. The film forms naturally and
quickly, changing the alloy’s initial exposure to seawater. In clean sea-
water, the film is predominantly cuprous oxide, with the protective
value enhanced by the presence of nickel and iron. Cuprous hydroxy-
chloride and cupric oxide are often also present.25

The protective film continues to become more protective with time,
as indicated by corrosion rate measures made over several years.
Studies in quiet seawater show that the time span approaches 4 years
before the decrease in corrosion rate becomes negligible. In flowing
water, the corrosion rate was found to decrease continually over at
least a 14-year period, the effect being similar for both 90-10 and 70-30
alloys. The normal corrosion product film is thin, adherent, and
durable. Once fully formed and reasonably mature, the film on copper-
nickel alloys will withstand considerable excursions in water velocity,
pollution, and other conditions normally adverse to the good perfor-
mance of copper alloy tubing. Copper-nickel alloys remain resistant to
corrosion in deaerated seawater at low pH, as has been experienced in
numerous distillation-type desalination plants.24

Effect of velocity. The combination of low general corrosion rates and
high resistance to pitting and crevice corrosion ensures that the cop-
per-nickel alloys will perform well in quiet, clean, and aerated seawa-
ter. As the flow rate of seawater increases, the corrosion rate remains
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low due to the protective surface film on the alloys. However, once the
velocity is such that the film becomes damaged and the active under-
lying metal is exposed, erosion corrosion (impingement attack) will
occur rapidly. The seawater velocity at which this occurs is often called
the breakaway velocity, and different copper-based alloys show differ-
ent breakaway velocities.

The 90-10 copper-nickel has better impingement resistance than alu-
minum brass, which in turn is better than copper.27 The 70-30 alloy
shows better resistance than the 90-10 alloy. This is not a complete rep-
resentation, however. Rates of attack are not only dependent on seawater
velocity but also on pipe work diameter. Table 8.20 compares results of
tests on condenser tube alloys using the jet impingement technique in
two independent laboratories. General experience has shown that 90-10
copper-nickel can successfully be used in condensers and heat exchang-
ers with water velocities up to 2.5 m/s. For pipeline systems, higher sea-
water velocities can safely be used in larger-diameter pipes, as indicated
by codes of practice. For 70-30 copper-nickel, the maximum design veloc-
ity is given as 4 m/s for diameters of 100 mm or greater.24

Although much has been written about the effect of high velocity,
much less attention has been given to the extremely damaging effect
of low velocities. Several failure analyses conducted on C70600 tubing
revealed that the original design flow rates were less than 1 m/s. At
such low flow rates, there is time for even very light mud and sediment
loadings to deposit out in the tubing, leading to underdeposit corrosion
and tube failures. Low flow rates can indeed be more damaging than
high flow rates and should be guarded against in the original design
and operation.24
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TABLE 8.20 Comparison of Test Results Obtained on
Condenser Tube Alloys by Two Independent Laboratories
(Testing Conditions: Velocity of Jet, 4.58 m�s�1, Air Added,
3% by Volume, Duration, 28 days)

Average depth of attack, �m

Material BNFMA* LCCT†

Arsenical admiralty brass 340 270
Arsenical copper 300
70-30 copper-nickel, 0.04% Fe 110 220
Aluminum brass 40‡ 200
70-30 Copper-nickel, 0.8% Fe 20
70-30 Copper-nickel, 0.45% Fe 100
90-30 Copper-nickel, 2% Fe 0 150

* British Non Ferrous Metal Research Association Laboratories, U.K.
† LaQue Centre for Corrosion Technology, North Carolina.
‡One specimen out of 20 pitted to a depth of 650 �m. No other 

specimen greater than 200 �m.
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Effect of sulfides. Sulfides are present in polluted water either as
industrial effluent or when water conditions support the growth of sul-
fate-reducing bacteria. They can also occur in stagnant seawater by
decomposition of organic matter to sulfides and ammonia. Sulfides
form a black corrosion product that is less adherent and protective
than the normal oxide film. Under susceptible conditions, unwanted
pitting or accelerated general corrosion may occur.

In the complete absence of oxygen, a sulfide film can show an accept-
able degree of protection. However, the sulfides become detrimental if
dissolved oxygen is also present in the seawater or if exposure to oxy-
gen-free sulfide-polluted waters is followed by exposure to aerated,
unpolluted waters. The presence of as little as 0.01 mg/L of sulfides
has been shown to accelerate attack of 90-10 copper-nickel in aerated
seawater, although the combined influence of velocity and sulfides
makes the effect more significant.21

Fortunately, a normal oxide film will replace the sulfide film that
forms in polluted water once the polluted seawater is replaced by clean,
aerated seawater. This occurs when vessels are fitted out in polluted
harbors and then operate in the open sea. Higher corrosion rates do con-
tinue for some time during the transition period. Experience has shown
that as soon as vessels begin regular operation, the normal protective
film, once adequately formed, will also persist during subsequent har-
bor visits. The ideal situation, whether in a ship or power plant, is to
recirculate aerated, clean seawater at initial start-up for sufficient time
to form a good protective film. When formed, this provides a high degree
of corrosion protection to subsequent exposure to sulfides.

The effect of seawater treatments. Ferrous ion additions can be used to
reduce the corrosion of copper-nickel alloys either by a direct addition
of ferrous sulfate or by a driven iron anode. Ferrous ions in seawater
are very unstable and can decay within as little as 3 min.22 Therefore,
the treatment is more effective when additions are continuous rather
than intermediate. Ferrous ion treatment has been found to suppress
the corrosion rates of copper-nickel in both polluted and unpolluted
conditions. However, it is particularly attractive when supplies are
present in the seawater. For example, to encourage good initial film
formation during fitting out, a system can be filled initially with fresh
water containing 5 ppm ferrous sulfate and left in the system for 1 day.
After this, the system can be used for normal fitting out purposes, but
the ferrous sulfate solution (5 ppm concentration) should be recircu-
lated for 1 h per day throughout the fitting out period.21 This practice
is also useful when systems are retubed or renewed.

Ferrous sulfate is not essential to successful performance but can be
viewed as a remedy when trouble has occurred or as a precaution if
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trouble is likely. Most ships in service have operated successfully with-
out any ferrous sulfate dosing.

Coastal power and process industry plants have used chlorine to con-
trol biofouling and slime formation for many years. Chlorine injection
is normally provided for heat exchangers in coastal plants that are sel-
dom cleaned more than once a year and for naval ships that must main-
tain their equipment at maximum efficiency at all times. Chlorine may
be added in the gaseous form or developed in situ via electrolytic chlo-
rine generation.

Chlorine is used as an effective biocide when injected continually so
that 0.2 to 0.5 ppm residual is maintained at the outlet tube sheet of
a power plant condenser.25 Copper-nickel tubing is resistant to chlori-
nation at concentrations normally required to control biofouling.
Excessive chlorination, however, can damage copper alloy tubing.
There is some evidence that at high velocities, chlorination has the
effect of increasing the impingement rate in the 90-10 alloy, although
in the 70-30 alloy, the rate is decreased.21 An impingement jet velocity
of 9 m/s was used. It should be noted, however, that 9-m/s velocity is
not normally encountered or recommended for copper-nickel alloys.

Even though alloy C70600 is inherently resistant to attachment of
fouling organisms, a few of the larvae that pass through even the
smallest screen openings are able to attach to the surface during peri-
ods of low flow or shutdown. The few that do attach determine the
interval between mechanical cleanings needed to restore full heat-
transfer capability. Without chlorine injection, mechanical cleaning to
restore heat transfer may be needed in 1 or 2 months. Chlorine injec-
tion will extend the interval between mechanical cleanings and main-
tain original heat-transfer capability for extended periods.

8.4.5 Decorative corrosion products

The spontaneous surface corrosion of copper and its alloys has been
used for centuries to create a spectrum of colors and hues controlled by
the nature of the alloy and its relation to the environment. Patina is
usually a green or brownish film formed naturally on copper and
bronze by long exposure or artificially and is often valued aesthetical-
ly for its color. Copper and copper alloys are widely used in architec-
tural applications to take advantage of their inherent range of colors.
Although these metals may be used in their natural color, as fabricated,
it is sometimes desirable to chemically color pure copper, commercial
bronze, and architectural bronze.

The most common colors to be produced are referred to as brown
statuary finishes for bronze and green patina finishes for copper.
The following sections outline procedures and formulations for pro-
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ducing both. Although the chemical solutions described are those
generally accepted in the metal-finishing trade, many variations
exist. The wide range of colors and shades that may be achieved are
largely a mater of craftsmanship and experience. Chemical coloring
techniques depend upon time, temperature, surface preparation,
mineral content of the water, humidity, and other variables that
influence the ultimate result. This section presents the technology
that underlies the craftsmanship and art involved in producing
these colored finishes.

Green patina finishes. The much admired natural protective coating of
a blue-green patina characterizes older copper roofs, including ancient
cathedrals, as well as bronze statues and other copper metal surfaces
exposed to the weather. Because of the time required to achieve this,
much research has been done on artificial patina. The major coloring
agent in natural patina is a film of basic copper sulfate. Carbonate and
chloride salts of copper may also be present in varying concentrations.
In seacoast locations, chloride salts may form an essential part of the
patina film. The basic chloride salts of copper are not only fairly solu-
ble but photosensitive as well.28

In artificially producing or accelerating the formation of a patina, suc-
cess seems to depend on the manner in which the solutions are applied,
the weather conditions under which the treatment is carried out, and 
on the climate to which the treated surfaces are exposed. Because of the
number of variables involved, chemically induced patinas are prone to
lack of adhesion, excessive staining of adjacent materials, and inability
to achieve reasonable color uniformity over large surface areas.

Cleaning. The copper surfaces to be colored must be clean, because any
dirt, oil, or grease on the surface will interfere with the chemical action
of the solution. This involves removal of the residual film of oil left on
copper and brass sheets from mill rolling operations and fingerprints
and dirt deposited on the surface during handling and installation. A
thorough rinsing to remove all traces of the cleaning compound should
follow cleaning. If cleaning has been properly done, the rinsing water
will spread uniformly without beading or the formation of globular
droplets. If necessary, cleaning should be repeated until this condition
is obtained.

Oxide film on the copper will cause poor adherence of the patina.
Copper roofs that have weathered for 6 months or more should have
the oxide film removed before starting the coloring operations. This is
done by swabbing the surface with a cold 5 to 10% sulfuric acid solu-
tion. The surface should again be thoroughly rinsed with clean water
immediately after this swabbing. This should leave a roof surface,
whether old or new, in good condition for coloring.
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Coloring. Of the three basic processes for accelerated patina formation,
one uses a sulfate solution and two utilize chloride salts.

Ammonium sulfate. The concentrated ammonia should have a spe-
cific gravity of 0.900 g�cm�3. The ammonium sulfate solution described
in Table 8.21 should be prepared in a corrosion-resistant plastic-lined
container. Wooden barrels and tubs are also satisfactory if all exposed
metal parts are lead covered. First dissolve the ammonium sulfate in
the water. When completely dissolved, add the copper sulfate. Then
add the concentrated ammonia slowly, while constantly stirring the
solution. It is important that the quantity of ammonia be exact,
because the correct ratio of ammonia to water must be maintained.

The solution should be applied by spraying. A satisfactory sprayer is
an ordinary plastic or galvanized steel, garden-type tank sprayer, with
the inside coated with bituminous paint. Spraying should be done rapid-
ly, using a fine spray. Avoid large drops, which tend to run together,
causing streaks. It is better to use too little rather than too much solu-
tion at a time. Allow the solution to dry after the first spraying.
Spraying and drying are repeated five or six times.28

The color does not show up immediately. When the spraying has
been completed, the copper surface should appear to be covered with a
“glassy” coating somewhat resembling a dark, heavy coat of varnish.
The development of color depends on suitable weather conditions.
Rain within 6 or 8 hours may wash away some of the solution before
it has had a chance to act on the copper.

Ideal weather conditions following the treatment are a moderate-
to-heavy dew, a light mist or fog, or other condition of high enough
atmospheric moisture to give a relative humidity of 80% or more. The
atmospheric moisture combines with the deposited solution to react
chemically with the copper, and the desired blue-green patina
results. The colored layer should be of a satisfactory depth if the
action continues undisturbed for at least 6 hours. Where this has
occurred, the next rain should wash off the remaining deposit and
bring out the blue-green of the patina. At first the color will be some-
what bluer than natural patina, but it should weather into a natural
color in time.
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TABLE 8.21 Solutions for Accelerating the Formation of Green Patina Finishes on
Copper Alloys

Ammonium sulfate, L Ammonium chloride Cuprous chloride, L

Cover approximately 15 m2 Ammonium chloride Cuprous chloride 164 g
Ammonium sulfate 111 g (Saturation) Hydrochloric acid 117 mL
Copper sulfate 3.5 g Glacial acetic acid 69 mL
Conc. ammonia 1.6 mL Ammonium chloride 80 g

Arsenic trioxide 11 g
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Ammonium chloride (salammontac). The saturated ammonium
chloride solution can be applied by brush or spray on a thoroughly
clean copper surface. Several applications may be required. Frank
Lloyd Wright favored this formula. Wright specified that the solution
be mixed 24 h prior to its use. Two applications should be made with a
lapse of 48 h between the two. Twenty-four hours after the final appli-
cation, the copper surface should be sprayed with a cold water mist.
Wright emphasized that dry weather was required throughout the
entire period.28 The ammonium chloride solution tends to chalk and
flake if applied too heavily and is also apt to dissipate in heavy rain.

Cuprous chloride. The acidic cuprous chloride solution described
in Table 8.21 can be applied by spray, brush, or stippling. The solu-
tion should be stored and used in nonmetallic containers. The 
solution is both acid and toxic. It can be applied to either bright or
weathered copper. If possible, the desired color should be attained in
a single application. Reapplication, particularly in direct sunlight,
may cause a reaction between the solution and the salts initially
deposited, producing a smooth, hard, colorless film similar in appear-
ance to varnish.

Maintenance. No maintenance is required for an existing natural pati-
na or one which is in the process of formation. If a natural statuary
finish is desired on copper, weathering can be arrested at the desired
point by applying a suitable oil (e.g., raw linseed oil or lemon oil).
Depending on the prevailing climatic conditions and the degree of
exposure, the frequency of oiling may be at intervals of from 1 to 3
years. Instances have been recorded where the initial oiling applied in
two thin coats has preserved the statuary finish in excess of 10 years.

Copper, brass, and bronze are resistant to destructive corrosion. The
patina that forms naturally is in fact a protective film. The copper
metals are lightweight, easy to work, easy to join, attractive, and
extremely durable. This accounts for their use for centuries for roofs,
fascias, gutters, downspouts, flashing, storefronts, railings, grilles,
and other architectural applications of many descriptions.

Brown statuary finishes. Statuary finishes are conversion coatings. In
conversion coatings, the metal surface is either converted into a pro-
tective film, usually an oxide or sulfide of the metal involved, or a com-
pound is precipitated that forms a surface film. The use of chemical
solutions is generally termed oxidizing, although the oldest method
and the one that produces the widest range of brown-to-black stages
on copper alloys actually produces not an oxide but a metal sulfide fin-
ish by the use of alkaline sulfide solutions. Originally liver of sulfur
was employed, this being a crude mixture of potassium polysulfides
and thiosulfate, also called potassium sulfuret.29
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Modifications of these formulas called for the use of sodium, potas-
sium, barium, and ammonium sulfides, which were claimed to produce
different shades, but almost all sulfide colors are now produced from
solutions of polysulfides, which are sold in concentrated form under a
number of trade names.

All sulfide films require wet or dry scratch brushing for good appear-
ance and will look better longer if protected by oiling, waxing, or more
permanently, by a good top coat of clear lacquer. The desirable contrast
in color can be produced by scratch brushing with a pumice paste or by
use of a “greaseless” polishing compound on a buffing wheel. In any
case, the sulfide solution employed should be fairly dilute, because con-
centrated solutions can result in a brittle film that may be nonadherent.

Cleaning. The metal surface should be degreased with trichlorethylene or
similar solvents. This not only cleans the surface but enhances the cut-
ting quality of abrasives if subsequent mechanical finishing is to be done
before applying the color. Clean to a bright satin finish using a mixture
of 5% oxalic acid and water together with fine India pumice powder. The
cleaning should be done using a fairly stiff short-bristled cleaning brush
in the direction of the grain. The metal should be recleaned using the
above mixture and a wet, virgin clean white cloth and applied in confor-
mance with the original motion. The work should be cleaned with a vir-
gin cloth, rinsed in clean clear water, and allowed to dry.

Finish the metal with abrasive belts, abrasive pads or wheels, or
greaseless abrasive compounds on portable buffing wheels. As the final
operation, give the metal a hand rub with a fine abrasive pad and a
slurry of pumice and water to ensure complete removal of all surface
films of oil and grease. Then remove all traces of pumice by wiping
with a clean damp cloth or sponge.29

Statuary finishes on bronze. Statuary finishes can be produced in light,
medium, and dark brown depending on both the concentration and the
number of applications of the coloring solutions. Solutions of 2 to 10%
aqueous ammonium sulfide, potassium sulfide, or sodium sulfide are
swabbed or brushed on. Oxide pretreatment may be employed to
enhance adherence. Final hand toning or blending may be required to
achieve acceptable color match and color uniformity.29

Statuary finishes on copper. Clean the copper with pumice and water
or pumice and solvent to remove all dirt, grease, oil, and tarnish.
Brush the entire surface with a 2% solution of liquid ammonium sul-
fide in water. Once dried, the color can be evened out by rubbing lightly
with pumice and water, using a stub or fine brass wire brush.

Maintenance. When a regular maintenance program is followed, most
installations can be maintained by oiling or waxing, some by lacquering,
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and a few by polishing. Oil and wax coatings look best when applied with
a well-impregnated, clean soft cloth followed by rubbing with a second,
clean soft cloth to remove excess oil or wax. Frequency of oiling or wax-
ing is as important as the oil or wax used. Newly installed metal should
be oiled weekly for the first month to build up a protective film. Metals
subject to heavy traffic should be oiled or waxed at 1- to 2-week intervals.
Where traffic is moderate to light, monthly treatment may suffice. In
nontraffic areas, quarterly or semiannual applications are feasible.

Lacquering. Long-term protection can be achieved by applying a clear
organic coating. Air-drying formulations are the most convenient to use,
and among them the INCRALAC formulation has proven to be the most
protective.29 When sprayed onto a properly cleaned metal surface, this
lacquer provides excellent protection indoors or outdoors, even in highly
corrosive industrial and marine atmospheres. The use of abrasive pads
followed by washing with a cleaning solvent provides a surface for max-
imum performance. Steel wool should not be used because it sometimes
contains a corrosion inhibitor that may cause discoloration later on.

8.5 High-Performance Alloys

A distinction is often made between those alloys that are primarily used
for high-temperature strength, commonly referred to as superalloys, and
those that are primarily used for corrosion resistance. High-performance
alloys are defined, in the present context, as Ni-, Ni-Fe-, and Co-base alloys
able to operate at high temperatures, � 550°C, and pressures. Fe, Co, and
Ni are transition metals with consecutive positions in the periodic table.
The relative order of abundance decreases as Fe, Ni, Co.

The Fe-Ni-base high-performance alloys are an extension of stainless
steel technology and generally are wrought, whereas Co- and Ni-base
high-performance alloys may be wrought or cast depending on the
application or composition involved. Appropriate compositions of all
high-performance alloy base metals can be forged, rolled to sheet, or
otherwise formed into a variety of shapes. The more highly alloyed com-
positions normally are processed as castings. Typical high-performance
alloys have moduli of elasticity around and above 200 GPa.30 The prin-
cipal microstructural variables of high performance alloys are:30

■ The precipitate amount and its morphology
■ Grain size and shape
■ Carbide distribution

Ni- and Fe-Ni-base high-performance alloy properties are con-
trolled by all three variables. However, the first variable is essen-
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tially absent in Co-base high-performance alloys. Structure control
is achieved through composition and by processing. For a given nom-
inal composition, there are property advantages and disadvantages
for the structures produced by deformation processing or by casting.
Cast high-performance alloys generally have coarser grain sizes,
more alloy segregation, and improved creep and rupture character-
istics. Wrought high-performance alloys generally have more uni-
form, and usually finer, grain sizes and improved tensile and fatigue
properties.30

The inherent strength capability of high-performance alloys is con-
trolled by the intragranular distribution. However, the usable strength
in polycrystalline alloys is determined by the condition of the grain
boundaries, particularly as affected by the carbide phase morphology
and distribution. Wrought Ni- and Fe-Ni-base high-performance alloys
generally are processed to have optimum tensile and fatigue properties.30

For lower-temperature applications where tensile yield or ultimate
strength are critical factors, fine �′ often is produced, but a duplex �′
size (uniform coarse and fine) often is preferred because it tends to dis-
perse slip and reduce notch sensitivity. Complex heat treatments have
been developed to produce appropriate �′ dispersions along with a suit-
able carbide distribution in wrought alloys. Although standard heat
treatments generally consist of successive steps at decreasing temper-
atures, some heat treatments incorporate one or more pairs of aging
temperatures in which the lower-temperature age precedes the higher-
temperature age.30

Grain size also affects high-performance alloy strength. A uniform
grain size often is preferred but is difficult to achieve in conventional
forging operations or in large structural castings. Grain sizes resulting
from isothermal forging, particularly of powder billets, are the most
uniform. Grains in small cast parts of Ni- and Co-base alloys can be
made fairly uniform. Neither coarse nor extremely fine grain sizes are
desired, because optimum creep rupture and fatigue properties are not
achieved at the extremes of grain size.

However, the nature and extent of grain boundary hardening is not
well identified in Co-base high-performance alloys, and the contribu-
tion of matrix carbide precipitation to alloy strengthening is not well
defined for any high-performance alloy system. Borides and carbides
may play a similar role. Carbides at grain boundaries in Co-base high-
performance alloys act to inhibit grain boundary sliding and migra-
tion. In the highest C-content cast Co-base high-performance alloys,
the skeletal carbide network may actually support a portion of the load
much as strengthening is achieved in a composite.

Changes in room-temperature strength and ductility of cast Co-base
high-performance alloys have been correlated with precipitation of
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fine M23C6-type carbides. The response of a Co-base high-performance
alloy to aging can be quite complex because a number of carbide reac-
tions are possible. Furthermore, the effect of aging may depend on
whether the material is in the as-cast or solution-treated condition.30

8.5.1 Ni- and Fe-Ni-base alloys

High-performance alloys consist of an austenitic face-centered cubic (fcc)
matrix phase gamma (�) plus a variety of secondary phases. The princi-
pal secondary phases are the carbides MC, M23C6, M6C, and even M7C3

in all high-performance alloy types and gamma prime (�′) fcc ordered
Ni3(Al, Ti) intermetallic compound in Ni- and Fe-Ni-base high-
performance alloys.30 High-performance alloys derive their strength
from solid solution hardeners and precipitating phases. Carbides may
provide limited strengthening directly through dispersion hardening or,
more commonly, indirectly by stabilizing grain boundaries against exces-
sive shear. In addition to those elements that produce solid solution
hardening and promote carbide and �′ formation, other elements such as
B, Zr, Hf, or Ce are added to enhance mechanical or chemical properties.

Some carbide and �′ forming elements may contribute significantly to
chemical properties as well. Table 8.22 gives a generalized list of the
ranges of alloying elements and their effects in high-performance
alloys.30 Ni-base high-performance alloys are utilized in both cast and
wrought forms. Nickel has good resistance to corrosion in the normal
atmospheres, natural freshwaters, and deaerated nonoxidizing acids,
and it has excellent resistance to corrosion by caustic alkalis. Therefore,
nickel offers very useful corrosion resistance itself, and it is an excellent
base on which to develop specialized alloys.31

Effects of alloying elements

Copper. Additions of copper provide improvement in the resistance
of nickel to nonoxidizing acids. In particular, alloys containing 30 to
40% copper offer useful resistance to deaerated sulfuric acid and
excellent resistance to all concentrations of deaerated hydrofluoric
acid. Additions of 2 to 39% copper to nickel-chromium-molybdenum-
iron alloys are also known to improve resistance to hydrochloric,
sulfuric, and phosphoric acids.31

Chromium. Chromium additions improve the resistance to oxidiz-
ing media such as nitric and chromic acids and other highly corro-
sive environments such as hot H3PO4, high-temperature oxidizing
gases, and hot sulfur-bearing gases. Alloying additions are usually
in the range of 15 to 30% with exceptions containing up to 50%
chromium.
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Iron. Iron is typically used in nickel-base alloys to reduce cost, not
to promote corrosion resistance. However, iron does provide nickel
with improved resistance to H2SO4 in concentrations above 50%.
Iron also increases the solubility of carbon in nickel, thereby improv-
ing the resistance to high-temperature carburizing environments.31

Molybdenum. Molybdenum substantially improves resistance to
nonoxidizing acids. Commercial alloys containing up to 28% molybde-
num have been developed for service in nonoxidizing solutions of
HCl, H3PO4, and HF, as well as in H2SO4 in concentrations below
60%. Molybdenum also markedly improves the localized corrosion
resistance of these alloys and imparts strength for high-temperature
service.

Tungsten. Tungsten behaves similarly to molybdenum. However,
because of its high atomic weight and cost, additions of molybdenum
are generally preferred. Additions of tungsten of 3 to 4% in combi-
nation with 13 to 16% molybdenum in a nickel-chromium base
result in alloys with outstanding resistance to localized corrosion.31

Silicon. Silicon is typically present only in minor amounts in most
nickel-base alloys. In alloys containing significant amounts of iron,
cobalt, molybdenum, tungsten, or other refractory elements, the level
of silicon must be carefully controlled because it can stabilize car-
bides and harmful intermetallic phases. However, the use of silicon
as a major alloying element has been found to greatly improve the
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TABLE 8.22 Common Ranges of Main Alloying Additions and Their Effects in
High-Performance Alloys

Element Ni-base Co-base Effect

Cr 5–25 19–30 Oxidation and hot corrosion resistance
Formation of carbides
Solution hardening

Mo, W 0–12 0–11 Formation of carbides
Solution hardening

Al 0–6 0–4.5 Precipitation hardening
Oxidation resistance

Ti 0–6 0–4 Precipitation hardening
Formation of carbides

Co 0–20 Affects amount of precipitate
Ni 0–22 Stabilizes austenite

Formation of hardening precipitates
Cb 0–5 0–4 Formation of carbides

Solution hardening
Precipitation hardening in Ni-, Fe-Ni-base alloys

Ta 0–12 0–9 Formation of carbides
Solution hardening
Oxidation resistance
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resistance of nickel to hot, concentrated H2SO4. Alloys containing 9 to
11% silicon are produced for such service in the form of castings.31

Cobalt. Cobalt is not generally used as a primary alloying element
in materials designed for aqueous corrosion resistance. However,
cobalt imparts unique strengthening characteristics to alloys
designed for high-temperature service. Cobalt, like iron, increases
the solubility of carbon in nickel-base alloys, therefore increasing
the resistance to carburization.

Niobium and tantalum. Both niobium and tantalum were origi-
nally added as stabilizing elements to tie up carbon and prevent
intergranular corrosion attack due to grain-boundary carbides. With
the advent of argon-oxygen decarburization melting technology such
additions are no longer necessary. In high-temperature alloys both
elements are used to promote high-temperature strength through
solid solution and precipitation hardening mechanisms. Additions of
these elements are also considered to be beneficial in reducing the
tendency of nickel-base alloys toward hot cracking during welding.31

Aluminum and titanium. Aluminum and titanium are often used in
minor amounts in corrosion-resistant alloys to deoxidize or tie up car-
bon and nitrogen. When added together these elements enable the
formulation of age-hardenable high-strength alloys for low- or high-
temperature service. Additions of aluminum can also be used to pro-
mote the formation of a tightly adherent scale at high temperature
that resists attack by oxidation, carburization, and chlorination.31

Carbon and carbides. There is evidence that nickel forms carbides at
high temperatures that are unstable and decompose into nickel and
graphite at lower temperatures. Because this phase mixture tends to
have low ductility, low-carbon forms of nickel are usually preferred in
corrosion-resistant applications. This problem is also alleviated to
some extent when nickel is alloyed with copper. In other nickel alloys,
the carbides that form depend on the specific alloying elements pre-
sent and the level of carbon present. In corrosion-resistant alloys,
many types of carbides are considered harmful because they can pre-
cipitate at grain boundaries during heat treatment or weld fabrication
and subsequently promote intergranular corrosion or cracking in ser-
vice by depletion of matrix elements essential to corrosion resistance.
In high-temperature alloys, the presence of carbides is generally
desired to control grain size and to enhance elevated-temperature
strength and ductility.31

There are basically two types of carbides in these alloys. Primary
carbides are interdendritic and form during the solidification process.
These carbides are typically metastable and would dissolve if given
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sufficient time at elevated temperatures. However, during metal man-
ufacture, they can persist in the final product as stringers in the direc-
tion of predominant metal flow. Some level of carbide stringers usually
must be tolerated because they cannot be economically avoided.
However, large amounts of such stringers can adversely affect forma-
bility, weld fabrication, and service performance characteristics.

Secondary carbides precipitate as the result of thermal exposures
during fabrication operations or during component service life.
These carbides precipitate preferentially at grain boundaries and
internal structural defects such as twin boundaries and disloca-
tions. The quantity of secondary carbides that precipitate depends
on the amount of carbon in solutions, the exposure temperature,
and the time at such temperature. Therefore, conditions that gen-
erate a supersaturated solution of carbon followed by slow cooling
or thermal arrests below carbide solvus temperatures will produce
heavy secondary carbide precipitation, which generally reduces
ductility and toughness, and this adversely affects fabrication and
service performance.

Intermetallics phases. The occurrence of intermetallic phases in nickel-
base alloys has positive and negative effects. On the positive side, the
nickel-base system has been the most widely and successfully exploited
of any alloy base in the development of high-strength high-temperature
alloys because of the occurrence of unique intermetallic phases. On the
negative side, the precipitation of certain intermetallic phases, such as
the carbides discussed previously, can seriously degrade ductility and
corrosion resistance. In the case of corrosion-resistant alloys, especially
the solid solution type, intermetallic precipitation is rather unusual
because service temperatures are typically well below those at which
precipitation kinetics become important. In such cases, it is only neces-
sary to restrict alloy composition sufficiently to ensure successful man-
ufacturing, fabrication, and use capabilities. For high-temperature
alloys, the precipitation of undesired intermetallics can be a major con-
cern, especially for applications requiring a long service life or ease of
repair.31

Most high-strength nickel-base alloys depend on the precipitation of
an AlB-type compound known as gamma prime (�′). The strength of �′
alloys can be increased by increasing the Al � Ti content to obtain a
higher �′ volume fraction. However, alloys with high Al � Ti levels are
difficult to manufacture in wrought forms and to fabricate, and they
are best exploited as castings. Additions of refractory metals can also
be used to increase strength by altering lattice mismatch and
antiphase boundary energy. Additions of Co are also effective by
increasing the �′ solvus temperature.31
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Another important intermetallic phase that can be used to strengthen
nickel-base alloys is a metastable form of Ni3Nb known as gamma dou-
ble prime (�″). For the most part, it has been exploited in alloys con-
taining significant amounts of iron. Gamma double prime has a
body-centered tetragonal crystal structure. At temperatures of 705°C
and above, it overages rapidly and transforms into the orthorhombic
form of Ni3Nb. Because of the sluggish nature of the precipitation reac-
tion, alloys strengthened by �″ can possess excellent weldability.31

8.5.2 Co-base alloys

The Co-base high-performance alloys are invariably strengthened by a
combination of carbides and solid solution hardeners. Because of their
high strength over a wide temperature range and their resistance to
many environments, Co-Cr alloys are used to resist wear, particularly
in hostile environments and as structural materials at high tempera-
tures. Typically, the alloys used to resist wear contain higher carbon
levels (0.25 to 2.5%) for carbide formation, and they are normally cast
or applied to critical surfaces by welding in a process known as hard-
facing. Alloys used for structural purposes at high temperatures are
normally low in C, contain appreciable quantities of Ni, and are avail-
able as wrought products. The carbides in the wear-resistant alloys
enhance abrasion resistance but reduce ductility.32

Chromium has a dual function in cobalt alloys. It is both the pre-
dominant carbide former and the most important alloying element in
the matrix. The most common carbide in these alloys is a chromium-
rich M7C3 type, although chromium-rich M23C6 carbides are abundant
in low-carbon alloys. Tungsten and molybdenum serve to provide addi-
tional strength to the matrix. When present in large quantities, they
participate to the formation of carbides during solidification and pro-
mote the precipitation of M6C. The size and shape of the carbide par-
ticles within cobalt alloys are strongly influenced by cooling rate and
subtle chemistry changes. Such changes markedly affect abrasion
resistance, because there is a distinct relationship among the size of
abrading species, the size of the structural hard particles, and the
abrasive wear rate.32

The success of the structural cobalt alloys can be attributed to their
inherent strength over a wide temperature range and their resistance
to severe environments. The structural alloys generally contain signif-
icant quantities of nickel. This serves to stabilize the fcc structure with
a view toward improved ductility during service. With sufficient nickel,
the structural cobalt alloys tend to exhibit twinning during deforma-
tion. Although the structural cobalt alloys are low in carbon as com-
pared to most of the wear-resistant alloys, they nevertheless depend on

670 Chapter Eight

0765162_Ch08_Roberge  9/1/99 6:01  Page 670



carbide precipitation for additional strength. The most abundant car-
bide in the structural cobalt alloys is chromium-rich M23C6, although
M6C and MC carbides are common, depending on the type and level of
other alloying additions.32

8.5.3 Welding and heat treatments

In terms of their weldability, high-performance alloys can be classified
according to the means by which the alloying elements develop the
mechanical properties, namely, solid solution alloys and precipitation
hardened alloys. A distinguishing feature of precipitation hardened
alloys is that mechanical properties are developed by heat treatment
to produce a fine distribution of hard particles in a nickel-rich matrix.

Solid solution alloys are readily fusion welded, normally in the
annealed condition. Some noteworthy examples of solid solution alloys
are Ni 200, the Monel 400 series, the Inconel 600 series, the Incoloy
800 series, Hastelloys and some Nimonic alloys such as 75, and PE13.
Because the HAZ does not harden, heat treatment is not usually
required after welding. Precipitation hardened alloys may be suscepti-
ble to postweld heat-treatment (PWHT) cracking. Some of these alloys
are the Monel 500 series, Inconel 700 series, Incoloy 900 series, and
most of the Nimonic alloys.

Weldability. Co-base high-performance alloys are readily welded by
gas metal arc (GMA) or gas tungsten arc (GTA) techniques. Some cast
alloys and wrought alloys, such as Alloy 188, have been extensively
welded. Filler metals generally have been less highly alloyed Co-base
alloy wire, although parent rod or wire have been used. Co-base high-
performance alloy sheet also is successfully welded by resistance tech-
niques. Appropriate preheat techniques are needed in GMA and GTA
welding to eliminate tendencies for hot cracking. Electron beam (EB)
and plasma arc (PA) welding can be used on Co-base high-performance
alloys but usually are not required in most applications because 
this alloy class is so readily weldable.30

Ni- and Fe-Ni-base high-performance alloys are considerably less
weldable than the Co-base high-performance alloys. Because of the pres-
ence of the strengthening phase, the alloys tend to be susceptible to hot
and PWHT cracking. Hot cracking occurs in the weld heat-affected zone,
and the extent of cracking varies with alloy composition and weldment
restraint. Ni- and Fe-Ni-base high-performance alloys have been welded
by GMA, GTA, EB, laser, and PA techniques. Filler metals, when used,
usually are weaker, more ductile austenitic alloys so as to minimize hot
cracking. Because of their �′ strengthening mechanism and capability,
many Ni- and Fe-Ni-base high-performance alloys are welded in the
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solution heat-treated condition. Special preweld heat treatments have
been used for some alloys. Some alloys (e.g., A-286) are inherently diffi-
cult to weld despite only moderate levels of �′ hardeners.30

Weld techniques for high-performance alloys must address not only
hot cracking but PWHT cracking, particularly as it concerns microfis-
suring (microcracking), because it can be subsurface and therefore dif-
ficult to detect. Tensile and stress rupture strengths may be hardly
affected by microfissuring, but fatigue strengths can be drastically
reduced. In addition to the usual fusion welding techniques above, Ni-
and Fe-Ni-base alloys can be resistance welded when in sheet form.
Brazing, diffusion bonding, and transient liquid phase bonding also
have been employed to join these alloys. Braze joints tend to be more
ductility limited than welds.

Most nickel alloys can be fusion welded using gas-shielded processes
such as TIG or MIG. Of the flux processes, MMA is frequently used,
but the submerged arc welding (SAW) process is restricted to solid
solution alloys (Nickel 200, Inconel alloy 600 series, and Monel alloy
400 series) and is less widely used. Solid solution alloys are normally
welded in the annealed condition, and precipitation hardened alloys,
in the solution treated condition. Preheating is not necessary unless
there is a risk of porosity from moisture condensation. It is recom-
mended that material containing residual stresses be solution treated
before welding to relieve the stresses.33

Postweld heat treatment is not usually needed to restore corrosion
resistance, but thermal treatment may be required for precipitation
hardening or stress-relieving purposes to avoid stress corrosion
cracking. Filler composition normally matches the parent metal.
However, most fillers contain a small mount of titanium, aluminum,
and/or niobium to help minimize the risk of porosity and cracking.
Nickel and its alloys are readily welded, but it is essential to clean
the surface immediately before welding. The normal method of clean-
ing is to degrease the surface, remove all surface oxide by machining,
grinding, or scratch brushing, and finally degrease. However, these
alloys can suffer from the following weld imperfections and postweld
damage:33

Porosity. Porosity can be caused by oxygen and nitrogen from air
entrainment and surface oxide or by hydrogen from surface contami-
nation. Careful cleaning of component surfaces and using a filler
material containing deoxidants such as aluminum and titanium will
reduce this risk. When using argon in TIG and MIG welding, atten-
tion must be paid to shielding efficiency of the weld pool, including the
use of a gas backing system. In TIG welding, argon-H2 gas mixtures
that provide a slightly reducing atmosphere are particularly effective.
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Oxide inclusions. Because the oxide on the surface of nickel alloys
has a much higher melting temperature than the base metal, it
may remain solid during welding. Oxide trapped in the weld pool
will form inclusions. In multirun welds, oxide or slag on the sur-
face of the weld bead will not be consumed in the subsequent run
and will cause lack of fusion imperfections. Before welding, surface
oxide, particularly if it has been formed at a high temperature,
must be removed by machining or abrasive grinding; it is not suf-
ficient to wire brush the surface because this serves only to polish
the oxide. During welding, surface oxide and slag must be removed
between runs.33

Weld metal solidification cracking. Weld metal or hot cracking
results from contaminants concentrating at the centerline and an
unfavorable weld pool profile. Too high a welding speed produces a
shallow weld pool, which encourages impurities to concentrate at
the centerline and, on solidification, generates sufficiently large
transverse stresses to form cracks. This risk can be reduced by care-
fully cleaning the joint area and avoiding high welding speeds.33

Microfissuring. Similar to austenitic stainless steel, nickel alloys
are susceptible to formation of liquation cracks in reheated weld
metal regions or parent metal HAZ. This type of cracking is con-
trolled by factors outside the control of the welder such as grain size
or content impurity. Some alloys are more sensitive than others. For
example, the extensively studied Inconel 718 is now less sensitive
than some cast superalloys, which cannot be welded without induc-
ing liquation cracks.

Postweld heat-treatment cracking. This is also known as strain-age
or reheat cracking. It is likely to occur during postweld aging of pre-
cipitation hardening alloys but can be minimized by preweld heat
treatment. Solution annealing is commonly used but overaging gives
the most resistant condition. Inconel 718 alloy was specifically
developed to be resistant to this type of cracking.

Stress corrosion cracking. Welding does not normally make nickel
alloys susceptible to weld metal or HAZ corrosion. However, when
the material will be in contact with caustic soda, fluosilicates, or HF
acid, stress corrosion cracking is possible.

Heat treatment. Solid-solution-strengthened high-temperature alloys
are normally supplied in the solution-heat-treated condition unless
otherwise specified. In this condition, microstructures generally con-
sist of primary carbides dispersed in a single-phase matrix, with
essentially clean grain boundaries. This is usually the optimum condi-
tion for the best elevated temperature properties in service and the
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best room-temperature fabricability. Typical solution heat-treatment
temperatures for these alloys are between 1100 and 1200°C.34

Heat treatments performed at temperatures below the solution
heat-treating temperature range are classified as mill annealing or
stress relief treatments. Mill annealing treatments are generally
employed to restore formed, partially fabricated, or otherwise as-
worked alloy material properties to a point where continued manufac-
turing operations can be performed. Such treatments may also be used
to produce structures in finished raw materials that are optimum for
specific forming operations. Minimum recommended mill annealing
temperatures for these vary between 900 and 1050°C.34

Unlike mill annealing, stress relief treatments for these alloys are
not well defined. Depending upon the particular circumstances, stress
relief may be achieved with a mill anneal or may require the equiva-
lent of a full solution anneal. Low-temperature treatments, which
work for carbon and stainless steels, generally will not be effective.
Effective high-temperature treatments will often be a compromise
between how much stress is actually relieved and concurrent changes
in the structure or dimensional stability of the component.

Annealing during cold or warm forming. The response of high-temperature
alloys to heat treatment is very much dependent upon the condition
that the material is in when the treatment is applied. When the mate-
rial is not in a cold- or warm-worked condition, the principal response
to heat treatment is usually a change in the amount and morphology
of the secondary carbide phases present. Other minor effects may
occur, but the grain structure of the material will normally be unal-
tered by heat treatment when cold or warm work is absent.34 Care
should be exercised in cold forming these alloys to avoid the imposition
of less than 10 percent cold work where possible. Small amounts of
cold work can lead to exaggerated or abnormal grain growth during
annealing. In the everyday fabrication of complex components, it may
be impossible to avoid situations where such low levels of cold work or
strain are introduced.

Annealing during hot forming. Components manufactured by hot-forming
techniques should generally be solution heat treated rather than mill
annealed if in-process heat treatment is required. In cases where form-
ing is required to be performed at furnace temperatures below the solu-
tion treatment range, intermediate mill annealing may be employed
subject to the limits of the forming equipment. Hot-formed components,
particularly when formed at high temperatures, will generally undergo
recovery, recrystallization, and perhaps even grain growth during the
forming operation itself. Similarly, if the hot-forming session involves a
small amount of deformation, the piece to be heat treated may exhibit
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a nonuniform structure, which will respond nonuniformly to the heat
treatment.34

Final annealing. Solution heat treating is the most common form of fin-
ishing operation applied to high-temperature alloys and is often
mandated by the applicable specifications for these materials. Where
more than about 10 percent cold work is present in the piece, a final
anneal is usually mandatory. Putting as-cold-worked material into
service can result in recrystallization to a very fine grain size, which
in turn can produce a significant reduction in stress rupture
strength. A good example of this is vacuum brazing. Often performed
as the final step in the fabrication of some components, such a
process precludes the possibility of a subsequent solution treatment
because of the low melting point of the brazing compound.
Consequently, the actual brazing temperatures used are sometimes
adjusted to allow for the simultaneous solution heat treating of the
component. Because both heating and cooling rates in vacuum fur-
naces are relatively slow, even with the benefit of advanced gas cool-
ing equipment, it must be recognized that alloy structure and
properties produced may be less than optimum.34

Stress relieving. A stress relief anneal should be considered only if the
treatment does not produce recrystallization in the material. Relief of
residual stress in these alloys, arising from thermal strains produced
by nonuniform cooling or slight deformations imparted during sizing
operations, is often difficult to achieve. In many cases, stress relieving
at mill annealing temperatures about 55 to 110°C above the intended
use temperature will provide good results. In other cases, a full solution
anneal at the low end of the allowable range may be best, although this
can make the material subject to abnormal grain growth.34

Heating rate and cooling rate. Heating and cooling rates used in the heat
treatments of these alloys should be as rapid as possible. Rapid heat-
ing to temperature is usually desirable to help minimize carbide pre-
cipitation during the heating cycle and to preserve the stored energy
from cold or warm work. Slow heating can promote a somewhat finer
grain size than might be otherwise desired or required, particularly for
thin-section parts given limited time at the annealing temperature.
Rapid cooling through the temperature range of about 980 down to
540°C following mill annealing is required to minimize grain bound-
ary carbide precipitation and other possible phase reactions in some
alloys. Again, cooling from the solution annealing temperature down
to under 540°C should be as rapid as possible considering the con-
straints of the equipment and the need to minimize component distor-
tion. Water quenching is preferred where feasible.34
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Use of protective atmosphere. Most of the high-performance alloys may be
annealed in oxidizing environments but will form adherent oxide scales
that normally must be removed prior to further processing. Some high-
temperature alloys contain low chromium. Atmosphere annealing of
these materials should be performed in neutral to slightly reducing
environments. Protective atmosphere annealing is commonly per-
formed for all of these materials when a bright finish is desired. The
best choice for annealing of this type is a low dew point hydrogen envi-
ronment. Annealing may also be done in argon and helium. Annealing
in nitrogen or cracked ammonia is not generally preferred but may be
acceptable in some cases. Vacuum annealing is generally acceptable
but also may produce some tinting depending on the equipment and
temperature. The gas used for forced gas cooling can also influence
results. Helium is normally preferred, followed by argon and nitrogen.34

8.5.4 Corrosion resistance

High-performance alloys generally react with oxygen, and oxidation is
the prime environmental effect on these alloys. At moderate tempera-
tures, about 870°C and below, general uniform oxidation is not a major
problem. At higher temperatures, the commercial nickel- and cobalt-
base high-performance alloys are attacked by oxygen. The level of oxi-
dation resistance at temperatures below 1200°C is a function of
chromium content, Cr2O3 forming as a protective oxide film. Above
that temperature, chromium and aluminum act in synergy for oxida-
tion protection. The latter element leads to the formation of protective
Al2O3 surface films. The higher the chromium level, the less aluminum
may be required to form a highly protective Al2O3 layer.30

In operating temperatures lower than 875°C, accelerated oxidation
may occur in high-performance alloys through the operation of selec-
tive fluxing agents. One of the better documented accelerated oxida-
tion processes is sulfidation. This hot corrosion process is separated
into two regimes: low temperature and high temperature. The princi-
pal method for combating sulfidation is the use of a high Cr content 
(�20%) in the base alloy. Although Co-base high-performance alloys
and many Fe-Ni-base alloys have Cr levels in this range, most Ni-base
high-performance alloys, especially those of the high creep rupture
strength type, do not.30 SCC can occur in Ni- and Fe-Ni-base high-
performance alloys at lower temperatures. Hydrogen embrittlement at
cryogenic temperatures has also been reported for these alloys.

Nickel and its alloys generally have good resistance to many of the
chloride bearing and reducing media that attack stainless steels. The
resistance of nickel alloys to reducing media is further enhanced by
molybdenum and copper. Alloy B (N10001), with 28% Mo, is resistant
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to hydrochloric acid. Monel 400 (N04400), with 30% Cu, is widely used
in natural waters and in heat-exchanger applications. It also has good
resistance to hydrofluoric acid, although SCC is a potential problem.
Although Monel 400 is used in similar applications as S31600 stain-
less steel, it is its opposite in many aspects of its behavior. For exam-
ple, it has poor resistance to oxidizing media, whereas stainless steels
thrive in these conditions. If chromium is added to nickel, alloys resis-
tant to a wide range of oxidizing and reducing media can be obtained.
One example is Inconel 600. If molybdenum is further added, the
resulting alloys can possess a resistance to an even wider range of
reducing and oxidizing media with very good chloride pitting resis-
tance, for example, Hastelloy C (N10002).

These high-nickel alloys are resistant to transgranular SCC in ele-
vated temperature chlorides, whereas the regular austenitic stainless
steels are very susceptible to this type of attack. It is interesting to note
that S43000 stainless is also resistant to these corrosive environments.
The pitting resistance of high-nickel, chromium-containing alloys is
generally better than that obtained with stainless steels. However, they
can be more susceptible to intergranular corrosion because

1. The solubility of carbon in austenite decreases as nickel increases,
which in turn increases the tendency to form chromium carbide.

2. The higher alloys are generally more prone to precipitate inter-
metallic compounds that can lower corrosion resistance by deplet-
ing the matrix in Ni, Mo, and so forth.

Chromium carbides and intermetallic compounds precipitate out at
temperatures in the range of about 600 to 1000°C. Therefore, there
are restrictions to the use of these alloys as welded materials. Stress -
zaccelerated intergranular corrosion has also been observed with
Inconel 600 in high-temperature (300°C) water applications.

The corrosion-resistant Hastelloys have become widely used by the
chemical processing industries. The attributes of Hastelloys include
high resistance to uniform attack, outstanding localized corrosion
resistance, excellent SCC resistance, and ease of welding and fabrica-
tion. The most versatile of the Hastelloys are the C series. Hastelloy
C-22 (N06022) is particularly resistant to pitting and crevice corrosion.
This alloy has been used extensively to protect against the most cor-
rosive flue gas desulfurization (FGD) systems and the most sophisti-
cated pharmaceutical reaction vessels.

Ni-base alloys. Nickel and its alloys, like the stainless steels, offer a
wide range of corrosion resistance. However, nickel can accommodate
larger amounts of alloying elements, chiefly chromium, molybdenum,
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and tungsten, in solid solution than iron. Therefore, nickel-base alloys,
in general, can be used in more severe environments than the stain-
less steels. In fact, because nickel is used to stabilize the austenite fcc
phase of some of the highly alloyed stainless steels, the boundary
between these and nickel-base alloys is rather diffuse. The nickel-base
alloys range in composition from commercially pure nickel to complex
alloys containing many alloying elements.31

The types of corrosion of greatest importance in the nickel-base alloy
system are uniform corrosion pitting and crevice corrosion, intergran-
ular corrosion, and galvanic corrosion. SCC, corrosion fatigue, and
hydrogen embrittlement are also of great importance. To estimate the
performance of a set of alloys in any environment, it is of paramount
importance to ascertain the composition and, for liquid environments,
the electrochemical interaction of the environment with an alloy. A
case in point is the nickel-molybdenum Hastelloy B-2 (N10665). This
alloy performs exceptionally well in pure deaerated H2SO4 and HCl
but deteriorates rapidly when oxidizing impurities, such as oxygen
and ferric ions, are present.

Ni-base alloys in acid media. Sulfuric acid is the most ubiquitous environ-
ment in the chemical industry. The electrochemical nature of the acid
varies wildly, depending on the concentration of the acid and the impu-
rity content. Pure acid is considered to be a nonoxidizing acid up to a
concentration of about 50 to 60%, beyond which it is generally consid-
ered to be oxidizing. The corrosion rates of nickel-base alloys, in general,
increase with acid concentration up to 90%. Higher concentrations of
the acid are generally less corrosive.31 The presence of oxidizing impu-
rities can be beneficial to nickel-chromium-molybdenum alloys because
these impurities can aid in the formation of passive films that retard
corrosion. Another important consideration is the presence of chlorides
(Cl�). Chlorides generally accelerate the corrosion attack, but the
degree of acceleration differs for various alloys.

Commercially pure nickel (N02200 and N02201) and Monels have
room-temperature corrosion rates below 0.25 mm�y�1 in air-free HCl at
concentrations up to 10%. In HCl concentrations of less than 0.5%,
these alloys have been used at temperatures up to about 200°C.
Oxidizing agents, such as cupric, ferric, and chromate ions or aeration,
raise the corrosion rate considerably. Under these conditions nickel-
chromium-molybdenum alloys such as Inconel 625 (N06625) or
Hastelloy C-276 (N10276) offer better corrosion resistance. They can
be made passive by the presence of oxidizing agents.

The nickel-chromium-molybdenum alloys also show higher resis-
tance to uncontaminated HCl. For example, alloys C-276, 625, and 
C-22 show very good resistance to dilute HCl at elevated temperatures
and to a wide range of HCl concentrations at ambient temperature. The
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corrosion resistance of these alloys depends on the molybdenum con-
tent. The alloy with the highest molybdenum content (i.e., Hastelloy 
B-2) shows the highest resistance in HCl of all the nickel-base alloys.
Accordingly, this alloy is used in a variety of processes involving hot
HCl or nonoxidizing chloride salts hydrolyzing to produce HCl.31

Chromium is an essential alloying element for corrosion resistance
in HNO3 environments because it readily forms a passive film in these
environments. Thus, the higher chromium alloys show better resis-
tance in HNO3. In these types of environments, the highest chromium
alloys, such as Hastelloy G-30 (N06030), seem to show the highest cor-
rosion resistance. Molybdenum is generally detrimental to corrosion
resistance in HNO3.

Pitting corrosion in chloride environments. The nickel-chromium-molybde-
num alloys, such as Hastelloys C-22 and C-276 as well as Inconel 625,
exhibit very high resistance to pitting in oxidizing chloride environments.
The critical pitting temperatures of various nickel-chromium-molybde-
num alloys in an oxidizing chloride solution are shown in Table 8.23.
Pitting corrosion is most prevalent in chloride-containing environments,
although other halides and sometimes sulfides have been reported to
cause pitting. There are several techniques that can be used to evaluate
resistance to pitting. Critical pitting potential and pitting protection
potential indicate the electrochemical potentials at which pitting can be
initiated and at which a propagating pit can be stopped, respectively.
These values are functions of the solution concentration, pH, and tem-
perature for a given alloy; the higher the potentials, the better the alloy.
The critical pitting temperature (i.e., the potential below which pitting
does not initiate), is often used as an indicator of resistance to pitting,
especially in the case of highly corrosion-resistant alloys (Table 8.23).
Chromium and molybdenum additions have been shown to be extremely
beneficial to pitting resistance.31
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TABLE 8.23 Critical Pitting Temperatures
for Nickel Alloys in 6% FeCl3 during 24 h

Critical pitting 
Alloy UNS temperature, °C

825 N08825 0.0 0.0
904L N08904 2.5 5.0
317LM S31725 2.5 2.5
G N06007 25.0 25.0
G-3 N06985 25.0 25.0
C-4 N06455 37.5 37.5
625 N06625 35.0 40.0
C-276 N10276 60/0 65/0
C-22 N06022 60.0 65.0
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TABLE 8.24 Brief Description, Corrosion Resistance, and Applications of High-
Performance Alloys and Some Highly Alloyed Stainless Steels

Alloy 20Cb-3 (N08029)

Description and corrosion resistance. The high nickel content combined with
chromium, molybdenum, and copper gives the alloy good resistance to pitting and
chloride-ion stress-corrosion cracking. The copper content combined with other
elements gives the alloy excellent resistance to sulfuric acid corrosion under a wide
variety of conditions. The addition of columbium stabilizes the heat-affected zone
carbides, so the alloy can be used in the as-welded condition. Alloy 20 has good
mechanical properties and exhibits relatively good fabricability.

Applications. Alloy 20 is a highly alloyed iron-base nickel-chromium-molybdenum
stainless steel developed primarily for use in the sulfuric acid-related processes. Other
typical corrosion-resistant applications for the alloy include chemical, pharmaceutical,
food, plastics, synthetic fibers, pickling, and FGD systems.

Alloy 25 (R30605)

Description and corrosion resistance. This is a cobalt-nickel-chromium-tungsten alloy
with excellent high-temperature strength and good oxidation resistance up to about
980°C. Alloy 25 also has good resistance to sulfur-bearing environments. It also has
good wear resistance and is used in the cold-worked condition for some bearing and
valve applications.

Applications. It is principally used in aerospace structural parts, for internals in
older, established gas turbine engines, and for a variety of industrial applications.

Alloy 188 (R30188)

Description and corrosion resistance. Alloy 188 is a cobalt-nickel-chromium-tungsten
alloy developed as an upgrade to Alloy 25. It combines excellent high-temperature
strength with very good oxidation resistance up to about 1095°C. Its thermal stability
is better than that for Alloy 25, and it is easier to fabricate. Alloy 188 also has low-cycle
fatigue resistance superior to that for most solid-solution-strengthened alloys and has
very good resistance to hot corrosion.

Applications. It is widely used in both military and civil gas turbine engines and in a
variety of industrial applications.

Alloy 230 (N06230)

Description and corrosion resistance. This is a nickel-chromium-tungsten-molybdenum
alloy that combines excellent high-temperature strength, outstanding oxidation
resistance up to 1150°C, premier nitriding resistance, and excellent long-term thermal
stability. Alloy 230 also has lower expansion characteristics than most high-temperature
alloys, very good low-cycle fatigue resistance, and a pronounced resistance to grain
coarsening with prolonged exposure at elevated temperatures. Components of Alloy 230
are readily fabricated by conventional techniques, and the alloy can be cast.

Applications. Principal applications for Alloy 230 include
Wrought and cast gas turbine stationary components
Aerospace structurals
Chemical process and power plant internals
Heat treating facility components and fixtures
Steam process internals
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Cobalt Alloy 6B (R30016)

Description and corrosion resistance. Cobalt 6B is a cobalt-based chromium-tungsten
alloy for wear environments where seizing, galling, and abrasion are present. 6B is
resistant to seizing and galling and with its low coefficient of friction allows sliding
contact with other metals without damage by metal pickup in many cases. Seizing and
galling can be minimized in applications without lubrication or where lubrication is
impractical.

Alloy 6B has outstanding resistance to most types of wear. Its wear resistance is
inherent and not the result of cold working, heat treating, or any other method. 
This inherent property reduces the amount of heat treating and postmachining. 6B has
outstanding resistance to cavitation erosion. Steam turbine erosion shields from 6B
have protected the blades of turbines for years of continuous service. 6B has good impact
and thermal shock resistance, resists heat and oxidation, retains high hardness even at
red heat (when cooled, recovers full original hardness), and has resistance to a variety of
corrosive media. 6B is useful where both wear and corrosion resistance are needed.

Applications. Applications for Alloy 6B include half sleeves and half bushings in
screw conveyors, tile-making machines, rock-crushing rollers, and cement and steel
mill equipment. Alloy 6B is well suited for valve parts, pump plungers. Other
applications include

Steam turbine erosion shields
Chain saw guide bars
High-temperature bearings
Furnace fan blades
Valve stems
Food processing equipment
Needle valves
Centrifuge liners
Hot extrusion dies
Forming dies
Nozzles
Extruder screws

Cobalt Alloy 6BH (R30016)

Description and corrosion resistance. Cobalt 6BH has the same composition as Cobalt
6B, except the material is hot rolled and then age hardened. The direct age hardening
after hot rolling provides the maximum hardness and wear resistance. The advantages
this creates are increased wear life, retained edge characteristics, and increased
hardness. These properties are in addition to the galling and seizing resistance of the
regular Cobalt 6B. Cobalt 6BH is known in the industry as a metal that retains its
cutting edge. The economic advantages are in its long wear time, less downtime, and
fewer replacements.

Applications. Cobalt 6BH is used for steam turbine erosion shields, chain saw guide
bars, high-temperature bearings, furnace fan blades, valve stems, food processing
equipment, needle valves, centrifuge liners, hot extrusion dies, forming dies, nozzles,
extruder screws, and many other miscellaneous wear surfaces. Applications also
include tile-making machines, rock-crushing rollers, and cement and steel mill
equipment. Alloy 6BH is well suited for valve parts and pump plungers.
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Ferralium 255 (S32550)

Description and corrosion resistance. This alloy’s high critical pitting crevice
temperatures provide more resistance to pitting and crevice corrosion than lesser-
alloyed materials. The very high yield strength of this alloy combined with good
ductility allows lower wall thickness in process equipment.

Applications. Alloy 255 is finding many cost-effective applications in the chemical,
marine, metallurgical, municipal sanitation, plastics, oil and gas, petrochemical,
pollution control, wet phosphoric acid, paper-making, and metal-working industries. 
It is called super because it is more alloyed than ordinary stainless steels and has
superior corrosion resistance. Alloy 255 is being used in areas where conventional
stainless steels are inadequate or, at best, marginal. One good example is in the paper
industry, which was hit with an epidemic of corrosion problems when environmental
laws forced recycling of process liquids. In closed systems, chemicals such as chlorides
can build up to highly corrosive concentrations over time. Paper makers have found
that ordinary stainless equipment, which had previously given good service, was no
longer adequate for many applications.

Alloy 255 is a cost-effective alternative to materials such as the nickel alloys, 
20-type alloys, brass, and bronze. Marine environments have long been the domain 
of admiralty bronze. Alloy 255 is replacing admiralty bronze and the nickel alloys in
offshore platforms, deck hardware, rudders, and shafting. Alloy 255 is also making
inroads in “borderline” corrosion applications where the nickel alloys and high-
performance alloys have been used but may not have been absolutely necessary. In
some instances, it has even been used to replace high-performance Ni-Cr-Mo-F-Cu
alloys in the phosphoric acid industry.

Hastelloy C-276 (N10276)

Description and corrosion resistance. This is a nickel-chromium-molybdenum wrought
alloy that is considered the most versatile corrosion-resistant alloy available. It is
resistant to the formation of grain boundary precipitates in the weld heat-affected
zone, thus making it suitable for most chemical process applications in an as-welded
condition. Alloy C-276 also has excellent resistance to pitting, stress-corrosion cracking,
and oxidizing atmospheres up to 1050°C. It has exceptional resistance to a wide variety
of chemical environments and outstanding resistance to a wide variety of chemical
process environments including ferric and cupric chlorides, hot contaminated mineral
acids, solvents, chlorine and chlorine contamination (both organic and inorganic), dry
chlorine, formic and acetic acids, acetic anhydride, seawater and brine solutions, and
hypochlorite and chlorine dioxide solutions. It is one of the few alloys resistant to wet
chloride gas, hypochlorite, and chlorine dioxide solutions and has exceptional
resistance to strong solutions of oxidizing salts, such as ferric and cupric chlorides.

Applications. Some typical applications include equipment components in chemical
and petrochemical organic chloride processes and processes utilizing halide or acid
catalysts. Other industry applications are pulp and paper digesters and bleach areas,
scrubbers and ducting for flue gas desulfurization, pharmaceutical and food processing
equipment.

Hastelloy (N10665)

Description and corrosion resistance. Alloy B-2 is a nickel-molybdenum alloy with
significant resistance to reducing environments, such as hydrogen chloride gas and
sulfuric, acetic, and phosphoric acids. Alloy B-2 provides resistance to pure sulfuric acid 

0765162_Ch08_Roberge  9/1/99 6:01  Page 682



Materials Selection 683

TABLE 8.24 Brief Description, Corrosion Resistance, and Applications of High-
Performance Alloys and Some Highly Alloyed Stainless Steels (Continued )

and a number of nonoxidizing acids. The alloy should not be used in oxidizing media or
where oxidizing contaminants are available in reducing media. Premature failure may
occur if B-2 is used where iron or copper is present in a system containing hydrochloric
acid. Industry users like the resistance to a wide range of organic acids and the
resistance to chloride-induced stress-corrosion cracking.

Alloy B-2 resists the formation of grain boundary carbide precipitates in the weld
heat-affected zone, making it suitable for most chemical process applications in the 
as-welded condition. The heat-affected weld zones have reduced precipitation of
carbides and other phases to ensure uniform corrosion resistance. Alloy B-2 also has
excellent resistance to pitting and stress corrosion cracking.

Applications. Alloy B-2 has superior resistance to hydrochloric acid, aluminum
chloride catalysts, and other strongly reducing chemicals and has excellent high-
temperature strength in inert and vacuum atmospheres. Applications in the 
chemical process industry involve sulfuric, phosphoric, hydrochloric, and acetic acid.
Temperature uses vary from ambient temperature to 820°C depending on the
environments.

Hastelloy C-22 (N06022)

Description and corrosion resistance. Hastelloy C-22 is a nickel-chromium-
molybdenum alloy with enhanced resistance to pitting, crevice corrosion, and stress
corrosion cracking. It resists the formation of grain boundary precipitates in the weld
heat-affected zone, making it suitable for use in the as-welded condition. C-22 has
outstanding resistance to both reducing and oxidizing media and because of its
resistibility can be used where “upset” conditions are likely to occur. It possesses
excellent weldability and high corrosion resistance as consumable filler wires and
electrodes. The alloy has proven results as a filler wire in many applications when
other corrosion resistant wires have failed.

It has better overall corrosion resistance in oxidizing corrosives than C-4, C-276, 
and 625 alloys, outstanding resistance to localized corrosion, and excellent resistance 
to stress corrosion cracking. It is the best alloy to use as universal weld filler metal to
resist corrosion of weldments.

Applications. C-22 can easily be cold worked because of its ductility, and cold forming
is the preferred method of forming. More energy is required because the alloy is
generally stiffer than austenitic stainless steels.

Hastelloy G-30 (N06030)

Description and corrosion resistance. Hastelloy Alloy G-30 is an improved version of
the nickel-chromium-iron molybdenum-copper alloy G-3. With higher chromium, added
cobalt, and tungsten the nickel Hastelloy Alloy G-30 shows superior corrosion
resistance over most other nickel- and iron-based alloys in commercial phosphoric acids
as well 
as complex environments containing highly oxidizing acids such as nitric/hydrochloric,
nitric/hydrofluoric, and sulfuric acids. Hastelloy Alloy G-30 resists the formation of
grain boundary precipitates in the heat-affected zone, making it suitable in the as-
welded condition.

Applications. Hastelloy Alloy G-30 is basically the same as other high alloys in regard
to formability. It is generally stiffer than austenitics. Because of its good ductility, cold
working is relatively easy and is the preferred method of forming. The alloy is easily
weldable using gas-tungsten arc, gas metal arc, and shielded metal arc. The welding
characteristics are similar to those of G-3.
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Hastelloy X (N06002)

Description and corrosion resistance. This is a nickel-chromium-iron-molybdenum
alloy that possesses an exceptional combination of oxidation resistance, fabricability,
and high-temperature strength. Alloy X is one of the most widely used nickel-base
superalloys for gas turbine engine components. This solid-solution-strengthened grade
has good strength and excellent oxidation resistance beyond 2000°F. Alloy X has
excellent resistance to reducing or carburizing atmospheres, making it suitable for
furnace components. Due to its high molybdenum content, alloy X may be subject to
catastrophic oxidation at 1200°C.

It is exceptionally resistant to SCC in petrochemical applications and to carburization
and nitriding. All of the product forms are excellent in terms of forming and welding.
Although this alloy is primarily noted for heat and oxidation resistance, it also has good
resistance to chloride stress corrosion cracking.

Applications. The alloy finds use in petrochemical process equipment and gas
turbines in the hot combustor zone sections. It is also used for structural components 
in industrial furnace applications because of its excellent oxidation resistance. It is
recommended especially for use in furnace applications because it has unusual
resistance to oxidizing, reducing, and neutral atmospheres. Furnace rolls made of 
this alloy are still in good condition after operating for 8700 h at 1200°C. Furnace
trays, used to support heavy loads, have been exposed to temperatures up to 1250°C in
an oxidizing atmosphere without bending or warping. Alloy X is equally suitable for use
in jet engine tailpipes, afterburner components, turbine blades, nozzle vanes, cabin
heaters, and other aircraft parts. Alloy X has wide use in gas turbine engines for
combustion zone components such as transition duct, combustor cans, spray bars, and
flame holders. Alloy X is also used in the chemical process industry for retorts, muffles,
catalyst support grids, furnace baffles, tubing for pyrolysis operations, and flash drier
components.

Incoloy 800 (N08800)

Description and corrosion resistance. Alloy 800 is a nickel-iron-chromium alloy 
with good strength and excellent resistance to oxidation and carburization in high-
temperature atmospheres. It also resists corrosion by many aqueous environments.
The alloy maintains a stable, austenitic structure during prolonged exposure to high
temperatures.

Applications. Uses for Incoloy 800 include
Process piping
Heat exchangers
Carburizing equipment
Heating-element sheathing
Nuclear steam-generator tubing

Incoloy 825 (N08825)

Description and corrosion resistance. Incoloy 825 is a nickel-iron-chromium alloy with
additions of molybdenum and copper. It has excellent resistance to both reducing and
oxidizing acids, stress-corrosion cracking, and localized attack such as pitting and crevice
corrosion. The alloy is especially resistant to sulfuric and phosphoric acids.

Applications. This alloy is used for the following:
Chemical processing
Pollution-control equipment
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Oil and gas well piping
Nuclear fuel reprocessing
Acid production
Pickling equipment

Incoloy 925 (N09925)

Description and corrosion resistance. This is a precipitation-hardenable nickel-iron-
chromium alloy with additions of molybdenum and copper. It combines the high
strength of a precipitation-hardenable alloy with the excellent corrosion resistance of
Alloy 825. The alloy has outstanding resistance to general corrosion, pitting, crevice
corrosion, and stress corrosion cracking in many aqueous environments including those
containing sulfides and chlorides.

Applications. Uses include surface and downhole hardware in sour gas wells and oil-
production equipment.

Inconel 600 (N06600)

Description and corrosion resistance. Alloy 600 is a nickel-chromium alloy designed for
use from cryogenic to elevated temperatures in the range of 1093°C. The high nickel
content of the alloy enables it to retain considerable resistance under reducing conditions
and makes it resistant to corrosion by a number of organic and inorganic compounds.
The nickel content gives it excellent resistance to chloride-ion stress corrosion cracking
and also provides excellent resistance to alkaline solutions.

Its chromium content gives the alloy resistance to sulfur compounds and various
oxidizing environments. The chromium content of the alloy makes it superior to
commercially pure nickel under oxidizing conditions. In strong oxidizing solutions like
hot, concentrated nitric acid, 600 has poor resistance. Alloy 600 is relatively unattacked
by the majority of neutral and alkaline salt solutions and is used in some caustic
environments. The alloy resists steam and mixtures of steam, air, and carbon dioxide.

Alloy 600 is nonmagnetic, has excellent mechanical properties and a combination of
high strength and good workability, and is readily weldable. Alloy 600 exhibits cold-
forming characteristics normally associated with chromium-nickel stainless steels. It 
is resistant to a wide range of corrosive media. The chromium content gives better
resistance than Alloys 200 and 201 under oxidizing conditions, and at the same time
the high nickel gives good resistance to reducing conditions. Other qualities are as
follows:

Virtually immune to chlorine ion stress corrosion cracking.
Demonstrates adequate resistance to organic acids such as acetic, formic, and stearic.
Excellent resistance to high purity water used in primary and secondary circuits of

pressurized nuclear reactors.
Little or no attack occurs at room and elevated temperatures in dry gases, such as
chlorine or hydrogen chloride. At temperatures up to 550°C in these media, this
alloy has been shown to be one of the most resistant of the common alloys.

At elevated temperatures the annealed and solution annealed alloy shows good
resistance to scaling and has high strength.

The alloy also resists ammonia-bearing atmospheres, as well as nitrogen and
carburizing gases.

Under alternating oxidizing and reducing conditions the alloy may suffer from
selective oxidation.

Applications. Typical corrosion applications include titanium dioxide production
(chloride route), perchlorethylene syntheses, vinyl chloride monomer (VCM), and 
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magnesium chloride. Alloy 600 is used in chemical and food processing, heat treating,
phenol condensers, soap manufacture, vegetable and fatty acid vessels, among other
uses. In nuclear reactors uses are for such components as control rod inlet stub tubes,
reactor vessel components and seals, steam dryers, and separators in boiling water
reactors. In pressurized water reactors it is used for control rod guide tubes and steam
generator baffle plates. Other uses include

Thermocouple sheaths
Ethylene dichloride (EDC) cracking tubes
Conversion of uranium dioxide to tetrafluoride in contact with hydrofluoric acid
Production of caustic alkalis, particularly in the presence of sulfur compounds
Reactor vessels and heat-exchanger tubing used in the production of vinyl chloride
Process equipment used in the production of chlorinated and fluorinated

hydrocarbons
Furnace retort seals, fans, and fixtures
Roller hearths and radiant tubes, in carbonitriding processes especially

Inconel 601 (N06601)

Description and corrosion resistance. The most important property of Alloy 601 is
resistance to oxidation at very high temperatures, up to 1250°C, even under severe
conditions such as cyclical heating and cooling. This is possible due to Alloy 601 having
a tightly adherent oxide layer that is resistant against spalling. Its resistance to
carburization is also good, and it is resistant to carbonitriding conditions. Due to its
high chromium and some aluminium content, Inconel 601 has good resistance in
oxidizing sulfur-bearing atmospheres at elevated temperatures.

Applications. This alloy is used for
Trays, baskets, and fixtures used in various heat treatments such as carburizing and

carbonitriding
Refractory anchors, strand annealing and radiant tubes, high-velocity gas burners,

wire mesh belts, etc.
Insulating cans in ammonia reformers and catalyst support grids used in nitric acid

production
Thermal reactors in exhaust system of petrol engines
Fabricated combustion chambers
Tube supports and ash trays in the power generation industry

Inconel 625 (N06625)

Description and corrosion resistance. This is a material with excellent resistance to
pitting, crevice, and corrosion cracking. It is highly resistant in a wide range of organic
and mineral acids and has good high-temperature strength. Other features include

Excellent mechanical properties at both extremely low and extremely high
temperatures

Outstanding resistance to pitting, crevice corrosion, and intercrystalline corrosion
Almost complete freedom from chloride-induced stress corrosion cracking
High resistance to oxidation at elevated temperatures up to 1050°C
Good resistance to acids, such as nitric, phosphoric, sulfuric, and hydrochloric, as

well as to alkalis makes possible the construction of thin structural parts of high
heat transfer

Applications. Inconel 625 is used for
Components where exposure to seawater and high mechanical stresses are required
Oil and gas production where hydrogen sulfide and elementary sulfur exist at

temperatures in excess of 150°C
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Components exposed to flue gas or in flue gas desulfurization plants
Flare stacks on offshore oil platforms
Hydrocarbon processing from tar-sand and oil-shale recovery projects

Inconel 718 (N07718)

Description and corrosion resistance. This is a gamma prime-strengthened alloy with
excellent mechanical properties at elevated as well as cryogenic temperatures. It is
suitable for temperatures up to around 700°C, can be readily worked and age
hardened, and has excellent strength from �250 to 705°C. It can be welded in fully
aged condition and has excellent oxidation resistance up to 980°C.

Applications. Uses for this alloy tend to be in the field of gas turbine components and
cryogenic storage tanks. Examples are jet engines, pump bodies and parts, rocket
motors and thrust reversers, nuclear fuel element spacers, and hot extrusion tooling.

Monel 400 (N04400)

Description and corrosion resistance. Alloy 400 is a nickel-copper alloy with excellent
corrosion resistance in a wide variety of media. The alloy is characterized by good
general corrosion resistance, good weldability, and moderate-to-high strength. The
alloy has been used in a variety of applications. It has excellent resistance to rapidly
flowing brackish water and seawater. It is particularly resistant to hydrochloric and
hydrofluoric acids when they are deaerated. The alloy is slightly magnetic at room
temperature and is widely used in the chemical, oil, and marine industries.
It has a good corrosion resistance in an extensive range of marine and chemical
environments, from pure water to nonoxidizing mineral acids, salts, and alkalis. This
alloy is more resistant than nickel under reducing conditions and more resistant than
copper under oxidizing conditions. It does show, however, better resistance to reducing
media than oxidizing ones. It also has

Good mechanical properties from subzero temperatures up to about 480°C.
Good resistance to sulfuric and hydrofluoric acids. Aeration, however, will result in

increased corrosion rates. It may be used to handle hydrochloric acid, but the
presence of oxidizing salts will greatly accelerate corrosive attack.

Resistance to neutral, alkaline, and acid salts is shown, but poor resistance is found
with oxidizing acid salts such as ferric chloride.

Excellent resistance to chloride ion stress corrosion cracking.

Applications. Uses for Monel 400 include
Feed water and steam generator tubing
Brine heaters and seawater scrubbers in tanker inert gas systems
Sulfuric acid and hydrofluoric acid alkylation plants
Pickling bat heating coils
Heat exchangers in a variety of industries
Transfer piping from oil refinery crude columns
Plants for the refining of uranium and isotope separation in the production of

nuclear fuel
Pumps and valves used in the manufacture of perchlorethylene, chlorinated plastics
Monoethanolamine (MEA) reboiling tubes
Cladding for the upper areas of oil refinery crude columns
Propeller and pump shafts

Monel 500 (N05500)

Description and corrosion resistance. Alloy K-500 is a nickel-copper alloy,
precipitation hardenable through additions of aluminum and titanium. Alloy K-500 

0765162_Ch08_Roberge  9/1/99 6:01  Page 687



688 Chapter Eight

TABLE 8.24 Brief Description, Corrosion Resistance, and Applications of High-
Performance Alloys and Some Highly Alloyed Stainless Steels (Continued )

retains the excellent corrosion-resistant characteristics of 400 and has enhanced
strength and hardness after precipitation hardening when compared with 400. Alloy 
K-500 has approximately 3 times the yield strength and double the tensile strength
when compared with 400. K-500 can be further strengthened by cold working before
the precipitation hardening.

It has excellent mechanical properties from subzero temperatures up to about 480°C
and corrosion resistance in an extensive range of marine and chemical environments
from pure water to nonoxidizing mineral acids, salts, and alkalies.

Applications. Typical applications for the alloy that take advantage of high strength
and corrosion resistance are pump shafts, impellers, propeller shafts, valve components
for ships and offshore drilling towers, bolting, oil well drill collars, and instrumentation
components for oil and gas production. It is particularly well suited for centrifugal
pumps in the marine industry because of its high strength and low corrosion rates in
high-velocity seawater.

Nickel 200 (N02200)

Description and corrosion resistance. This is commercially pure wrought nickel with
good mechanical properties over a wide range of temperature and excellent resistance
to many corrosives, in particular hydroxides. Nickel 200 can be hot formed to almost
any shape. A temperature range of 650 to 1230°C is recommended and should be
carefully adhered to because the proper temperature is the most important factor in
achieving hot malleability. Full information of the forming process should be sought
and understood before proceeding. 200 can be cold formed by all conventional methods,
but because nickel alloys have greater stiffness than stainless steels more power is
required to perform the operations. Other properties are

Good resistance to corrosion in acids and alkalies and is most useful under reducing
conditions

Outstanding resistance to caustic alkalis up to and including the molten state
In acid, alkaline, and neutral salt solutions the material shows good resistance, but

in oxidizing salt solutions severe attack will occur
Resistant to all dry gases at room temperature and in dry chlorine and hydrogen

chloride may be used in temperatures up to 550°C
Resistance to mineral acids varies according to temperature and concentration and
whether the solution is aerated or not; corrosion resistance is better in deaerated acid

Applications. It is used in the following:
Manufacture and handling of sodium hydroxide, particularly at temperature above

300°C
Production of viscose rayon and manufacture of soap
Analine hydrochloride production and the chlorination of aliphatic hydrocarbons

such as benzene, methane and ethane
Manufacture of vinyl chloride monomer
Storage and distribution systems for phenol; immunity from any form of attack

ensures absolute product purity
Reactors and vessels in which fluorine is generated and reacted with hydrocarbons

Nickel 201 (N02201)

Description and corrosion resistance. Nickel 201 can be hot formed to almost any
shape. The temperature range 650 to 1230°C is recommended and should be carefully
adhered to because the proper temperature is the most important factor in achieving
hot malleability. Full information of the forming process should be sought and 
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understood before proceeding. Nickel 201 can be cold formed by all conventional
methods, but because nickel alloys have greater stiffness than stainless steels, more
power is required to perform the operations. Nickel 201 is the low-carbon version of
Nickel 200. It is preferred to Nickel 200 for applications involving exposure to
temperatures above 320°C. With low base hardness and lower work-hardening rate, it
is particularly suited for cold forming. Other properties are

Good resistance to corrosion in acids and alkalies; most useful under reducing
conditions

Outstanding resistance to caustic alkalis up to and including the molten stat.
In acid, alkaline, and neutral salt solutions the material shows good resistance, but

in oxidizing salt solutions severe attack will occur 
Resistant to all dry gases at room temperature and in dry chlorine and hydrogen

chloride may be used in temperatures up to 550°C
Resistance to mineral acids varies according to temperature and concentration and
whether the solution is aerated or not; corrosion resistance is better in deaerated acid

Virtually immune to intergranular attack above 315°C; chlorates must be kept to a
minimum

Applications. Nickel 201 has the following uses:
Manufacture and handling of sodium hydroxide, particularly at temperature above

300°C
Production of viscose rayon; manufacture of soap
Analine hydrochloride production and the chlorination of aliphatic hydrocarbons

such as benzene, methane and ethane
Manufacture of vinyl chloride monomer
Storage and distribution systems for phenol; immunity from any form of attack

ensures absolute product purity
Reactors and vessels in which fluorine is generated and reacted with hydrocarbons

Nitronic 60 (S21800)

Description and corrosion resistance. Nitronic 60 is truly an all-purpose metal. This
fully austenitic alloy was originally designed as a high-temperature alloy for
temperatures around 980°C. The oxidation resistance of Nitronic 60 is similar to
S30900 steel and far superior to S30400 steel. The additions of silicon and manganese
have given the alloy a matrix to inhibit wear, galling, and fretting even in the annealed
condition. Higher strengths are attainable through cold working the material, and it is
still fully austenitic after severe cold working. This working does not enhance the
antigalling properties as is normal for carbon steels and some stainless steels. The cold
or hot work put into the material adds strength and hardness.

The chromium and nickel additions give it comparable corrosion to S30400 and
S31600 stainless steels, while having a twice the yield strengths of regular stainless
steels. The high mechanical strength in annealed parts permits use of reduced cross
sections for weight and cost reductions. Although uniform corrosion resistance of
Nitronic 60 is better than S30400 stainless in most environments, its yield strength is
nearly twice that of S30400 and S31600 steels. Chloride pitting resistance is superior
to that of type S31600 stainless; Nitronic 60 provides excellent high-temperature
oxidation resistance and low-temperature impact.

Nitronic 60 is also readily welded using conventional joining processes. It can be
handled similarly to S30400 and S31600 steels. No preheat or postweld heat treatments
are necessary, other than the normal stress relief used in heavy fabrication. Most
applications use Nitronic 60 in the as-welded condition, unless corrosion resistance is a
consideration. Fillerless fusion welds (autogenous) have been made using GTA. These 
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welds are free from cracking and have galling and cavitation resistance similar to the
unwelded base metal. Heavy weld deposits using this process are sound and exhibit
higher strength then the unwelded base metal. The metal-to-metal wear resistance of
the GMA welds are slightly lower than the base metal wear resistance.

Applications. Applications using Nitronic 60 are valve stems, seats and trim,
fastening systems, screening, pins, bushings and roller bearings, pump shafts, and
rings. Other uses include wear plates, rails guides, and bridge pins. This alloy provides
a significant lower-cost way to fight wear and galling compared to nickel- or cobalt-
based alloys. It is also used for

Automotive valves; it can withstand gas temperatures of up to 820°C for a minimum
of 80,000 km

Fastener galling; it is capable of frequent assembly and disassembly, allowing more
use of the fastener before the threads are torn up and also helps to eliminate
corroded or frozen fasteners

Pins; it is used in roller prosthetics and chains to ensure a better fit of parts (closer
tolerance, nonlubricated) and a longer life

Marine shafts; it has better corrosion than types 304 and 316, with double the yield
strength

Pin and hanger expansion joints for bridges; it has better corrosion, galling
resistance, low-temperature toughness, and high charpy values at subzero
temperatures compared to the A36 and A588 carbon steels commonly used.

Nitronic 50 (S20910)

Description and corrosion resistance. Nitronic 50 stainless steel provides a
combination of corrosion resistance and strength not found in any other commercial
material available in its price range. This austenitic stainless has corrosion resistance
greater than that provided by S31600, plus approximately twice the yield strength at
room temperature. In addition to the improved corrosion resistance, Nitronic 50 can be
welded successfully using conventional welding processes that are normally employed
with the austenitic stainless steels.

Its resistance to intergranular attack is excellent even when sensitized at 675°C for 
1 h to simulate the heat-affected zone of heavy weldments. Material annealed at
1066°C has very good resistance to intergranular attack for most applications.
However, when thick sections are used in the as-welded condition in certain strongly
corrosive media, the 1121°C condition gives optimum corrosion resistance.

Applications. Outstanding corrosion resistance gives Armco’s Nitronic 50 stainless
steel the leading edge for applications where types 316, 316L, 317, and 317L are only
marginal. It’s an effective alloy for the petroleum, petrochemical, chemical, fertilizer,
nuclear fuel recycling, pulp and paper, textile, food processing, and marine industries.
Components using the combination of excellent corrosion resistance and high strength
currently include pumps, valves and fittings, fasteners, cables, chains, screens and
wire cloth, marine hardware, boat and pump shafting, heat exchanger parts, springs,
and photographic equipment. Other uses include

Fastener
Marine hardware, mastings and tie downs
Marine and pump shafts
Valves and fittings
Downhole rigging
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Cobalt-base alloys. The corrosion behavior of pure cobalt has not been
documented as extensively as that of nickel. The behavior of cobalt is
similar to that of nickel, although cobalt possesses lower overall corro-
sion resistance. For example, the passive behavior of cobalt in 0.5 M
sulfuric acid has been shown to be similar to that of nickel, but the crit-
ical current density necessary to achieve passivity is 14 times higher for
the former. Several investigations have been carried out on binary
cobalt-chromium alloys. In cobalt-base alloys, it has been found that as
little as 10% chromium is sufficient to reduce the anodic current den-
sity necessary for passivation from 500 to 1 mA�cm�2. For nickel, about
14% chromium is needed to reduce the passivating anodic current den-
sity to the same level.

It should be noted that all of these alloys, regardless of their
chromium and molybdenum contents, exhibit similar corrosion resis-
tance in dilute H2SO4. Thus, the high-chromium alloys show approxi-
mately the same corrosion rates as the lower-chromium alloys.
Similar behavior has been observed in the nickel-iron-chromium-
molybdenum alloys. In H2SO4 and HCl, the nickel and cobalt contents
govern the behavior of the alloy as long as minimum amounts of
chromium and molybdenum or tungsten are present. The corrosion
resistance of wrought cobalt-base alloys in HCl solutions is not good
except in very dilute HCl.32 However, because many of the commercial
alloys contain appreciable amounts of chromium, their corrosion
resistance to dilute nitric acid is quite good. In highly oxidizing
chromic acid, the chromium-containing alloys, whether cobalt- or
nickel-base, do not perform well, probably because the passive,
chromium oxide film is unstable in this acid.32

Environmental embrittlement. Cobalt-base alloys are primarily used in
high-temperature applications. In such uses, hydrogen embrittlement
and SCC are generally not thought to be important. However, in appli-
cations in which cobalt-base alloys are used for aqueous corrosion ser-
vice, both of these modes of fracture may become important.
Cobalt-base alloys can be used to combat hydrogen embrittlement
where steels have failed by this mechanism. Annealed cobalt-base
alloys do not show significant susceptibility to hydrogen embrittle-
ment, even in the most severe hydrogen-charging conditions. When
cold worked to levels exceeding 1380-MPa yield strength, the cobalt-
base alloys may not exhibit embrittlement.32

8.5.5 Use of high-performance alloys

High-performance alloys have been used in cast, rolled, extruded,
forged, and powder processed forms. Sheet, bar, plate, tubing, airfoils,
disks, and pressure vessels are but some of the shapes that have been
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produced. These metals have been used in aircraft, industrial and
marine gas turbines, nuclear reactors, aircraft skins, spacecraft struc-
tures, petrochemical production, and environmental protection appli-
cations. Although developed for high-temperature applications, some
are used at cryogenic temperatures.

The Ni-Cr-Fe alloys are also extensively used in refining and petro-
chemical plant equipment for both liquid and gaseous low-temperature
corrosion resistance and for heat-resistant applications. Table 8.24
describes the practical behavior of the main high-performance alloys and
highly alloyed stainless steels in some of the very demanding operational
situations in which these alloys are expected to perform satisfactorily.
The chemical composition of these alloys can be found in App. E.

8.6 Refractory Metals

8.6.1 Introduction

Refractory metals are characterized by their high melting points,
exceeding an arbitrary value of 2000°C, and low vapor pressures, two
properties exploited by the electronics industry. Only four refractory
metals, molybdenum, niobium, tantalum, and tungsten, are avail-
able in quantities of industrial significance and have been produced
commercially for many years, mainly as additives to steels, nickels,
and cobalt alloys and for certain electrical applications. In addition
to high-temperature strength, the relatively low thermal expansions
and high thermal conductivity of the refractory metals suggest good
resistance to thermal shock. Table 8.25 contains additional data on
physical and mechanical properties of refractory metals.

There are, however, two characteristics, ready oxidation at high tem-
peratures and, in the case of molybdenum and tungsten, brittleness at
low temperatures, which limit their applications. Of the refractory met-
als, tantalum has the widest use in the chemical process industries.
Most applications involve acid solutions that cannot be handled with
iron or nickel-base alloys. Tantalum, however, is not suitable for hot
alkalis, sulfur trioxide, or fluorine. Hydrogen will readily be absorbed
by tantalum to form a brittle hydride. This is also true of titanium and
zirconium. Tantalum is often used as a cladding metal.

Corrosion resistance of the refractory metals is second only to that
of the noble metals. Unlike the noble metals, however, refractory met-
als are inherently reactive. It is this very reactivity that can provide
corrosion resistance. On contact with air or any other oxidant, refrac-
tory metals immediately form an extremely dense, adherent oxide
film. This passivating layer prevents access of the oxidant to the
underlying metal and renders it resistant to further attack.
Unfortunately, these oxides can spall or volatize at elevated tempera-
tures, leaving the metals susceptible to oxidation at a temperature as
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TABLE 8.25 Typical Properties of Molybdenum, Niobium, Tantalum, and Tungsten

Unit Mo Nb Ta W

Property
Atomic number 42 41 73 74
Atomic weight (g mol�1) 95.95 92.91 180.95 183.86
Atomic radius (nm) 0.1363 0.1426 0.143 0.1371
Lattice type bcc bcc bcc bcc
Lattice constant, 20°C (nm) 0.31468 0.3294 0.33026 0.31585

Mass
Density at 20°C (g � cm�3) 10.2 8.57 16.6 19.3
Thermal properties
Melting point (°C) 2610 2468 2996 3410
Boiling point, °C (°C) 5560 4927 6100 5900
Linear coefficient of expansion per °C 4.9�10�6 7.1�10�6 6.5�10 �6 4.3�10�6

Thermal conductivity, 20°C W�m�1 K�1 147 219 54 167
Specific heat, 20°C (J�kg�1 K�1) 255 525 151 134

Electrical properties
Conductivity % IACS (Cu) 30 13.2 13 31
Resistivity, 20°C �
�cm 5.7 15 13.5 5.5
Coefficient of resistivity per °C (0–100°C) 0.0046 0.0038 0.0046

Mechanical properties
Tensile strength, 20°C (MPa) 700–1400 195 240–500 700–3500

500°C (MPa) 240–450 170–310 500–1400
1000°C (MPa) 140–210 90–120 350–500

Young’s modulus-20°C (GPa) 320 103 190 410
500°C (GPa) 280 170 380
1000°C (GPa) 270 150 340

Working temperature (°C) 1600 Room 1700

Recrystallizing temp (°C) 900–1200 800–1100 1000–1250 1200–1400

Stress relieving temp (°C) 800 850 1100
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low as 300°C. For high-temperature applications under nonreducing
conditions, the refractory metals must be protected by an applied coat-
ing, such as a metal silicide.

8.6.2 Molybdenum

Molybdenum provides a corrosion resistance that is slightly better than
that of tungsten. It particularly resists nonoxidizing mineral acids. It is
obtained from its chief source ore, molybdenite, and has a high Young’s
modulus. Worked forms (wire, sheet) are ductile at low temperatures,
and it is resistant to mineral acids, unless oxidizing agents are present.
Limitations are that it has very low oxidation resistance above 450°C.
Ductile-brittle transition temperature may be 200°C. Molybdenum has
applications in high-temperature parts (but it must be protected form
oxidation by atmosphere or coating), especially windings. It is also used
in electrodes in glass melting furnaces, for metallizing, and in aerospace
structural parts including leading edges and support frames.

Molybdenum is relatively inert to carbon dioxide, hydrogen, ammo-
nia, and nitrogen to 1100°C and also in reducing atmospheres con-
taining hydrogen sulfide. It has excellent resistance to corrosion by
iodine vapor, bromine, and chlorine up to certain well-defined temper-
ature limits. Molybdenum also provides good resistance to several liq-
uid metals including bismuth, lithium, potassium, and sodium.35

Molybdenum has been used for many years in the lamp industry for
mandrels and supports, usually in wire form. Today, several unique
properties of molybdenum that satisfy more demanding industry
requirements have increased the use of molybdenum as a material in
applications requiring other mill forms.

Molybdenum alloys. Molybdenum has several alloys:

■ TZM (titanium, zirconium, molybdenum). Molybdenum’s prime alloy
is TZM. This alloy contains 99% Mo, 0.5% Ti, and 0.08% Zr with a trace
of carbon for carbide formations. TZM offers twice the strength of pure
molybdenum at temperatures over 1300°C. The recrystallization tem-
perature of TZM is approximately 250°C higher than molybdenum,
and it offers better weldability.

The finer grain structure of TZM and the formation of TiC and ZrC
in the grain boundaries of the molybdenum inhibit grain growth and
the related failure of the base metal as a result of fractures along the
grain boundaries. This also gives it better properties for welding.
TZM costs approximately 25 percent more than pure molybdenum
and costs only about 5 to 10 percent more to machine. For high-
strength applications such as rocket nozzles, furnace structural
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components, and forging dies, it can be well worth the cost differen-
tial. TZM is available in sheet and rod form in basically the same
size range as molybdenum with the exception of thin foil.

■ Molybdenum/30% tungsten. This is another molybdenum alloy
that offers unique properties. It was developed for the zinc industry.
This alloy resists the corrosive effects of molten zinc. Mo/30W has
also proved effective in rocket nozzles and has the potential of offer-
ing enhanced performance in applications where any erosive effects
are a factor.

■ Molybdenum/50% rhenium. This alloy offers the strength of molyb-
denum with the ductility and weldability of rhenium. It is a costly
alloy and is only available in a very limited size range. It offers sig-
nificant advantages in thin foil applications for high-temperature
delicate parts, especially those that must be welded. Note that
although this alloy is nominally 47% rhenium, it is customarily
referred to 50/50 molybdenum/rhenium. Other molybdenum/rhenium
alloys include molybdenum/rhenium sheet with 47.5 and 41% rheni-
um. The molybdenum/41% rhenium alloy does not develop sigma
phase. This makes the material even more ductile after exposure to
high temperatures.

Applications of molybdenum. There is an increasing demand from the
electronics and aerospace industries for materials that maintain reli-
ability under ever-increasing temperature conditions. Because its
properties meet these requirements, molybdenum also is experiencing
an increasing demand. The following characteristics support the
demand for molybdenum in many electronics applications:35

■ Exceptional strength and stiffness at high temperatures
■ Good thermal conductivity
■ Low thermal expansion
■ Low emissivity
■ Low vapor pressure
■ Electrical resistivity
■ Corrosion resistance
■ Purity
■ Ductility and fabricability
■ Machinability

Some combination of these properties and characteristics predicts
increased usage of molybdenum in such applications as rocket nozzles,
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jet tabs, high-temperature dies, electrodes, boring bars, tools, brazing
fixtures, electrical contacts, boats, heat shields, and many others as
well as high-vacuum applications. Molybdenum can be furnished in
many mill forms such as wire, ribbon, foil, plate, sheet, rod, billet, slab,
bar, extruded shapes, tubes, and powder.

One of the unique applications of molybdenum is in glass-to-metal
seals. Molybdenum has a straight-line expansion. The mean coeffi-
cient of expansion is 4.9 � 10�6 measured between 20 and 500°C.
Molybdenum is suitable for sealing to hard glass because it has
approximately the same coefficient of expansion and a transition tem-
perature below 700°C. Molybdenum oxides dissolve readily in glass.
The adhesion between glass and this metal is very satisfactory and
gives an absolutely tight seal.

It is essential for the surface of the metal to be correctly oxidized
before it comes into contact with the glass. This is easily done, provided
that the surface is clean and free from grooves and cracks. The best
method of oxidizing the surface is to heat it for a short time in an air-
gas or oxygen-gas flame. Excessive oxidation must be avoided because it
results in incomplete absorption of the oxide in the glass. This can pos-
sibly make the seal porous.

Molybdenum should be oxidized by rapid heating, maintained at
high temperature for a short period. The gas flame itself is a guard
against excessive oxidation. This is indicated by a slight emission of
smoke. Conversely, the reducing part of the flame provides insufficient
oxidation and, therefore, must be avoided. The most favorable sealing-
in temperature depends upon the viscosity of the hard glass and lies
between 1000 and 1200°C. The preoxidized rod, after slight cooling,
has a blue color, indicating a low oxide.

Machining characteristics. Pressed and sintered or recrystallized
molybdenum machines very much like medium hard cast iron.
Wrought molybdenum machines similar to stainless steel. Once
molybdenum’s few peculiarities are known and respected, it can be
machined with conventional tools and equipment. The machining
characteristics of molybdenum differ from those of medium hard cast
iron and cold-rolled steel in two ways:

1. It has a tendency to break out on the edges when cutting tools
become dull.

2. It is very abrasive and causes tools to wear out much faster than
steel. Once the expected tool life has been established for a particu-
lar operation, establishing a program of scheduled tool replacement
will permit maximum machining efficiency at minimum time and
investment.
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Welding and brazing. Molybdenum can be joined using conventionally
accepted welding techniques except for gas. Heli-arc welding is most
common and usually provides satisfactory results. Complex welding
operations may require more sophisticated or special techniques.

Careful cleaning of the joint surfaces is essential. Controlled weld
atmospheres, such as a dry box, are desirable but not necessary. In
designing fixtures, all clamping forces should be compressive and
should be released immediately after welding to permit unstressed
cooling. Copper-base alloys are normally acceptable in creating rela-
tively low-strength joints. Higher-strength joints can be achieved by
using gold, platinum, or other more exotic base brazing alloys.35

With proper temperature precautions, brazing will normally pro-
duce a more ductile joint than welding. Like tungsten, molybdenum
has excellent high-temperature properties; however, poor oxidation
resistance requires coating protection at higher temperatures. The
presence of minute quantities of oxygen, nitrogen, and carbon lower
the ductility of molybdenum. Of all the potential contaminants in
wrought products, iron is of primary concern. Others, such as alu-
minum, carbon, calcium, copper, and nickel, may also be present as
elements, but they are more frequently present in the form of oxides.
Removal of a controlled amount of base metal may be desired to ensure
complete removal of contaminants.35

Corrosion resistance. Molybdenum provides corrosion resistance that is
similar to tungsten. Molybdenum particularly resists nonoxidizing min-
eral acids. It is relatively inert to carbon dioxide, ammonia, and nitro-
gen to 1100°C and also in reducing atmospheres containing hydrogen
sulfide. Molybdenum offers excellent resistance to corrosion by iodine
vapor, bromine, and chlorine up to clearly defined temperature limits. It
also provides good resistance to several liquid metals including bismuth,
lithium, potassium, and sodium. Table 8.26 gives ratings for the resis-
tance of molybdenum to a wide spectrum of chemical environments.36

8.6.3 Niobium

Niobium, sometimes called columbium, can be a less-expensive alter-
native to tantalum. However, its corrosion resistance is more limited,
mostly because of its susceptibility to attack by most alkalies and cer-
tain strong oxidants. Even though the mechanical strength of niobium
is less than that of tantalum, it can be used economically where the
extreme inertness of tantalum is not required. It occurs naturally with
tantalum in the minerals columbite and tantalite.

Niobium remains totally resistant to such highly corrosive media as
wet or dry chlorine, bromine, saturated brines, ferric chloride, hydrogen
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TABLE 8.26 Chemical Reactivity of Molybdenum

Environment Resistant Variable Nonresistant

Al2O3, BeO, MgO, ThO2, ZrO2 (�1700°C) X
Aluminum (molten) X
Aqua regia (cold) X
Aqua regia (hot) X
Aqueous ammonia X
Aqueous caustic soda/potash X
Bismuth X
Boron (hot) boride fomation X
Bromine X
Carbon (1100°C) carbide formation X
Carbon dioxide (1200°C) oxidation X
Carbon monoxide (1400°C) carbide formation X
Cesium X
Chlorine X
Cobalt (molten) X
Fluorine (room temperature) X
Gallium X
Hydrocarbons (1100°C) carbide formation X
Hydrochloric acid (cold) X
Hydroflouric acid X
Hydrogen X
Inert gases (all) X
Iodine X
Iron (molten) X
KNO2, KNO3, KCLO3 (molten) X
Lead X
Lithium X
Magnesium X
Mercury X
Molten caustic X
Molten caustics in the presence X
of KNO2, KNO3, KCLO3, PbO2

Molten glass X
Nickel (molten) X
Nitric acid (cold) X
Nitric acid (hot) X
Nitric/hydrofluoric mixture X
(either hot or cold)

Nitrogen X
Oxygen or air (�400°C) X
Oxygen or air (�600°C) X
Phosphorous X
Potassium X
Silicon (1000°C) silicide formation X
Sodium X
Sulfide formation (440°C) X
Sulfuric acid (hot) X
Tin (molten) X
Water X
Zinc (molten) X
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sulfide, sulfur dioxide, nitric and chromic acids, and sulfuric and
hydrochloric acids within specific temperature and concentration limits.
Niobium is very similar to tantalum, and several alloys are available in
the arc-cast and wrought condition. It has the lowest melting point of all
the refractory metals covered, the lowest modulus of elasticity and ther-
mal conductivity, and the highest thermal expansion. It also has the
lowest strength and density of the refractory metals.

Niobium’s ductile-to-brittle transition temperature ranges from
�101 to �157°C. This metal also has the low thermal neutron capture
cross section required for nuclear applications. Its high melting point
warrants its use at temperatures above the maximum service temper-
atures of the iron-, nickel-, and cobalt-base metals. It has excellent
ductility and fabricability.

Niobium was used as an alloy for many years. Nb/1%Zr was, and
still is, used in nuclear reactors as the tubing for the fuel pellets
because of its resistance to neutron bombardment. As C-103 alloy, it
has been used for rocket nozzles and exhaust nozzles for jet engines
and rockets because of its high strength and oxidation resistance at a
low weight. Recently, it has been gaining favor in its pure form for
semiconductor equipment components and corrosion resistant parts.37

Niobium can be bent, spun, deep drawn, and formed at room tem-
perature up to its maximum work hardening. Machining is somewhat
more difficult. High-speed tooling with a proper lubricant will allow
machining of niobium. However, tools will wear quickly and high rake
angles should be maintained. Tool maintenance must be taken into
consideration when costing niobium parts. Nonetheless, this metal is
an ideal candidate for a lower-cost alternative when tantalum is being
considered.

Applications of niobium. The combination of niobium strength, melting
point, resistance to chemical attack, and low neutron absorption cross
section favor niobium’s use in the nuclear industry. It has been identi-
fied as the preferred construction material for the first reactors in the
space power systems programs. Niobium mill products are used in the
fabrication of corrosion-resistant process equipment including reaction
vessels, columns, bayonet heaters, shell and tube heat exchangers, 
U-tubes, thermowells, spargers, rupture diaphragms, and orifices.
Applications are in gas and turbine rocket motors, high-temperature
parts, linings and claddings, and containers for reactor fuel.37

Working and machining characteristics. The cold-working properties of
niobium are excellent. Because of its body-centered cubic (bcc) crystal
structure, niobium is a very ductile metal that can undergo cold reduc-
tions of more than 95% without failure. The metal can be easily forged,
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rolled, or swaged directly from ingot at room temperature. Niobium is
well suited to deep drawing. The metal may be cupped and drawn to
tube, but special care must be taken with lubrication. Sheet metal can
also easily be formed by general sheet metal working techniques. The
low rate of work hardening reduces springback and facilitates these
operations.

Niobium may be machined using standard techniques. However,
due to the tendency of the material to gall, special attention needs to
be given to tool angles and lubrication. Niobium also has a tendency
to stick to tooling during metal-forming operations. To avoid this, spe-
cific lubricant and die material combinations are required in high-
pressure forming operations.

Welding. Niobium is a highly active metal. It reacts at temperatures
well below its melting point with all the common gases, such as nitro-
gen, oxygen, hydrogen, and carbon dioxide. At its melting point and
above, niobium will react with all the known fluxes. This severely
restricts the choice of welding methods. Niobium can be welded to sev-
eral metals, one of which is tantalum. This can be readily accom-
plished by resistance welding, tungsten-inert gas, plasma welding,
and electron beam welding.

Formation of brittle intermetallic phases is likely with many metals
and must be avoided. Surfaces to be heated above 300°C should be pro-
tected by an inert gas such as argon or helium to prevent embrittle-
ment. It is critical to ensure that the metal is clean prior to welding.
An acid pickle wash is recommended. For ambient-temperature pick-
ling, a typical solution is 25 to 35% HF, 25 to 33% HNO3.

Corrosion resistance. The corrosion resistance of niobium is more lim-
ited than tantalum, and this must be taken into consideration. The
limitation stems from its sensitivity to most alkalies and certain
strong oxidants. However, niobium is totally resistant to such highly
corrosive media as wet or dry chlorine, bromine, saturated brines, fer-
ric chloride, hydrogen sulfide, and sulfur dioxide as well as nitric and
chromic acids. It is also resistant to sulfuric and hydrochloric acids
within specific temperature and concentration limits.

Niobium is also resistant to attack by many liquid metals such as 
Li � 1000°C, Na, K � NaK � 1000°C, ThMg � 850°C, U � 1400°C,
Zn � 450°C, Pb� 850°C, Bi � 500°C, and Hg � 600°C. Niobium has
the ability to form stable, passive oxides, and therefore, it can provide
unique solutions to many corrosion problems. However, niobium 
cannot be used in air at temperatures exceeding 200°C. Table 8.27
contains corrosion rates for niobium exposed to various chemical 
environments.38
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TABLE 8.27 Corrosion Rates of Commercially Pure Niobium in Various
Environments

Concentration, Temperature, Corrosion rate, 
Environment % °C mm�y�1

Mineral acids

Hydrochloric 1 Boiling Nil
Hydrochloric 15 Room–60 Nil
(aerated)

Hydrochloric 15 100 0.025
(aerated)

Hydrochloric 30 35 0.025
(aerated)

Hydrochloric 30 60 0.05
(aerated)

Hydrochloric 30 100 0.125
(aerated)

Hydrochloric 37 Room 0.025
Hydrochloric 37 60 0.25
Hydrochloric 37% with Cl2 60 0.5
Hydrochloric 10% with 0.1% FeCl3 Boiling 0.025
Hydrochloric 10% with 0.6% FeCl3 Boiling 0.125
Hydrochloric 10% with 35% FeCl2 Boiling 0.05

and 2% FeCl3
Nitric 65 Room Nil
Nitric 70 250 0.025
Phosphoric 60 Boiling 0.5
Phosphoric 85 Room 0.0025
Phosphoric 85 88 0.05
Phosphoric 85 100 0.125
Phosphoric 85 Boiling 3.75
Phosphoric 85% with 4% HNO3 88 0.025
Phosphoric 40–50% with 5 ppm F� Boiling 0.25
Sulfuric 5-40 Room Nil
Sulfuric 98 Room Embrittlement
Sulfuric 10 Boiling 0.125
Sulfuric 25 Boiling 0.25
Sulfuric 40 Boiling 0.5
Sulfuric 40% with 2% FeCl3 Boiling 0.25
Sulfuric 60 Boiling 1.25
Sulfuric 60% with 0.1–1% FeCl3 Boiling 0.5
Sulfuric 20% with 7% HC Boiling 0.25

and 100 ppm F�

Sulfuric 50% with 20% HNO3 50–80 Nil
Sulfuric 50% with 20% HNO3 Boiling 0.25
Sulfuric 72% � 3% CrO3 100 0.025
Sulfuric 72% � 3% CrO3 125 0.125
Sulfuric 72% � 3% CrO3 Boiling 3.75

Organic acids

Acetic 5–99.7 Boiling Nil
Citric 10 Boiling 0.025
Formaldehyde 37 Boiling 0.0025
Formic 10 Boiling Nil
Lactic 10–85 Boiling 0.025
Oxalic 10 Boiling 1.25
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TABLE 8.27 Corrosion Rates of Commercially Pure Niobium in Various
Environments (Continued )

Environment Concentration, Temperature, Corrosion rate, 
% °C mm�y�1

Tartaric 20 Room– Nil
boiling

Trichloroacetic 50 Boiling Nil
Trichloroethylene 99 Boiling Nil

Alkalies

NaOH 1–40 Room 0.125
NaOH 1–10 98 Embrittlement
KOH 5–40 Room Embrittlement
KOH 1–5 98 Embrittlement
NH40H all Room Nil

Salts

AlCl3 25 Boiling 0.005
Al2(SO4)3 25 Boiling Nil
AlK(SO4)2 10 Boiling Nil
CaCl2 70 Boiling Nil
Cu(NO3)2 40 Boiling Nil
FeCl3 10 Room– Nil

boiling
HgCl2 Saturated Boiling 0.0025
K2CO3 1–10 Room 0.025
K2CO3 10–20 98 Embrittlement
K3PO4 10 Room 0.025
MgCl2 47 Boiling 0.025
NaCl Saturated; pH  1 Boiling 0.025
Na2CO3 10 Room 0.025
Na2CO3 10 Boiling 0.5
NaHSO4 40 Boiling 0.125
NaOCl 6 50 1.25
Na3PO4 5–10 Room 0.025
Na3PO4 2.5 98 Embrittlement
NH2SO3H 10 Boiling 0.025
NiCl3 30 Boiling Nil
ZnC12 40–70 Boiling Nil

Others

Bromine Liquid 20 Nil
Bromine Vapor 20 0.025
Chromium 25% CrO3, 12% H2SO4 92 0.125
plating solution

Chromium 17% CrO3, 2% Na5SiF6, 92 0.125
plating solution trace H2SO4

H2O2 30 Room 0.025
H2O2 30 Boiling 0.5
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8.6.4 Tantalum

Tantalum is a relatively high-cost heavy metal with a density more
than twice that of steel. The physical properties of tantalum are simi-
lar to mild steel, except that tantalum has a much higher melting
point (3000°C). The tensile strength is about 345 MPa, which can be
approximately doubled by cold work. Tantalum is easy to fabricate. It
is soft, ductile, and malleable and can be worked into intricate forms.
It can be welded by a number of techniques but requires completely
inert conditions during welding.

Tantalum provides good thermal conductivity that, combined with
its corrosion resistance, has made it the ideal choice for heat exchang-
ers in acid processing equipment. It is superior to the nickel-based
alloys in both these categories. Tantalum also develops a stable oxide
that is useful in electronics industry applications. It has gained accep-
tance as a suitable material for mass spectrometer filaments, provid-
ing an alternative to rhenium, historically the only suitable material.
Refer to Table 8.28 for additional information.36

Tantalum alloys. Two tantalum alloys have found particular commer-
cial significance:

97.5% Ta 2.5% W. This alloy is particularly useful in applications
where low-temperature strength is important along with high cor-
rosion resistance and good formability. This alloy offers higher
strength than pure tantalum while maintaining the fabricability
characteristics. It is available in basically the same sizes and shapes
as pure tantalum, at a comparable cost.

90% Ta 10% W. This alloy should be considered when high tem-
peratures and high strength in a corrosive environment are
required. The alloy has approximately twice the tensile strength of
pure tantalum and yet retains tantalum corrosion resistance and a
good portion of its ductility. It is not as readily available as pure tan-
talum or the alloy given above and its cost is somewhat higher.

Applications of tantalum. Tantalum has gained wide acceptance for use
in electronic components, chemical equipment, missile technology, and
nuclear reactors. The electronics industry consumes a large fraction
(60%) of the tantalum produced for capacitors. Other industries con-
cerned with corrosion, especially the chemical processing industry, are
accounting for an increasingly large percentage of the market.
Tantalum can be used to fabricate valves for corrosive liquids and to
manufacture heaters for acids and heat shields for rocket motors.39

It is also used as a component of ion implanters in the manufacture
of semiconductors. Also, because tantalum does not have a low neutron
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TABLE 8.28 Chemical Reactivity of Tantalum

Environment Resistant Variable Nonresistant

Acetic acid X
Acetic anhydride X
Aluminum chloride X
Aluminum sulfate X
Ammonia X
Ammonium chloride X
Ammonium hydroxide X
Ammonium nitrate X
Ammonium phosphate X
Ammonium sulfate X
Amyl acetate or chloride X
Aqua regia X
Arsenic acid X
Barium hydroxide X
Bromine, dry (� 200°C) X
Calcium hydroxide X
Calcium hypochlorite X
Chlorinated brine X
Chlorinated hydrocarbons X
Chlorine, dry (� 175°C) X
Chlorine, wet X
Chlorine oxides X
Chloracetic acid X
Chromic acid X
Chrome plating solutions X
Cleaning solution X
Copper salts X
Ethylene dibromide X
Ethyl chloride X
Fatty acids X
Ferric chloride X
Ferric sulfate X
Ferrous sulfate X
Fluorine X
Formic X
Fuming nitric acid X
Fuming sulfuric acid X
Hydrobromic acid X
Hydrochloric acid X
Hydrocyanic acid X
Hydroflouric acid X
Hydrogen bromide X
Hydrogen chloride X
Hydrogen iodide X
Hydrogen peroxide X
Hydrogen sulfide X
Hypochlorous acid X
Iodine (�1000°C) X
Lactic acid X
Magnesium chloride X
Magnesium sulfate X
Mercuric chloride X
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TABLE 8.28 Chemical Reactivity of Tantalum (Continued )

Environment Resistant Variable Nonresistant

Methyl sulfuric acid X
Nickel chloride X
Nickel sulfate X
Nitric acid X
Nitric acid, fuming X
Nitric oxides X
Nitrous acid X
Nitrosyl chloride X
Organic chloride X
Oxalic acid X
Perchloric acid X
Phenol X
Phosphoric acid � 4 ppm F� X
Pickling acids (except aqua regia) X
Phthalic anhydride X
Potassium carbonate X
Potassium chloride X
Potassium dichromate X
Potassium hydroxide (dilute) X
Potassium hydroxide (concentrated) X
Potassium iodide-iodine X
Silver nitrate X
Sodium bisulfate, molten X
Sodium bisulfate, solution X
Sodium bromide X
Sodium carbonate X
Sodium chlorate X
Sodium chloride X
Sodium hydroxide (dilute) X
Sodium hydroxide (concentrated) X
Sodium hypochlorite X
Sodium nitrate X
Sodium sulfate X
Sodium sulfide X
Sodium sulfite X
Stannic chloride X
Sulfur (� 500°C) X
Sulfur dioxide X
Sulfur trioxide X
Sulfuric acid (� 160°C) X
Zinc chloride X
Zinc sulfate X

Liquid Metals

Bismuth (� 900°C) X
Gallium (� 450°C) X
Lead (� 1000°C) X
Lithium (� 1000°C) X
Magnesium (� 1150°C) X
Mercury (� 600°C) X
Sodium (1000°C) X
Sodium-potassium alloys (� 1000°C) X
Zinc (� 500°C) X
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absorption cross section, it is used for radiation shielding. Tantalum
mill products are used in the fabrication of corrosion-resistant process
equipment including reaction vessels, columns, bayonet heaters, shell
and tube heat exchangers, U-tubes, thermowells, spargers, rupture
diaphragms, and orifices.

Tantalum equipment is frequently used in conjunction with glass,
glass-lined steel, and other nonmetallic construction materials.
Tantalum is also used extensively to repair damage and flaws in glass-
lined steel equipment.

Working characteristics. Tantalum is extremely workable. It can be
cold worked with standard equipment. Because of its bcc crystal struc-
ture, tantalum is a very ductile metal that can undergo cold reductions
of more than 95% without failure. It can be rolled, forged, blanked,
formed, and drawn. It is also machinable with high-speed carbide tools
using a suitable coolant. Annealing tantalum is accomplished by heat-
ing the metal in a high vacuum to temperatures above 1100°.

Most procedures used in working and fabricating tantalum are
conventional and can be mastered without very much difficulty.
However, two important characteristics of tantalum must constantly
be kept in mind:39

1. Annealed tantalum, like copper, lead, stainless steel, and some oth-
er metals, is “sticky.” Therefore, it has a strong tendency to seize,
tear, and gall. To avoid this, specific lubricant and die material com-
binations are required in high-pressure forming operations.

2. All forming, bending, stamping, and deep drawing operations are
normally performed cold. Heavy sections can be heated for forging
to approximately 425°C.

Welding. Tantalum may be welded to several other metals. This can
be readily accomplished by resistance welding, tungsten-inert gas,
plasma welding, and electron beam welding. Formation of brittle
intermetallic phases is likely with many metals and must be avoided.
Surfaces to be heated above 300°C should be protected by an inert gas
such as argon or helium to prevent embrittlement. Tantalum may also
be welded to itself by inert gas arc welding. Acetylene torch welding is
destructive to tantalum.

Resistance welding can be performed with conventional equipment.
The methods applied are not substantially different from those used in
welding other materials. Because its melting point is 1500°C higher
than that of SAE 1020 steel and its resistivity is only two-thirds that of
SAE 1020 steel, tantalum requires a higher-power input to accomplish
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a sound weld. The weld duration should be kept as short as possible
(i.e., in the range of one to ten cycles at 60 Hz). This is to prevent exces-
sive external heating. Where possible, the work should be flooded with
water for cooling and reduction of oxidation.

Strong, ductile welds can be made by the TIG method. Helium,
argon, or a mixture of the two gases creates an atmosphere that pre-
vents embrittlement by absorption of oxygen, nitrogen, or hydrogen
into the heated metal. Where a pure, inert atmosphere is provided, the
fusion and adjacent area will be ductile. Extreme high ductility can be
obtained in a welding chamber that can be evacuated and purged with
inert gas.39

Corrosion resistance. Tantalum is practically inert to most oxidizing
and reducing acids, except fuming sulfuric. It is attacked by hot alka-
lis and hydrofluoric acid. However, it is very susceptible to hydrogen
pickup and embrittlement. In the chemical process industries, tanta-
lum is predominantly used in bayonet heaters, heat exchangers, orifice
plates, valves, and tantalum-plated tubes. Tantalum patches are
applied for the repair of holidays in glass-lined steel vessels. However,
these must be electrically isolated from other metallic components in
the vessel to avoid hydrogen embrittlement. Other applications
include electrodes in thermionic valves, capacitors, surgical implants,
and corrosion-resistant linings in chemical industry. Because of its
high cost and lack of strength compared to its easy fabricability, tan-
talum is usually used as a lining over a stronger, less-expensive base
material. Most tantalum piping consists of thin-wall tubing inside of
carbon steel pipe.

Two main advantages of tantalum are that its anodic film has better
dielectric properties than aluminum, and it has a very low ductile-brittle
transition temperature. Tantalum also has a versatile aqueous corrosion
resistance. In most environments, tantalum is comparable to glass in
corrosion resistance, whereas it has physical and mechanical properties
similar to mild steel. Tantalum is also resistant to attack by many liquid
metals such as Li�1000°C, Na, K � NaK �1000°C, ThMg �850°C, 
U �1400°C, Zn �450°C, Pb �850°C, Bi �500°C, and Hg �600°C.

Tantalum resists most acids but is attacked by HF and by caustic
acids. Unlike glass, however, it is also attacked by fuming sulfuric
acid, sulfur dioxide, and chlorosulfonic acid. Due to its very high
cost, its use is limited to extremely severe corrosive conditions.
Another limitation is that it combines with most gases above 500°C
and is susceptible to hydrogen embrittlement.39 Table 8.28 gives rat-
ings for the resistance of tantalum to a wide spectrum of chemical
environments.36
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8.6.5 Tungsten

Tungsten is a heavy white metal and possesses the highest melting
point of all metals. It is widely distributed in small quantities in
nature, being about half as abundant as copper. The metal is brittle
and difficult to fabricate. Tungsten has a wide usage in alloy steels,
magnets, heavy metals, electric contacts, light bulb filaments, rocket
nozzles, and electronic applications. Parts, rods, and sheet are made
by powder metallurgy using tungsten powder of 99.99% purity, and
rolling and forging are performed at high temperatures. The rolled
metal and drawn wire have exceptionally high strength and hard-
ness. Tungsten wire for spark plug and wire electronic use is made
by powder metallurgy. Tungsten whiskers are used in copper alloys
to provide strength. Tungsten has the highest melting point, 3410°C,
of the four common refractory metals. In addition, with a density of
19.3 gm�cm�3, it is only surpassed by rhenium and osmium in weight.

Tungsten has a long history of use for filaments in the lamp indus-
try. It offers exceptionally high strength at very high temperatures. In
fact, it has the best high-temperature strength of the four common
refractory metals. Its high-temperature strength, combined with its
good electrical resistivity, have made it a popular choice for other
applications in addition to filaments.40 It is used for heating elements
in vacuum furnaces that exceed the temperatures of molybdenum and
tantalum as well as other heater applications. Tungsten has also
gained wide acceptance as an essential material in electrical contacts,
glass-to-metal seals, supports, and electrodes.

Tungsten’s properties lend themselves to other metals when alloyed.
Tungsten carbide has long been the choice for durable cutting tools.
Tungsten’s high density is used in conjunction with copper, nickel,
iron, and cobalt to form heavy metal. This is an alloy containing 90 to
97% tungsten, and the other metals are used as a binder to keep the
tungsten together and to give it machinable properties as well as to
temper the brittleness of pure tungsten.

Applications of tungsten. There is an increasing demand from the elec-
tronics, nuclear, and aerospace industries for materials that maintain
reliability under ever-increasing temperature conditions. Because its
properties meet these requirements, tungsten also is experiencing an
increasing demand. Characteristics that support the demand for tung-
sten in a multitude of electronics and high-temperature applications
are as follows:40

■ Strength and stiffness at high temperatures
■ Good thermal conductivity
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■ Low thermal expansion
■ Low emissivity

Tungsten has a coefficient of expansion approximating that of hard
glass. For this reason, it is used extensively in glass-to-metal seals in
hard glass lamp and electronic applications. Under special conditions,
it may also be used with quartz. Because tungsten rod has a high
degree of strength at elevated temperatures, it is utilized structurally
to hold or support high-temperature sources such as filaments and
heaters for lamp and electronic uses. Tungsten rod that is specially
processed and manufactured for welding rod applications is used
extensively in such processes as inert gas–shielded arc welding and
atomic hydrogen arc welding.

Other types of tungsten rod are used for electrodes. These types,
both regular and thoriated, are used for electrodes in vacuum melting
processes, resistance welding, and electro-discharge machining. For
tube applications, especially flash and xenon tubes, tungsten is used
either pure or thoriated at 1 and 2% for greater emissivity.

Working characteristics. Tungsten is very difficult to machine and fab-
ricate. With experience, it can be turned. Milling is all but impossible.
It is only done with great difficulty and at high cost by those most
experienced with it. Forming must be done at very high temperatures
and with careful stress relieving. Welding is not recommended, and
riveting is difficult at best. Extreme care must be exercised when
designing a component from tungsten.

Bonding to other metals. Tungsten is best joined to other metals by
brazing. Most of the high-temperature brazes can be used. When braz-
ing, an excess of nickel-base filler metals should be avoided because
the interaction between tungsten and nickel results in the recrystal-
lizing of tungsten. Contact with graphite should also be avoided to pre-
vent the formation of brittle tungsten carbides. When welded, the weld
will be very brittle and the probability of delamination and cracking is
high. For all practical purposes, it is extremely difficult to rivet tung-
sten because of its fragile nature. However, this may be successfully
performed in some low-stress situations.

Of all the potential contaminants in wrought products, iron is of
primary concern. Others, such as aluminum, carbon, calcium, copper,
or nickel, may also be present as elements, but they are more fre-
quently present in the form of oxides. Removal of a controlled amount
of base metal may be desired to ensure complete removal of contami-
nants. There are four main processes used to clean tungsten:
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Molten salt. This is one of the most common cleaning processes,
requiring simple immersion in a molten bath containing oxidizing
agents. This process will not attack the basis metal.

Aqueous alkaline solutions. This process works well on oxidized
(yellow tungsten) surfaces. Reduced or intermediate oxides (brown,
purple, etc.) will react more slowly to this process, if at all. This
process is similar to the use of molten salts in that it will not attack
the base metal and it requires an oxidizing agent to work.

Acid solutions. Tungsten is much less reactive to individual acids
than most common metals. HCl, HF, and H2SO4 have essentially no
effect. When tungsten is treated with acid solutions, it frequently
is stained by residual oxides even if rapid and thorough rinsing is
used.

Electrolytic methods. Electrolytic etching is the removal of basis
metal by an applied voltage in a medium capable of dissolving the
products of the electrolytic reaction. This may be done in molten
salts or aqueous solutions. Electrical current and time determine
the amount of metal removal.

For rapid attack of heavy scale, molten salt is far superior to the
other methods. In addition, if no oxidizer is present, it can be per-
formed with no fear of basis metal loss. If appreciable sizes or volumes
of material are to be processed, particularly with significant basis met-
al removal, acid solutions present a disposal, as well as an operational,
problem. The utility of electroetching is more dependent on geometry
than the other methods. It will work well for treating continuous
lengths of wire; however, there is a contact problem if the cleaning is
to be performed on many small parts.

Corrosion resistance. Table 8.29 gives ratings for the resistance of
tungsten to a wide spectrum of chemical environments.36

8.7 Stainless Steels

8.7.1 Introduction

Stainless and heat-resisting steels possess unusual resistance to
attack by corrosive media at atmospheric and elevated temperatures
and are produced to cover a wide range of mechanical and physical
properties for particular applications. Along with iron and chromium,
all stainless steels contain some carbon. It is difficult to get much less
than about 0.03%, and sometimes carbon is deliberately added up to
1.00% or more. The more carbon there is, the more chromium must be
used, because carbon can take from the alloy about 17 times its own
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weight of chromium to form carbides. Chromium carbide is of little use
for resisting corrosion. The carbon, of course, is added for the same
purpose as in ordinary steels, to make the alloy stronger.

Other alloying elements are added for improved corrosion resistance,
fabricability, and variations in strength. These elements include appre-
ciable amounts of nickel, molybdenum, copper, titanium, silicon, alu-
minum, sulfur, and many others that cause pronounced metallurgical
changes. The commonly recognized standard types of stainless steels
follow. The chemical compositions of stainless steels are given in App. F.
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TABLE 8.29 Chemical Reactivity of Tungsten

Environment Resistant Variable Nonresistant

Aluminum oxide-oxidation X
Ammonia X
Ammonia (� 700°C) X
Ammonia (� 700°C) X
Ammonia in presence of H2O2 X
Aqua regia (cold) X
Aqua regia (warm/hot) X
Aqueous caustic soda/potash X
Bromine (at red heat) X
Carbon (� 1400°C) carbide formation X
Carbon dioxide (� 1200°C) oxidation X
Carbon disulfide (red heat) X
Carbon monoxide (� 800°C) X
Carbon monoxide (� 800°C) X
Chlorine (� 250°C) X
Fluorine X
Hydrochloric acid X
Hydrofluoric acid X
Hydrogen X
Hydrogen sulfide (red heat) X
Hydrogen/chloride gas (� 600°C) X
In air X
In presence of KNO2, KNO3, KCLO3, PbO2 X
Iodine (at red heat) X
Magnesium oxide-oxidation X
Mercury (and vapor) X
Nitric acid X
Nitric oxide (hot) oxidation X
Nitric/hydrofluoric mixture X
Nitrogen X
Oxygen or air (� 400°C) X
Oxygen or air (� 400°C) X
Sodium nitrite (molten) X
Sulfur (molten, boiling) X
Sulfur dioxide (red heat) X
Sulfuric acid X
Thorium oxide (� 2220°C) oxidation X
Water X
Water vapor (red heat) oxidation X
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■ Austenitic. A family of alloys containing chromium and nickel, gen-
erally built around the type 302 chemistry of 18% Cr, 8% Ni.
Austenitic grades are those alloys that are commonly in use for
stainless applications. The austenitic grades are not magnetic. The
most common austenitic alloys are iron-chromium-nickel steels and
are widely known as the 300 series. The austenitic stainless steels,
because of their high chromium and nickel content, are the most cor-
rosion resistant of the stainless group, providing unusually fine
mechanical properties. They cannot be hardened by heat treatment
but can be hardened significantly by cold working. The straight
grades of austenitic stainless steel contain a maximum of .08% car-
bon. Table 8.30 describes basic mechanical properties for many com-
mercial austenitic stainless steels.

The “L” grades are used to provide extra corrosion resistance after
welding. The letter L after a stainless steel type indicates low carbon
(as in 304L). The carbon content is kept to .03% or less to avoid grain
boundary precipitation of chromium carbide in the critical range (430
to 900°C). This deprives the steel of the chromium in solution and
promotes corrosion adjacent to the grain boundaries. By controlling
the amount of carbon, this is minimized. For weldability, the L
grades are used.

The H grades contain a minimum of .04% and a maximum of .10%
carbon and are primarily used for higher-temperature applications.

■ Ferritic. Ferritic alloys generally contain only chromium and are
based upon the type 430 composition of 17% Cr. These alloys are
somewhat less ductile than the austenitic types and again are not
hardenable by heat treatment. Ferritic grades have been developed
to provide a group of stainless steels to resist corrosion and oxida-
tion, while being highly resistant to SCC. These steels are magnetic
but cannot be hardened or strengthened by heat treatment. They
can be cold worked and softened by annealing. As a group, they are
more corrosive resistant than the martensitic grades but are gener-
ally inferior to the austenitic grades. Like martensitic grades, these
are straight chromium steels with no nickel. They are used for dec-
orative trim, sinks, and automotive applications, particularly
exhaust systems. Table 8.31 describes basic mechanical properties
for many commercial ferritic stainless steels.

■ Martensitic. These stainless steels may be hardened and tempered
just like alloy steels. Their basic building block is type 410, which
consists of 12% Cr, 0.12% C. Martensitic grades were developed to
provide a group of corrosion-resistant stainless alloys that can be
hardened by heat treating. The martensitic grades are straight
chromium steels containing no nickel and they are magnetic. The
martensitic grades are mainly used where hardness, strength, and
wear resistance are required. Table 8.32 describes basic mechanical
properties for many commercial austenitic stainless steels.
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TABLE 8.30 Nominal Mechanical Properties of Austenitic Stainless Steels

Tensile, Yield (0.2%), Elongation, Hardness Product 
UNS Type MPa MPa % (Rockwell) form

S20100 201 655 310 40 B90
S20200 202 612 310 40 B90
S20500 205 831 476 58 B98 Plate
S30100 301 758 276 60 B85
S30200 302 612 276 50 B85
S30215 302B 655 276 55 B85
S30300 303 621 241 50 Bar
S30323 303Se 621 241 50 Bar
S30400 304 579 290 55 B80
S30403 304L 558 269 55 B79
S30430 S30430 503 214 70 B70 Wire
S30451 304N 621 331 50 B85
S30500 305 586 262 50 B80
S30800 308 793 552 40 Wire
S30900 309 621 310 45 B85
S30908 309S 621 310 45 B85
S31000 310 655 310 45 B85
S31008 310S 655 310 45 B85
S31400 314 689 345 40 B85
S31600 316 579 290 50 B79
S31620 316F 586 262 60 B85
S31603 316L 558 290 50 B79
S31651 316N 621 331 48 B85
S31700 317 621 276 45 B85
S31703 317L 593 262 55 B85

317LMN 662 373 49 B88
S32100 321 621 241 45 B80
N08830 330 552 262 40 B80
S34700 347 655 276 45 B85
S34800 348 655 276 45 B85
S38400 384 517 241 55 B70 Wire
N08020 20Cb-3 550 240 30

TABLE 8.31 Mechanical Properties of Ferritic Stainless Steels (Annealed Sheet
Unless Noted Otherwise)

Tensile  Yield strength  
strength, (0.2%), Elongation Hardness Product

UNS Type MPa MPa (50 mm), % (Rockwell) form

S40500 405 448 276 25 B75
S40900 409 446 241 25 B75
S42900 429 483 276 30 B80 Plate
S43000 430 517 345 25 B85
S43020 430F 655 586 10 B92
S43023 430FSe 655 586 10 B92 Wire
S43400 434 531 365 23 B83
S43600 436 531 365 23 B83
S44200 442 552 310 20 B90 Bar
S44600 446 552 345 20 B83
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■ Precipitation-hardening (PH). These alloys generally contain Cr
and less than 8% Ni, with other elements in small amounts. As the
name implies, they can be hardened by heat treatment.
Precipitation hardening grades, as a class, offer the designer a
unique combination of fabricability, strength, ease of heat treat-
ment, and corrosion resistance not found in any other class of mate-
rial. These grades include 17Cr-4Ni (17-4PH) and 15Cr-5Ni
(15-5PH). The austenitic precipitation hardenable alloys have, to a
large extent, been replaced by the more sophisticated and higher-
strength superalloys. The martensitic precipitation hardenable
stainless steels are really the workhorses of the family. Although
designed primarily as a material to be used for bar, rods, wire, forg-
ings, and so forth, martensitic precipitation hardenable alloys are
beginning to find more use in the flat rolled form. The semi-
austenitic precipitation hardenable stainless steels were primarily
designed as a sheet and strip product, but they have found many
applications in other product forms. Developed primarily as aero-
space materials, many of these steels are gaining commercial accep-
tance as truly cost-effective materials in many applications.

■ Duplex. This is a stainless steel alloy group, with two distinct
microstructure phases—ferrite and austenite. The duplex alloys
have greater resistance to chloride SCC and higher strength than
the other austenitic or ferritic grades. Duplex grades are the newest
of the stainless steels. These materials are a combination of
austenitic and ferritic material. Modern duplex stainless steels have
been developed to take advantage of the high strength and hardness,
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TABLE 8.32 Mechanical Properties of Martensitic Stainless Steels (Annealed
Sheet Unless Noted Otherwise)

Tensile  Yield strength  
strength, (0.2%), Elongation Hardness Product

UNS Type MPa MPa (50 mm), % (Rockwell) form

S40300 403 483 310 25 B80
S41000 410 483 310 25 B80
S41400 414 827 724 15 B98
S43000 416 517 276 30 B82 Bar
S42000 416Se 517 276 30 B82 Bar
S42200 420 655 345 25 B92 Bar
S43100 420F 655 379 22 220 Bar

(Brinell)
S41623 422 1000 862 18 Bar
S42020 431 862 655 20 C24 Bar
S44002 440A 724 414 20 B95 Bar
S44004 440B 738 427 18 B96 Bar
S44004 440C 758 448 14 B97 Bar

*Hardened and tempered.
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erosion, fatigue and SCC resistance, high thermal conductivity, and
low thermal expansion produced by the ferrite-austenite microstruc-
ture. These steels have a high chromium content (18 to 26%), low
amounts of nickel (4 to 8%), and generally contain molybdenum.
They are moderately magnetic, cannot be hardened by heat treat-
ment, and can readily be welded in all section thicknesses. Duplex
stainless steels are less notch sensitive than ferritic types but suffer
loss of impact strength if held for extended periods of high tempera-
ture above (300°C). Duplex stainless steels thus combine some of the
features of the two major classes. They are resistant to SCC, albeit
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TABLE 8.33 Minimum Mechanical Properties of Duplex Stainless Steels

Yield Tensile 
strength strength, Elongation, 

UNS Type (0.2%), MPa MPa %

S32900 329 485 620 15
S31200 44LN 450 690 25
S31260 DP-3 450 690 25
S31500 3RE60 440 630 30
S31803 2205 450 620 25
S32550 Ferralium 255 550 760 15
S32950 7-Mo PLUS. 485 690 15
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not quite as resistant as the ferritic steels, and their toughness is
superior to that of the ferritic steels but inferior to that of the
austenitic steels. Duplex steel’s yield strength is appreciably greater
than that of the annealed austenitic steels by a factor of about two.
Table 8.33 describes basic mechanical properties for many commer-
cial austenitic stainless steels.

■ Cast. The cast stainless steels are similar to the equivalent
wrought alloys. Most of the cast alloys are direct derivatives of one
of the wrought grades, as C-8 is the cast equivalent of wrought type
304. The C preceding a designation means that the alloy is primari-
ly used for resistance to liquid corrosion. An H designation indicates
high-temperature applications.

8.7.2 Welding, heat treatments, and surface
finishes

Weldability. An aid in determining which structural constituents can
occur in a weld metal is the Schaeffler-de-Long diagram. With knowl-
edge of the properties of different phases, it is possible to judge the
extent to which they affect the service life of the weldment. The dia-
gram indicates the structure obtained after rapid cooling to room tem-
perature from 1050°C and is not an equilibrium diagram. It was
originally established to provide a rough estimate of the weldability of
different austenitic steels. In creating the diagram, the alloying ele-
ments commonly used for making stainless steels are categorized as
either austenite or ferrite stabilizers.41 In this diagram the ferrite
number (FN) is an international measure of the delta or solidification
ferrite content of the weld metal at room temperature. The Cr(ferrite
former) and Ni(austenite former) equivalents that form the two axes of
the Schaeffler diagram in Fig. 8.6 can be estimated with the following
relations:42

%Cr equivalent  1.5 Si � Cr � Mo � 2 Ti � 0.5 Nb

%Ni equivalent  30 (C � N) � 0.5 Mn � Ni � 0.5 (Cu � Co)

Austenitic steels. Steels S30400, S31600, S30403, and S31603 have very
good weldability. The old problem of intergranular corrosion after
welding is very seldom encountered today. The steels suitable for wet
corrosion either have carbon contents below 0.05% or are niobium or
titanium stabilized. They are also very unsusceptible to hot cracking,
mainly because they solidify with a high ferrite content. The higher-
alloy steels such as S31008 and N08904 solidify with a fully austenitic
structure when welded. They should therefore be welded using a con-
trolled heat input. Steel and weld metal with high chromium and
molybdenum contents may undergo precipitation of brittle sigma
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phase in their microstructure if they are exposed to high temperatures
for a certain length of time. The transformation from ferrite to sigma
or directly from austenite to sigma proceeds most rapidly within the
temperature range 750 to 850°C. Welding with a high heat input leads
to slow cooling, especially in light-gage weldments. The weld’s holding
time between 750 and 850°C then increases, and along with it the risk
of sigma phase formation.

Ferritic steels. Ferritic steels are generally more difficult to weld than
austenitic steels. This is the main reason they are not used to the same
extent as austenitic steels. The older types, such as AISI 430 (S43000),
had greatly reduced ductility in the weld. This was mainly due to
strong grain growth in the HAZ but also to precipitation of martensite
in the HAZ. They were also susceptible to intergranular corrosion after
welding. These steels are therefore often welded with preheating and
postweld annealing. Modern ferritic steels of type S44400 and S44635
have considerably better weldability due to low carbon and nitrogen
contents and stabilization with titanium/niobium. However, there is
always a risk of unfavorable grain enlargement if they are not welded
under controlled conditions using a low heat input. They do not nor-
mally have to be annealed after welding. These steels are welded with
matching or austenitic superalloyed filler.43

Duplex steels. Modern duplex steels have considerably better weldabil-
ity than earlier grades. They can be welded more or less as common
austenitic steels. Besides being susceptible to intergranular corrosion,
the old steels were also susceptible to ferrite grain growth in the HAZ
and poor ferrite to austenite transformation, resulting in reduced duc-
tility. Modern steels, which have a higher nickel content and are
alloyed with nitrogen, exhibit austenite transformation in the HAZ
that is sufficient in most cases. However, extremely rapid cooling after
welding, for example, in a tack or in a strike mark, can lead to an unfa-
vorably high ferrite content. Extremely high heat input, as defined
subsequently, can also lead to heavy ferrite grain growth in the HAZ.43

Heat input  �

where �  constant dependent on welding method (0.7 to 1.0)
U  voltage (V)

I current (A)
v  welding speed (mm � s�1)

When welding S31803 (alloy 2205) in a conventional way (0.6 to 2.0
kJ�mm�1) and using filler metals at the same time, a satisfactory
ferrite-austenite balance can be obtained. For the new superduplex
stainless steel S32750 (alloy 2507) a different heat input is recom-

UI
�
1000v
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mended (0.2 to 1.5 kJ�mm�1). The reason for lowering the minimum
value is that this steel has a much higher nitrogen content than
S31803. The nitrogen favors a fast reformation of austenite, which is
important when welding with a low heat input. The maximum level is
lowered to minimize the risk of secondary phases.

These steels are welded with duplex or austenitic filler metals.
Welding without filler metal is not recommended without subsequent
quench annealing. Nitrogen affects not only the microstructure but
also the weld pool penetration. Increased nitrogen content reduces the
penetration into the parent metal. To avoid porosity in TIG welding it
is recommended to produce thin beads. To achieve the highest possible
pitting corrosion resistance at the root side in ordinary S31803 weld
metals, the root gas should be Ar � N2 or Ar � N2 � H2. The use of H2

in the shielding gas is not recommended when welding superduplex
steels. When welding S31803 with plasma, a shielding gas containing
Ar � 5% H2 is sometimes used in combination with filler metal and fol-
lowed by quench annealing.

Martensitic and martensitic-austenitic steels. The quantity of martensite and
its hardness are the main causes of the weldability problems encoun-
tered with these steels. The fully martensitic steels are air hardening.
The steels are therefore very susceptible to hydrogen embrittlement.
By welding at an elevated temperature, the HAZ can be kept
austenitic and tough throughout the welding process. After cooling,
the formed martensite must always be tempered at about 650 to
850°C, preferably as a concluding heat treatment. However, the weld
must first have been allowed to cool to below about 150°C.

Martensitic-austenitic steels, such as 13Cr/6Ni and 16Cr/5Ni/2Mo,
can often be welded without preheating and without postweld anneal-
ing. Steels of the 13Cr/4Ni type with a low austenite content must,
however, be preheated to a working temperature of about 100°C. If
optimal strength properties are desired, they can be heat treated at
600°C after welding. The steels are welded with matching or austenitic
filler metals.

Filler metals for stainless steels

Austenitic filler metals. Most common stainless steels are welded with
filler metals that produce weld metal with 2–12% FN at room temper-
ature. The risk of hot cracking can be greatly reduced with a small
percentage of ferrite in the metal because ferrite has much better sol-
ubility for impurities than austenite. These filler metals have very
good weldability. Heat treatment is generally not required.

High-alloy filler metals with chromium equivalents of more than
about 20 can, if the weld metal is heat treated at 550 to 950°C, give rise
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to embrittling sigma phase. High molybdenum contents in the filler
metal, in combination with ferrite, can cause sigma phase during weld-
ing if a high heat input is used. Multipass welding has the same effect.
Sigma phase reduces ductility and can promote hot cracking. Heat input
should be limited for these filler metals. Nitrogen-alloyed filler metals
produce weld metals that do not precipitate sigma phase as readily.

Nonstabilized filler metals, with carbon contents higher than 0.05%,
can give rise to chromium carbides in the weld metal, resulting in
poorer wet corrosion properties. Modern nonstabilized filler metals,
however, generally have no more than 0.04% carbon unless they are
intended for high-temperature applications.

Superalloyed filler metals with high ferrite numbers (15 to 40%) are
often used in mixed weld connections between low-alloy filler metals
and stainless steel. Weldability is very good. By using such filler met-
als, mixed weld metals of the austenitic type can be obtained. The use
of filler metals of the ordinary austenitic type for welding low-alloy
filler metals to stainless steel can, owing to dilution, result in a brittle
martensitic-austenitic weld metal.

Other applications for superalloyed filler metals are in the welding
of ferritic and ferritic-austenitic steels. The most highly alloyed, with
29Cr-9Ni, are often used where the weld is exposed to heavy wear or
for welding of difficult-to-weld steels, such as 14% Mn steel, tool steel,
and spring steel.

Fully austenitic weld metals. Sometimes ferrite-free metals are required
because there is usually a risk of selective corrosion of the ferrite. Fully
austenitic weld metals are naturally more susceptible to hot cracking
than weld metals with a small percentage of ferrite. To reduce the risk,
they are often alloyed with manganese, and the level of trace elements
is minimized. Large weld pools also increase the risk of hot cracks.

A large fully austenitic weld pool solidifies slowly with a coarse
structure and a small effective grain boundary area. A small weld pool
solidifies quickly, resulting in a finer-grained structure. Because trace
elements are often precipitated at the grain boundaries, the precipi-
tates are larger in a coarse structure, which increases the risk that the
precipitates will weaken the grain boundaries to such an extent that
microfissures form. Many microfissures can combine to form visible
hot cracks.

Fully austenitic filler metals should therefore be welded with low
heat input. Because the filler metal generally has lower trace element
contents than the parent metal, the risk of hot cracking will be
reduced if a large quantity of filler metal is fed down into the weld
pool. Because the weld metal contains no ferrite, its impact strength
at low temperature is very good. This is important to manufacturers
of, for example, welded tanks used to transport cryogenic liquids.
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Ferritic filler metals. Fully ferritic filler metals have previously been
regarded as very difficult to weld. They also required heat treatment of
the weld metal after welding. Those that are used today have very low
carbon and nitrogen contents and are often stabilized with titanium.
Modern filler metals therefore produce weld metals that are less sensi-
tive to intergranular corrosion. Nor is any postweld heat treatment nec-
essary. Another very important phenomenon that applies to all fully
ferritic metals is that they tend to give rise to a coarse crystalline struc-
ture in the weld metal. Ductility decreases greatly with increasing grain
size. These filler metals must therefore be welded using low heat input.

Weld imperfections

Austenitic stainless steel. Although austenitic stainless steel is readily
welded, weld metal and HAZ cracking can occur. Weld metal solidifi-
cation cracking is more likely in fully austenitic structures, which are
more crack sensitive than those containing a small amount of ferrite.
The beneficial effect of ferrite has been attributed largely to its capac-
ity to dissolve harmful impurities that would otherwise form low melt-
ing-point segregates and interdendritic cracks.

Because the presence of 5 to 10% ferrite in the microstructure is
extremely beneficial, the choice of filler material composition is crucial in
suppressing the risk of cracking. An indication of the ferrite-austenite
balance for different compositions is provided by the Schaeffler diagram.
For example, when welding Type 304 stainless steel, a Type 308 filler
material that has a slightly different alloy content is used.

Ferritic stainless steel. The main problem when welding ferritic stainless
steel is poor HAZ toughness. Excessive grain coarsening can lead to
cracking in highly restrained joints and thick-section material. When
welding thin-section material (less than 6 mm), no special precautions
are necessary.

In thicker material, it is necessary to employ a low heat input to
minimize the width of the grain coarsened zone and an austenitic filler
to produce a tougher weld metal. Although preheating will not reduce
the grain size, it will reduce the HAZ cooling rate, maintain the weld
metal above the ductile-brittle transition temperature, and may
reduce residual stresses. Preheat temperature should be within the
range 50 to 250°C, depending on material composition.

Martensitic stainless steel. The material can be successfully welded, pro-
viding precautions are taken to avoid cracking in the HAZ, especially
in thick-section components and highly restrained joints. High hard-
ness in the HAZ makes this type of stainless steel very prone to hydro-
gen cracking. The risk of cracking generally increases with the carbon
content. Precautions that must be taken to minimize the risk include
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■ Using a low-hydrogen process (TIG or MIG) and ensuring that the
flux or flux-coated consumable are dried (MMA and SAW) according
to the manufacturer’s instructions.

■ Preheating to around 200 to 300°C. The actual temperature will
depend on welding procedure, chemical composition (especially Cr
and C content), section thickness, and the amount of hydrogen
entering the weld metal.

■ Maintaining the recommended minimum interpass temperature.
■ Carrying out postweld heat treatment (e.g., at 650 to 750°C). The

time and temperature will be determined by chemical composition.

Thin-section, low-carbon material, typically less than 3 mm, can
often be welded without preheat, providing that a low-hydrogen process
is used, the joints have low restraint, and attention is paid to cleaning
the joint area. Thicker-section and higher-carbon (�0.1%) material will
probably need preheat and postweld heat treatment. The postweld heat
treatment should be carried out immediately after welding not only to
temper (toughen) the structure but also to enable the hydrogen to dif-
fuse away from the weld metal and HAZ.

Duplex stainless steels. Modern duplex steels can be readily welded, but
the procedure, especially maintaining the heat input range, must be
strictly followed to obtain the correct weld metal structure. Although
most welding processes can be used, low heat input welding procedures
are usually avoided. Preheat is not normally required, and the maxi-
mum interpass temperature must be controlled. Choice of filler is
important because it is designed to produce a weld metal structure with
a ferrite-austenite balance to match the parent metal. To compensate
for nitrogen loss, the filler may be overalloyed with nitrogen, or the
shielding gas itself may contain a small amount of nitrogen.

Heat treating stainless steels. Wrought stainless steels are solution
annealed after processing and hot worked to dissolve carbides and the
sigma phase. Carbides may form during heating in the 425 to 900°C
range or during slow cooling through this range. Sigma tends to form
at temperatures below 925°C. Specifications normally require solution
annealing to be done at 1035°C with a rapid quench. The molybde-
num-containing grades are frequently solution annealed at somewhat
higher temperatures in the 1095 to 1120°C range to better homogenize
the molybdenum.

Stainless steels may be stress relieved. There are several stress
relief treatments. When stainless steel sheet and bar are cold reduced
greater than about 30% and subsequently heated to 290 to 425°C,
there is a significant redistribution of peak stresses and an increase in
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both tensile and yield strength. Stress redistribution heat treatments
at 290 to 425°C will reduce movement in later machining operations
and are occasionally used to increase strength. Because stress redis-
tribution treatments are made at temperatures below 425°C, carbide
precipitation and sensitization to intergranular attack (IGA) are not a
problem for the higher carbon grades.

Stress relief at 425 to 595°C is normally adequate to minimize dis-
tortion that would otherwise exceed dimensional tolerances after
machining. Only the low-carbon L grades or the stabilized S32100 and
S34700 grades should be used in weldments to be stress relieved above
425°C because the higher carbon grades are sensitized to IGA when
heated above about 25°C.

Stress relief at 815 to 870°C is occasionally needed when a fully
stress relieved assembly is required. Only the low-carbon L grades,
S32100 and S34700, should be used in assemblies to be heat treated in
this range. Even though the low-carbon and stabilized grades are
used, it is best to test for susceptibility to IGA per ASTM A262 to be
certain there was no sensitization during stress relief treating in this
temperature range. Thermal stabilization treatments at 900°C mini-
mum for 1 to 10 h are occasionally employed for assemblies that are to
be used in the 400 to 900°C temperature range. Thermal stabilization
is intended to agglomerate the carbides, thereby preventing further
precipitation and IGA.44

Surface finishes. After degreasing, metallic surface contaminants
such as iron embedded in fabrication shop forming and handling, weld
splatter, heat tint, inclusions, and other metallic particles must be
removed to restore the inherent corrosion resistance of the stainless
steel surface. Nitric-HF pickling (10% HNO3, 2% HF at 49 to 60°C) is
the most widely used and effective method for removing metallic sur-
face contamination. Pickling may be done by immersion or locally
using a pickling paste. Electropolishing, using oxalic or phosphoric
acid for the electrolyte and a copper bar or plate for the cathode, can
be equally effective. Electropolishing may be done locally to remove
heat tint alongside of welds or over the whole surface. Both pickling
and electropolishing remove a layer several atoms deep from the sur-
face. Removal of the surface layer has the further benefit of removing
surface layers that may have become somewhat impoverished in
chromium during the final heat-treatment operation.

Glass bead and walnut shell blasting are very effective in removing
metallic surface contamination without damaging the surface. It is
sometimes necessary to resort to blasting with clean sand to restore
heavily contaminated surfaces such as tank bottoms, but care must be
taken to be certain the sand is truly clean, is not recycled, and does not
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roughen the surface. Steel shot blasting should not be used because it
will contaminate the stainless steel with an iron deposit.

Stainless steel wire brushing or light grinding with clean aluminum
oxide abrasive disks or flapper wheels are helpful. Grinding or polish-
ing with grinding wheels or continuous belt sanders tend to overheat
the surface layers to the point where resistance cannot be fully
restored even with subsequent pickling. Brief descriptions of hot- rolled,
cold-rolled, and mechanical finishes are presented in Table 8.34.

8.7.3 Corrosion resistance

Stainless steels are mainly used in wet environments. With increasing
chromium and molybdenum contents, the steels become increasingly
resistant to aggressive solutions. The higher nickel content reduces
the risk of SCC. Austenitic steels are more or less resistant to general
corrosion, crevice corrosion, and pitting, depending on the quantity of
alloying elements. Resistance to pitting and crevice corrosion are very
important if the steel is to be used in chloride-containing environ-
ments. Resistance to pitting and crevice corrosion typically increases
with increasing contents of chromium, molybdenum, and nitrogen.
The distribution of stainless steel’s failure modes in chemical process
industries is illustrated in Fig. 8.7.45

Chloride-rich seawater is a particularly harsh environment that can
attack stainless steel by causing pitting and crevice corrosion.
However, some unique stainless steel grades have been designed to
cope with this environment. Alloy 254 SMO (S31254), for example, has
a long record of successful installations for seawater handling within
offshore, desalination, and coastal process industries. But even with a
generally good track record, some crevice corrosion problems have
been reported, and for critically severe crevice and temperature situa-
tions a better alloy would be 654 SMO (S32654).

Most molybdenum-free steels can be used at high temperatures in
contact with hot gases. An adhesive oxide layer then forms on the sur-
face of the steel. At very high temperatures, the oxide begins to scale.
The corresponding scaling temperature increases with increasing
chromium content. A common high-temperature steel, such as S31008,
is Mo free and contains 24 to 26% Cr. Due to a balanced composition and
the addition of cerium, among other elements, alloy 253 MA (S30815)
can be even used at temperatures of up to 1150 to 1200°C in air.43

The influence of alloying elements. Corrosion resistance of stainless steels
is a function not only of composition but also of heat treatment, surface
condition, and fabrication procedures, all of which may change the ther-
modynamic activity of the surface and thus dramatically affect the cor-
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TABLE 8.34 Descriptions of Common Stainless Steels Finishes

Hot-rolled finishes

No. 0 finish. Also referred to as hot-rolled annealed (HRA). In that process, plates 
are hot rolled to required thickness and then annealed. No pickling or passivation
operations are effected, resulting in a scaled black finish. This does not develop the
fully corrosion-resistant film on the stainless steel, and except for certain high-
temperature heat-resisting applications, this finish is unsuitable for general use.

No. 1 finish. Plate is hot rolled, annealed, pickled, and passivated. This results in a
dull, slightly rough surface, suitable for industrial applications that generally involve
the range of plate thicknesses.

Cold-rolled finishes.

No. 2D finish. Material with a No. 1 finish is cold rolled, annealed, pickled, and
passivated. This results in a uniform dull matte finish, superior to a No. 1 finish.
Suitable for industrial application and eminently suitable for severe deep drawing
because the dull surface (which may be polished after fabrication) retains the lubricant
during the drawing operation.

No. 2B finish. Material with a 2D finish is given a subsequent light skin pass cold-
rolling operation between polished rolls. A No. 2B finish is the most common finish
produced and is called for on sheet material. It is brighter than 2D and is
semireflective. It is commonly used for most deep drawing operations and is more
easily polished to the final finishes required than is a 2D finish.

No. 2BA finish. This is more commonly referred to as a bright annealed (BA) finish.
Material with a No. 1 finish is cold rolled using highly polished rolls in contact with the
steel surface. This smooths and brightens the surface. The smoothness and reflectivity
of the surface improves as the material is rolled to thinner and thinner sizes. Any
annealing that needs to be done to effect the required reduction in gage, and the final
anneal, is effected in a very closely controlled inert atmosphere. No oxidation or scaling
of the surface therefore occurs, and there is no need for additional pickling and
passivating. The final surface developed can have a mirror-type finish, similar in
appearance to the highly polished No. 7 and No. 8 finishes.

Mechanically polished finishes

No. 3 finish. This is a ground unidirectional uniform finish obtained with 80–100 grit
abrasive. It is a good intermediate or starting surface finish for use in such instances
where the surface will require further polishing operations to a finer finish after
subsequent fabrication or forming.

No. 4 finish. This is a ground unidirectional finish obtained with 150 grit abrasive. It
is not highly reflective, but is a good general purpose finish on components that will
suffer from fairly rough handling in service.

No. 6 finish. These finishes are produced using rotating cloth mops (tampico fiber,
muslin, or linen) that are loaded with abrasive paste. The finish depends on how fine an
abrasive is used and the uniformity and finish of the original surface. The finish has a
nondirectional texture of varying reflectivity. Satin blend is an example of such a finish.

No. 7 finish. This is a buffed finish and has a high degree of reflectivity. It is produced
by progressively using finer and finer abrasives and finishing with buffing compounds.
Some fine scratches may remain from the original starting surface.

No. 8 finish. This is produced in an equivalent manner to a No. 7 finish, the final
operation being done with extremely fine buffing compounds. The final surface is
blemish free with a high degree of image clarity and is the true mirror finish.
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rosion resistance. It is not necessary to chemically treat stainless steels
to achieve passivity. The passive film forms spontaneously in the pres-
ence of oxygen. Most frequently, when steels are treated to improve pas-
sivity (passivation treatment), surface contaminants are removed by
pickling to allow the passive film to reform in air, which it does almost
immediately. The principal alloying elements that affect the corrosion
resistance of stainless are discussed below46 and a schematic summary of
the effects of alloying elements on the anodic polarization curve of typi-
cal stainless steels, initially presented by Sedriks, is shown in Fig. 8.8.47

Chromium. Chromium is, of course, the primary element for form-
ing the passive film or high-temperature, corrosion-resistant
chromium oxide. Other elements can influence the effectiveness of
chromium in forming or maintaining the film, but no other element
can, by itself, create the stainless characteristics of stainless steel.
The passive film is observed at about 10.5% chromium, but it affords
only limited atmospheric protection at this point. As chromium con-
tent is increased, the corrosion protection increases. When the
chromium level reaches the 25 to 30% level, the passivity of the pro-
tective film is very high, and the high-temperature oxidation resis-
tance is maximized.
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Nickel. In sufficient quantities, nickel is used to stabilize the
austenitic phase and to produce austenitic stainless steels. A corro-
sion benefit is obtained as well, because nickel is effective in pro-
moting repassivation, especially in reducing environments. Nickel is
particularly useful in promoting increased resistance to mineral
acids. When nickel is increased to about 8 to 10% (a level required
to ensure austenitic structures in a stainless that has about 18%
chromium), resistance to SCC is decreased. However, when nickel is
increased beyond that level, resistance to SCC increases with
increasing nickel content.
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Manganese. An alternative austenite stabilizer is sometimes
present in the form of manganese, which in combination with
lower amounts of nickel than otherwise required will perform
many of the same functions of nickel in solution. The effects of
manganese on corrosion are not well documented. Manganese is
known to combine with sulfur to form sulfides. The morphology
and composition of these sulfides can have substantial effects on
the corrosion resistance of stainless steels, especially their resis-
tance to pitting corrosion.

Other elements. Molybdenum in moderate amounts in combination
with chromium is very effective in terms of stabilizing the passive
film in the presence of chlorides. Molybdenum is especially effective
in enhancing the resistance to pitting and crevice corrosion. Carbon
does not seem to play an intrinsic role in the corrosion characteris-
tics of stainless, but it has an important role by virtue of the ten-
dency of carbide formation to cause matrix or grain boundary
composition changes that may lead to reduced corrosion resistance.
Nitrogen is beneficial to austenitic stainless in that it enhances pit-
ting resistance, retards formation of sigma phase, and may help to
reduce the segregation of chromium and molybdenum in duplex
stainless steels.

Ferritic steels. Ferritic steels with high chromium contents have
good high-temperature properties. However, these steels readily
form brittle sigma phase within the temperature range 550 to
950°C. The S44600 steel, with 27% chromium, has a scaling tem-
perature in air of about 1070°C. The modern molybdenum-alloyed
ferritic steels have largely the same corrosion resistance as S31600
but are superior to most austenitic steels in terms of their resistance
to SCC. A typical application example for these steels is hot water
heaters. For chlorine-containing environments, where there is a par-
ticular risk of pitting (e.g., in seawater), the high-alloy steel S44635
(25Cr-4Ni-4Mo) can be used. In general the corrosion resistance of
ferritic stainless steels is substantially lower than that of the
austenitic steels but higher than most of the martensitics. They can
withstand only mildly corrosive conditions. As such they find appli-
cation in the automotive industry and in architectural work as dec-
orative members. They have good oxidation resistance in fresh
water but are prone to pitting in brackish and seawater. They can be
used for handling dilute alkalis at room temperature and hydrocar-
bons at moderate temperature.48

Ferritic stainless steels cannot be used for any reducing or organic
acids such as oxalic, formic, and lactic, but they are used for handling
nitric acid and many organic chemicals. S43000 is less costly and most
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popular for such purposes. Some modifications of S43000 have been
developed. S43023 contains selenium, for free-machining use. Various
other alloys in the S43000 series, with 1.0 to 2.0% Mo, are also avail-
able, such as type S43400, which contains 1.0 to 1.3% Mo. This
improves corrosion resistance under reducing conditions and decreases
pitting tendencies as well. Because oxidation and scaling tendencies at
high temperatures can be reduced by increasing chromium content,
two well-known ferritic stainless steels contain 21% Cr (S44200) and
26% Cr (S44600), which increases their service temperature limits to
980 and 1090°C, respectively.48

S43000 and S43600 stainless steels are more resistant to SCC than
austenitic stainless steels in the presence of small amounts of chloride.
Because welding reduces their ductility and resistance to SCC and
IGC, they are sometimes alloyed with molybdenum, nickel, and one of
the six metals of the platinum group.48

Until recently, poor weldability and a lack of toughness and ductility
were severe limitations for using ferritic stainless steels. These problems
have been addressed by the advent of argon-oxygen decarburization
(AOD) and vacuum oxygen decarburization (VOD) processes for stainless
steel production. VOD, although more costly, is superior because it
reduces interstitial carbon and nitrogen to below 0.025%, compared with
0.035% for AOD. Thus, it is now possible to produce low-carbon, low-
nitrogen ferritic stainless steels, with the full benefit of a combination of
high chromium and molybdenum (1.5 to 4%) and excellent corrosion
resistance, especially to stress corrosion, at a competitive cost.

The corrosion resistance of ferritic steels has been extensively stud-
ied. The following expressions summarize the effects of different alloy-
ing elements on the resistance of ferritic steels exposed to boiling
corrosive solutions during slow strain tests.49 The stress corrosion
indices (SCIs) in each environment integrate the beneficial (�) or dele-
terious (�) effect of the alloying elements (in %) when the steels are in
contact with such a caustic environment. In boiling 4M NaNO3 at pH 2
the stress corrosion index is

SCINO3
 1777 � 996C � 390Ti � 343Al � 111Cr � 90Mo 

� 62Ni � 292Si

In 8.75 M NaOH it is

SCIOH  105 � 45C � 40Mn � 13.7Ni� 12.3Cr � 11Ti  � 2.5Al 
� 87Si � 413Mo

And in 0.5M NaCO3 � 0.5M NaHCO3 at 75°C it is
SCICO3

 41 � 17.3Ti � 7.8Mo � 5.6Cr� 4.6Ni
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Austenitic steels. S30400 steel is a great stainless success story. It
accounts for more than 50% of all stainless steel produced and finds
applications in almost every industry. The S30403 steel is a low-carbon
S30400 and is often used to avoid possible sensitization corrosion in
welded components. S30409 has a higher carbon content than S30403,
which increases its strength (particularly at temperatures above
500°C). This grade is not designed for applications where sensitization
corrosion could be expected.

The S30400 steel has excellent corrosion resistance in a wide range
of media. It resists ordinary rusting in most architectural applications.
It is also resistant to most food processing environments, can be read-
ily cleaned, and resists organic chemicals, dye stuffs, and a wide vari-
ety of inorganic chemicals. In warm chloride environments, S30400 is
subject to pitting and crevice corrosion and to SCC when subjected to
tensile stresses beyond about 50°C. However, it can be successful in
warm chloride environments where exposure is intermittent and
cleaning is a regular event.

S30400 has good oxidation resistance in intermittent service to
870°C and in continuous service to 925°C. Continuous use of S30400
in the 425 to 860°C range is not recommended if subsequent exposure
to room-temperature aqueous environments is anticipated. However,
it often performs well in temperatures fluctuating above and below
this range. S30403 is more resistant to carbide precipitation and can
be used in the above temperature range. Where high-temperature
strength is important, higher carbon values are required. S30400 has
excellent toughness down to temperatures of liquefied gases and finds
application at these temperatures. Like other austenitic grades,
S30400 in the annealed condition has very low magnetic permeability.

Austenitic stainless steels are susceptible to SCC in chloride envi-
ronments. The standard S30400, S30403, S31600, and S31603 stain-
less steels are the most susceptible. Increasing nickel content above 18
to 20% or the use of duplex or ferritic stainless steels improves resis-
tance to SCC. High residual or applied stresses, temperatures above 65
to 71°C, and chlorides increase the likelihood of SCC. Crevices and
wet/dry locations such as liquid vapor interfaces and wet insulation are
particularly likely to initiate SCC in susceptible alloys. Initiation may
occur in several weeks, in 1 to 2 years, or after 7 to 10 years in service.2

Martensitic steels. The corrosion resistance of martensitic stainless
steels is moderate (i.e., better than carbon steels and low-alloy steels
but inferior to that of austenitic steels). They are typically used under
mild corrosion conditions for handling water, steam, gas, and oil. The
17% Cr steels resist scaling up to 800°C and have low susceptibility to
corrosion by sulfur compounds at high temperatures.
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S41000 is a low-cost, general-purpose, heat-treatable stainless steel.
It is used widely where corrosion is not severe (air, water, some chem-
icals, and food acids). Typical applications include highly stressed
parts needing the combination of strength and corrosion resistance
such as fasteners. S41008 contains less carbon than S41000 and offers
improved weldability but lower hardenability. The S41008 steel is a
general-purpose corrosion and heat-resisting chromium steel recom-
mended for corrosion-resisting applications.

S41400 has nickel added (2%) for improved corrosion resistance.
Typical applications include springs and cutlery. S41600 contains
added phosphorus and sulfur for improved machinability. Typical
applications include screw machine parts. S42000 contains increased
carbon to improve mechanical properties. Typical applications include
surgical instruments. S43100 contains increased chromium for greater
corrosion resistance and good mechanical properties. Typical applica-
tions include high-strength parts such as valves and pumps. S44000
contains even more chromium and carbon to improve toughness and
corrosion resistance. Typical applications include instruments.

Duplex steels. Duplex stainless steels comprise a family of grades
with a wide range of corrosion resistance. They are typically higher in
chromium than the corrosion-resistant austenitic stainless steels and
have molybdenum contents as high as 4.5%. The higher chromium and
molybdenum combination is a cost-efficient way to achieve good chlo-
ride pitting and crevice corrosion resistance. Many duplex stainless
steels exceed the chloride resistance of the common austenitic stain-
less steels. The constraints of achieving the desired balance of phases
define the amount of nickel in duplex stainless steel. The resulting
nickel contents, however, are sufficient to provide significant benefit in
many chemical environments.50 Table 8.35 describes the influence of
different alloying additions and microstructure on the pitting and
crevice corrosion resistance of duplex stainless steels.

Duplex stainless steels have been available since the 1930s. The
first-generation duplex stainless steels, such as S32900, have good
localized corrosion resistance because of their high chromium and
molybdenum contents. When welded, however, these grades lose the
optimal balance of austenite and ferrite and, consequently, corrosion
resistance and toughness are reduced. Although these properties can
be restored by a postweld heat treatment, most of the applications of
the first-generation duplexes use fully annealed material without fur-
ther welding.50

In the 1970s, this problem became manageable through the use of
nitrogen as an alloy addition. The introduction of AOD technology per-
mitted the precise and economical control of nitrogen in stainless steel.
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TABLE 8.35 Influence of Different Alloying Additions and Microstructure on the
Pitting and Crevice Corrosion Resistance of Duplex Stainless Steels

Alloying Effect Reason Practical limitation

C Negative Causes precipitation of About 0.03% maximum.
chromium carbides with 
accompanying chromium-
depleted zones.

Si Positive Si stabilizes the passive film. About 2% maximum, due to
its effect on structural
stability and on nitrogen
solubility.

Mn Negative Mn-rich sulfides act as About 2%. Higher levels 
initiation sites for pitting. might also increase the risk 

Mn may also destabilize the of intermetallic precipitation.
passive film.

S Negative Sulfides, if not Cr-, Ti-, or About 0.003%, if maximum 
Ce-rich, tend to initiate pitting resistance is required. 
pitting attack. For reasonable machinability,  

up to 0.02% is allowed.

Cr Positive Cr stabilizes the passive film. Between 25 and 28%
maximum depending on the  
Mo content. Higher Cr
content increases the risk of 
intermetallic precipitation.

Ni Negative Increased Ni, other elements Ni should primarily be used 
constant, dilutes the y-phase to give the alloy the desired 
with regard to N, which in austenite content.
turn decreases the PRE of the 
�-phase. If the alloy is very 
sensitive to precipitation of 
chromium nitrides, Ni can 
have a positive effect.

Mo Positive Mo stabilizes the passive film, About 4 to 5% maximum 
either directly or through depending on the Cr content. 
enrichment beneath the film. Mo enhances the risk of

intermetallic precipitation.

N Positive N increases the PRE-number About 0.15% in Mo-free 
of the �-phase dramatically, grades. About 0.3% in 
not only by increasing the superduplex grades and some 
N content of that phase but 0.4% in 25% Cr, high Mo, 
also by increasing the Cr and high Mn alloys.
Mo contents through their  
partitioning coefficients.

Cu Disputed Marginal positive or About 2.5% maximum. 
negative effects. Higher levels reduce hot

workability and undesirable
hardenability.

W Positive Probably the same as for Mo. Increases the tendency for
intermetallic precipitation.
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Although nitrogen was first used because it was an inexpensive
austenite former, it was quickly found that it had other benefits. These
include improved tensile properties and pitting and crevice corrosion
resistance.50 Nitrogen also causes the formation of austenite at a higher
temperature, allowing for restoration of an acceptable balance of
austenite and ferrite after a rapid thermal cycle in the HAZ after weld-
ing. This nitrogen advantage enables the use of duplex grades in the
as-welded condition and has created the second generation of duplex
stainless steels.

Alloying with nitrogen has stimulated the introduction of many
duplex grades, most of them being marketed as proprietary products.
Some of these grades are not readily available in product forms other
than those produced. However, the S31803 alloy is an exception; it is
offered by many producers and is available on an increasingly regular
and reliable basis through metal service centers. It has become the
most widely used second-generation duplex stainless steel.50 The lat-
est developed duplex stainless steels with very high Cr, Mo, and N con-
tents, such as alloy 2507 (S32750), have better corrosion resistance
than S31803 steel and are in many cases comparable to the 6 Mo
steels, that is, 254 SMO (S31254).

One of the primary reasons for using duplex stainless steels is their
excellent resistance to chloride SCC. They are quite superior to com-
mon austenitic steels in this respect. Modern steels with correctly bal-
anced compositions, such as alloy 2205 (UNS S31803), also possess
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TABLE 8.35 Influence of Different Alloying Additions and Microstructure on the
Pitting and Crevice Corrosion Resistance of Duplex Stainless Steels (Continued )

Alloying Effect Reason Practical limitation

Ferrite Positive Increased ferrite content Too high ferrite can enhance 
increases the N, Cr. and Mo chromium carbide/nitride 
contents of the �-phase. precipitation in a coarse

microstructure.

Inter- Negative Precipitates with If steel manufacturers’
metallic accompanying depletion of recommendations are 
phases alloying elements (Cr, Mo). followed, intermetallic

precipitation should not
occur during heat treatment
or welding.

Chromium Negative Precipitation of In older generations of duplex 
carbides carbides/nitrides causes alloys, nitrides were 
and Cr-depleted zones that are frequently present in welded 
nitrides selectively attacked in certain joints and in base metal with 

corrosive media. coarse microstructure. This
has rarely been the reason
for a corrosion failure.
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good pitting properties and are not sensitive to intergranular corrosion
after welding, as were the first-generation duplex steels. All duplex
stainless steels are susceptible to SCC in the boiling 42% magnesium
chloride. Fortunately, this test is so overly severe that its results are
not meaningfully related to the SCC that occurs with most austenitic
stainless steels in typical applications with less-concentrated chlorides.
In boiling 25% sodium chloride and in the sodium chloride “wick test,”
which have been shown to correlate well with field experience in SCC,
the duplex grades are resistant to SCC.50

Pitting and crevice. The pitting and crevice behavior of stainless steels
in chloride-bearing waters has been studied by a number of investiga-
tors. There is considerable variation in the percentage of apparently
identical sites where attack occurs, when it occurs. It is useful to
describe results in terms of the percentage of apparently identical sites
where attack occurs at a given chloride concentration. Very tight
crevices increase the likelihood of attack. Rough surfaces, sheared
edges, scratches, and similar imperfections also tend to increase the
incidence of attack. Crevice or pitting attack also occurs under
deposits and under biofouling growths attached to the metal surface.
Table 8.36 describes the measured critical crevice corrosion tempera-
tures for many corrosion-resistant austenitic and duplex stainless
steels, and Table 8.37 gives the corrosion rates of some of these alloys
in selected chemical environments.

Relative resistance can also be described by the chloride concentra-
tion below which there is little likelihood of crevice attack occurring.
Pitting, particularly at or near welds and in crevices, has often resulted
in perforation within a few months. It is necessary, therefore, to chose
an alloy with high resistance to localized attack, which is often defined
as an alloy with a high pitting-resistance equivalent number (PREN).
PREN is derived from an empirical relationship and can take several
forms. The most widely used form to predict the pitting resistance of
austenitic and duplex stainless steels is expressed as:47

PREN  Cr � 3.3 (Mo � 0.5 W) � xN

where Cr, Mo, W, and N are the chromium, molybdenum, tungsten,
and nitrogen contents (%), and x  16 for duplex stainless steel, and
30 for austenitic alloys.

Elevated temperature. The properties of stainless steels at elevated
temperatures may degrade from a variety of causes. The consequences
of this degradation depend on the process and the expectations of the
material.
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Sigma phase. In ferritic stainless steels the sigma phase is composed
only of iron and chromium. In austenitic stainless alloys, it is much
more complex and will include nickel, manganese, silicon, and niobium
in addition to iron and chromium. The sigma phase forms in ferritic
and austenitic stainless steels from ferrite or metastable austenite
during exposure at 593 to 927°C. It causes loss of ductility and tough-
ness at temperatures under 120 to 150°C but has little effect on prop-
erties in the temperature range where it forms unless the material has
been put into service with considerable residual cold work. In this
case, creep strength can be adversely affected.2

Over time, sigma phase formation is unavoidable in many of the
commercial alloys used within the temperature range where it forms.
Fortunately, few failures have been directly attributed to it. However,
if a component is to be exposed in the critical temperature range and
subsequently subjected to extensive cyclic conditions or to shock load-
ing, an immune or more stable material should be used. Increased
resistance or immunity is achieved by selecting a composition that is
balanced with respect to austenite versus ferrite-forming elements so
that no free ferrite is present. This can be determined using the
Schaeffler diagram, discussed previously.

Sensitization. Another form of elevated temperature degradation of
austenitic stainless steels is sensitization. This is caused by the pre-
cipitation of chromium carbides preferentially at grain boundaries.
The adjacent chromium-depleted zone then becomes susceptible to
accelerated corrosion in some corrosive environments. Sensitization
can occur during fabrication from the heat of welding or improper heat
treatment or through service exposure in the temperature range of 480
to 815°C. Sensitization has little or no effect on mechanical properties
but can lead to severe intergranular corrosion in aggressive aqueous
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TABLE 8.36 Critical Crevice Corrosion Temperatures

UNS Type Temperature, °C

S32900 329 5
S31200 44LN 5
S31260 DP-3 10
S32950 7-Mo PLUS 15
S31803 2205 17.5
S32250 Ferralium 255 22.5
S30400 304 ��2.5
S31600 316 �2.5
S31703 317L 0
N08020 20Cb-3 0
N08904 904L 0
N08367 AL-6XN 32.5
S31254 254 SMO 32.5
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TABLE 8.37 Corrosion Rates (mm�y�1) in Selected Chemical Environments

Environment Temperature, S30400 S31600 S31703 N08020 S31803 S32550
°C

1% HCl Boiling 0.0025 0.0025 0.0025
10% sulfuric 66 0.226 0.030 0.0051
10% sulfuric Boiling 42.0 21.7 12.4 1.09 5.23 1.01
30% phosphoric Boiling 0.170 0.0406 0.0051
85% phosphoric 66 0.0051 0.010 0.0025
65% nitric Boiling 8 0.28 0.533 0.203 0.534 0.13
10% acetic Boiling 0.0051 0.0025 0.0051
20% acetic Boiling 7.6 2 0.051
20% formic Boiling 0.2159 0.033 0.010
45% formic Boiling 43.6 520 0.18 0.124
3% NaCl Boiling 0.0254 0.0025 0.010
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environments such as polythionic acid. Polythionic acid can form dur-
ing downtime on equipment that has been even mildly corroded by
hydrogen sulfide at an elevated temperature. The iron sulfide corro-
sion product combines with air and moisture to form the acid and
induces intergranular corrosion and cracking.2

To minimize the chance of sensitization during fabrication, carbide-
forming stabilizers are added. The most common are titanium
(S32100) and niobium (S34700). As long as their lower strengths are
taken into account, another alternative is to use low carbon grades
(S30403, S31603) with carbon �0.03%. To minimize the effects of fre-
quent or continuous exposure within the susceptible temperature
range, a thermal stabilization treatment of S34700 at 870 to 900°C for
4 h is recommended. S32100 steel does not respond acceptably to this
treatment.

The higher carbon content of heat-resistant alloys and the presence
of other elements cause these alloys to “age” during exposure to ele-
vated temperatures. Aging results from the formation of secondary
carbides and other precipitates. This usually results in higher
strength but also causes loss of ductility at ambient temperature, lead-
ing to potential fabrication problems. This is more of a problem with
cast than wrought heat-resistant alloys because of the typically higher
original carbon content.

Recovery from all of the above forms of degradation is possible by
solution annealing the material at temperatures appropriate for the
alloy grade followed by rapid cooling. For the 300 series stainless
steels, annealing can be done at 1066°C, whereas the high-carbon
heat-resistant alloys may require treatment as high as 1177°C.
Recovery is not permanent. Reexposure to the causative conditions
will result in redegradation.2

8.8 Steels

8.8.1 Introduction

Iron and steel, the most commonly used metals, corrode in many
media, including most outdoor atmospheres. Usually they are selected
not for their corrosion resistance but for such properties as strength,
ease of fabrication, and cost. These differences show up in the rate of
metal lost due to rusting. All steels and low-alloy steels rust in moist
atmospheres. In some circumstances, the addition of 0.3% copper to
carbon steel can reduce the rate of rusting by one-quarter or even by
one-half. The elements copper, phosphorus, chromium, and nickel
have all been shown to improve resistance to atmospheric corrosion.
Formation of a dense, tightly adhering rust scale is a factor in lower-
ing the rate of attack. The improvement may be sufficient to encour-
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age use without protection and can also extend paint life by decreas-
ing the amount of corrosion underneath the paint. The rate of rusting
will usually be higher in the first year of atmospheric exposure than in
subsequent years and will increase significantly with the degree of pol-
lution and moisture in the air.

Steel has quite good resistance to alkalies, many organics, and
strong oxidizing acids. As a general rule, acids should be avoided. Mild
steel can be susceptible to SCC in media that contain nitrates, hydrox-
ides, ammonia, and hydrogen sulfide. Any evolved hydrogen may
cause embrittlement and blistering in the steel. Adding copper can off-
set the harmful effects of phosphorus and sulfur inclusions in the steel
in dilute acids. In water, oxygen is detrimental. Like other metals that
form passive oxide films, iron benefits in situations in which there is
essentially no oxygen to depolarize the cathodic reaction or sufficient
oxidizing power to form a stable oxide film.1

Low-alloy steels are defined as steels containing up to 5% of the
major alloying element. These steels are designed for higher strength
and are similar in corrosion resistance to unalloyed steel except for
improvements attainable in the rate of atmospheric attack. For exam-
ple, an alloy steel might rust at one-third the rate of a plain carbon
steel without copper. About 10 to 12% chromium is usually needed to
avoid rusting in the atmosphere. The silicon irons, particularly those
containing about 15% silicon, are more corrosion resistant than steel.
Unfortunately, they are available only as castings and are quite brit-
tle. They have good resistance to oxidizing and reducing acids with the
exception of hydrofluoric acid and perform particularly well in slurries
because of their good erosion-corrosion resistance.

8.8.2 Carbon steels

Ordinary steels are essentially alloys of iron and carbon with small
additions of elements such as manganese and silicon added to provide
the requisite mechanical properties. The steels are manufactured from
a mixture of pig iron and scrap, which is treated in the molten state to
remove excess carbon and other impurities. The steel may be continu-
ously cast into strands or cast into individual ingots. The final product
is then produced by rolling, drawing, or forging. During hot rolling and
forging the steel surface is oxidized by air, and the scale produced is
usually termed millscale. In air, the presence of millscale on the steel
may reduce the corrosion rate over comparatively short periods, but
over longer periods the rate tends to rise. In water, severe pitting of the
steel may occur if large amounts of millscale are present on the surface.

The addition of about 0.2% copper results in a two- to threefold
reduction in the corrosion rate in air compared with a copper-free
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steel. Variations in the other elements in ordinary steels affect the cor-
rosion rate to a marginal degree, the tendency being for the rate to
decrease with increasing content of carbon, manganese, and silicon.
For example, in the open air a steel containing 0.2% Si rusts about
10% less rapidly than an otherwise similar steel containing 0.02% Si.51

8.8.3 Weathering steels

The mechanical properties of low- or medium-carbon structural steels
can be improved considerably by small alloy additions. For example, 1%
Cr will raise a steel yield strength (0.2% offset) from 280 to 390 MPa.
This has led to the development of a range of so-called high-strength,
low-alloy (HSLA) steels with high tensile properties. Although, originally
at least, the main purpose was to increase the strength of the steel,
improvements in the mechanical properties of unalloyed steels have
resulted in a considerable overlap in properties between the two classes.
In some cases low-alloy additions, besides making further improve-
ments in properties possible, may even enhance resistance to corrosion.
As a class they are by no means corrosion-free but under favorable con-
ditions, such as when they are exposed outdoors, they can rust several
times less rapidly than unalloyed mild steel. The low-alloy steels specif-
ically designed to be slow rusting are commonly called weathering
steels, and to optimize this corrosion resistance the alloying elements
most commonly used are chromium, nickel, and copper.52

Uncoated weathering-grade steels have been available for many
years. The cost effectiveness of use of this material has been demon-
strated in both short- and long-term savings. The additional cost of
this grade of steel is offset by the elimination of the need for initially
painting structures. Where enhanced atmospheric corrosion resis-
tance is desired, the letter W follows the grade.53 Environmental
benefits also result from the use of this material. The reduction in
initial painting reduces emissions of volatile organic compounds
(VOCs) when oil-based coatings are used. The elimination of
removal of the coating and disposal of contaminated blast cleaning
debris over the life span of the structure is another significant envi-
ronmental benefit.

There are documented cases where the estimated cost of the collec-
tion and disposal of materials from a structure repainting project were
so great that the structure was either abandoned or replaced. At the
same time, there are documented cases where application of this mate-
rial in improper locations or under improper conditions has resulted in
less than desirable performance. In most cases, this poor performance
was the result of a lack of understanding of the limitations of weather-
ing-grade steels. The following situations represent conditions where

738 Chapter Eight

0765162_Ch08_Roberge  9/1/99 6:01  Page 738



uncoated weathering steel cannot be expected to perform as intended,
and continuing corrosion could result in significant damage:53

Marine coastal areas. Salt-laden air that is generated along the sea
coast may be transported inland by the prevailing winds. The level of
chloride concentration caused by the salt-laden air and its effect on
the performance of uncoated weathering steel structures depends on
the direction of the prevailing winds, the distance from the shore
line, and the topographical and environmental characteristics of the
area. Thus, the weathering behavior of uncoated weathering steel
structures can vary significantly from one location to another.

Areas of frequent high rainfall, high humidity or persistent fog.
These climatic conditions can result in excessive condensation and
prolonged periods of wetness of the steel. Selection of uncoated steel
for use in areas where these conditions persist should not be made
without an evaluation of the expected time of wetness of the steel at
the particular bridge site.

Industrial areas. In heavy industrial areas with chemical and other
manufacturing plants, the air may contain chemical impurities that
can be deposited on and decompose the steel surfaces.

8.8.4 Weldability

Commonly used steels can be readily welded. Steels have been
grouped in terms of their metallurgical and welding characteristics.
The main risks in welding these groups are described below, followed
by the main welding imperfections encountered:54

Low-carbon unalloyed steels and/or low-alloyed steels. For thin-sec-
tion, unalloyed materials, these materials can normally be readily
welded. However, when welding thicker-section material with a flux
process (MMA), there is a risk of HAZ cracking and low-hydrogen
electrodes need to be used. The more highly alloyed materials also
require preheat or a low-hydrogen welding process to avoid HAZ
cracking.

2-5 Ni Steels, CrMo, and CrMoV creep-resisting steel. Thin-section
material may be welded without preheat, using a gas-shielded
process (TIG and MIG); for thicker-section material, and when using
a flux process, preheat with low-hydrogen electrodes (MMA) is needed
to avoid HAZ and weld metal cracking. Postweld heat treatment is
used to improve HAZ toughness.

Ferritic or martensitic stainless steel, with chromium (12 to 20%).
When using filler to produce matching weld metal strength, preheat is
needed to avoid HAZ cracking. Postweld heat treatment is essential to
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restore HAZ toughness. An austenitic stainless steel filler can be used
where it is not possible to apply a preheat and postweld treatment.

Porosity. Porosity is formed by entrapment of discrete pockets of gas in
the solidifying weld pool. The gas may originate from poor gas shield-
ing, surface contaminants such as rust or grease, or insufficient deox-
idants in the parent metal, electrode, or filler wire. A particularly
severe form of porosity is “worm holes,” caused by gross surface cont-
amination or welding with damp electrodes. The presence of man-
ganese and silicon in the parent metal, electrode, and filler wire is
beneficial because they act as deoxidants, combining with entrapped
air in the weld pool to form slag. Rimming steels with a high oxygen
content can only be welded satisfactorily with a consumable that adds
aluminum to the weld pool.54 To obtain sound porosity-free welds, the
joint area should be cleaned and degreased before welding. When
using gas-shielded processes, the material surface demands more rig-
orous cleaning, such as by degreasing, grinding, or machining, fol-
lowed by final degreasing, and the arc must be protected from
draughts.

Solidification cracking. Solidification cracks occur longitudinally as a
result of the weld bead having insufficient strength to withstand the
contraction stresses within the weld metal. Sulfur, phosphorus, and
carbon pickup from the parent metal at high dilution increase the risk
of weld metal (solidification) cracking, especially in thick-section and
highly restrained joints. When welding high carbon and sulfur content
steels, thin weld beads will be more susceptible to solidification crack-
ing. However, a weld with a large depth-to-width ratio can also be sus-
ceptible. In this case, the center of the weld, the last part to solidify,
will have a high concentration of impurities, increasing the risk of
cracking.54 Solidification cracking is best avoided by careful attention
to the choice of consumable, welding parameters and welder tech-
nique. To minimize the risk, consumables with low carbon and impu-
rity levels and relatively high manganese and silicon contents are
preferred. High–current density processes, such as submerged-arc and
CO2, are more likely to induce cracking.

Hydrogen cracking. A characteristic feature of high-carbon and low-alloy
steels is that the HAZ immediately adjacent to the weld hardens on
welding with an attendant risk of cold (hydrogen) cracking. The
amount of hydrogen generated is determined by the electrode type and
the process. Basic electrodes generate less hydrogen than rutile elec-
trodes, and the gas-shielded processes produce only a small amount of
hydrogen in the weld pool. Steel composition and cooling rate deter-
mine the HAZ hardness. Chemical composition determines material
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hardenability, and the higher the carbon and alloy content of the mate-
rial, the greater the HAZ hardness. Section thickness and arc energy
influence the cooling rate and, hence, the hardness of the HAZ.

Because cracking only occurs at temperatures slightly above ambi-
ent, maintaining the temperature of the weld area above the recom-
mended level during fabrication is especially important. If the
material is allowed to cool too quickly, cracking can occur up to several
hours after welding, often termed delayed hydrogen cracking. After
welding, therefore, it is beneficial to maintain the heating for a given
period (hold time), depending on the steel thickness, to enable the
hydrogen to diffuse from the weld area.54 When welding C-Mn struc-
tural and pressure vessel steels, the measures that are taken to pre-
vent HAZ cracking will also be adequate to avoid hydrogen cracking in
the weld metal. However, with increasing alloying of the weld metal
(e.g., when welding alloyed or quenched and tempered steels), more
stringent precautions may be necessary. The risk of HAZ cracking is
reduced by using a low-hydrogen process, low-hydrogen electrodes,
and high arc energy and by reducing the level of restraint.

Reheat cracking. Reheat or stress relaxation cracking may occur in the
HAZ of thick-section components, usually of greater than 50-mm
thickness. The more likely cause of cracking is embrittlement of the
HAZ during high-temperature service or stress relief heat treatment.
Because a coarse-grained HAZ is more susceptible to cracking, low arc
energy input welding procedures reduce the risk. Although reheat
cracking occurs in sensitive materials, avoidance of high stresses dur-
ing welding and elimination of local points of stress concentration (e.g.,
by dressing the weld toes) can reduce the risk.54

8.8.5 Corrosion resistance

Carbon steel. The corrosion rates of wrought iron and mild steel when
immersed in seawater or buried in soil are not significantly different
when the copper contents are similar. Steel has number of phases and
inhomogeneities at the surface, which can cause local cells. The corro-
sion resistance of iron is low, because cathodic reduction can easily
take place on its surface, and moreover, its corrosion product is porous
and nonadherent. By contrast, aluminum and other light metals form
a compact adhering film that retards corrosion. Steel finds extensive
application primarily because of its low cost, reasonably good mechan-
ical properties, and ease of fabrication.48

Ambient conditions in an industrial environment are relatively more
corrosive because of the presence of moisture and chemical pollutants in
the air. Chlorides in coastal areas and sulfur dioxide are highly aggres-
sive, and they lower the critical humidity level for the onset of corrosion.
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Sulfur dioxide facilitates depolarization and easily oxidizes to sulfur tri-
oxide on metal surfaces, which in turn forms sulfuric acid. Similarly,
acid vapors, H2S, and organic vapors even in small quantities greatly
increase the aggressiveness of the atmosphere.48 Despite these short-
comings, plain carbon steels, with or without minor alloying elements,
are widely used as the most economic materials of construction under
ambient, aggressive conditions, and with various combinations of pro-
tective coatings and other corrosion prevention or control methods.
Conditions permitting the satisfactory use of mild steel are described in
Table 8.38.

Aqueous media corrosion. Natural water is widely distributed and stored
in steel pipe, galvanized steel pipe, and steel tanks. Natural waters, so
long as they are reasonably free from aggressive ions, such as chloride
and acidic species, are noncorrosive and have been handled satisfacto-
rily by mild steel pipes and tanks for many years. The primary impu-
rities in these waters are calcium and magnesium salts. These salts
can form a hard carbonate protective scale on the surface of steel
exposed to hard water. Chemically pure, distilled water is, in fact, cor-
rosive, and when the concentration of these salts is low, the corrosion
of steel must be controlled by reducing the oxygen present in the water
by chemical treatment or by cathodic protection.

The protective carbonate scale is not just a function of the concen-
tration of calcium and magnesium salts. It is also affected by the alka-
linity of the water and concentrations of other salts. Saturation indexes
have been developed for monitoring such concentrations. A popular sat-
uration index is the Langelier index, which provides a simple method
for determining the conditions and concentrations under which water
will form this kind of protective film.48 Section 2.2 in Chap. 2,
Environments, describes in detail the Langelier index and a few other
indexes and methods to monitor scaling tendencies of waters.

Brackish waters containing less than 1% NaCl have been handled
successfully in steel pipes. Seawater under quiescent conditions can
also be stored in steel vessels. The pitting tendency in such cases
should be controlled by removing dissolved oxygen. Steel pipes can
have a life expectancy of 2 to 5 years in mine waters, depending on
their composition. The main factors controlling the corrosion of steel in
natural waters follow:

Dissolved gases. Corrosion induced by dissolved oxygen is propor-
tional to its concentration, up to 25 to 30 ppm. Above this level, cor-
rosion decreases at higher concentrations. Higher temperatures and
pressures and lower pH increase its corrosivity. Carbon dioxide,
although only approximately 10% as corrosive as oxygen, is nearly
100 times more soluble than oxygen. Dissolved H2S attacks steel
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even in the absence of oxygen.48

Hydrogen ion concentration (pH). Very little general corrosion
occurs between 4.5 and 9.5 pH. In this range, the corrosion prod-
uct maintains a pH of approximately 9.5 at the surface of the
steel. But in weak acids such as H2CO3, hydrogen evolution and
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TABLE 8.38 Conditions Permitting the Satisfactory Use of Mild Steel

Pressure, Temperature, 
Service kPa °C

Acetone 1030 370
Acetylene* 1030 150
Air (compressed) 1030 360
Air (compressed) 2070 amb
Alcohol 2070 200
Ammonia (anhydrous gas) 4140 500
Ammonia (anhydrous liquid) 4140 500
Ammonia (aqueous) 4140 500
Benzene* 3240 450
Brine (calcium chloridc)† 340 100
Butanol* 1030 385
Carbon dioxide* 3100 150
Carbon disulfide (anhydrous)* 2070 500
Carbon tetrachloride* 2070 500
Caustic (concentration under 5%)* 2760 120
Caustic (concentration 0 to l04 Re) 1030 180
Caustic (concentration 11 to 50%)‡ 1030 120–150
Chlorine (anhydrous gas) 340 150
Chloroform* 2070 500
Dowtherm “A” 1030 750
Gas (city)* 140 100
Gas (inert) 1030 350
Gas (natural)* 3401 140
Gas (natural) 690 315
Gas (natural) 4140 80
Hydrogen 1030 450
Hydrogen* 4140 500
Hydrogen chloride (anhydrous gas)* 1030 500
Kerosene* 860 350
Methanol* 1030 390
Nitrogen 4830 500
Sodium cyanide (26% solution)* 170 100
Sodium polysulfide solution 1030 500
Sulfuric acid (commercial grade)§

60° Be 690 105
66° Be 690 120
109° (40% oleum) 690 160

Xylene* 520 150

* Copper-free steel.
†Economical life of steel, normal maintenance, minimum temperature �26°C.
‡Stress-relieved welds and cold bands, if steam traced.
§Nonflowing or low velocity; 6- to 8-year life at temperatures given.
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corrosion begin just below pH 6 and become rapid at pH 5.0. With
stronger acids, hydrogen evolution is rapid, and the steel is
attacked quite rapidly.

Dissolved salts. Most dissolved salts reduce the solubility of dis-
solved oxygen, and therefore the rate of corrosion in concentrated
solutions is usually lower. Some salts buffer the pH. Some, such as
halides and sulfides, are corrosive themselves. Therefore, neutral
and acid salt solutions, such as NaCl or Na2SO4, which tend to
increase the corrosion rate of iron, are not normally handled in steel
equipment. Steel can be used for handling alkaline salts that
hydrolyze to yield a solution of approximately 9.5 pH. These salts
also act as inhibitors for some aggressive solutions. For example,
Ca(OH)2 is used to control corrosion caused by CaCl2 in solution in
refrigeration systems.48

Temperature and velocity effects. Water flowing at velocity higher
than 3 m�s�1 can cause turbulence and impingement attack. The
temperature of the water can be another factor. A rise of 18 to 20°C
can double the corrosivity of some waters.

Alkalies. Mild steel is traditionally used for transporting and storing
alkalies and alkaline solutions at room temperature and for alkaline
salts such as sodium carbonate and phosphate. Iron passivates at a pH
higher than 10. However, passivity decreases in concentrated solu-
tions in which iron has a tendency to dissolve as ferrous ions (HFeO2

�).
Fortunately, the rate of corrosion is low at room temperature, so con-
centrated solutions and solid caustic are handled in steel drums. At
high temperatures, concentrated alkalies are relatively aggressive,
but pots for handling and fusion of caustic soda and potash are made
from thick sections of cast iron or steel. Alkaline solutions employed in
many chemical processing industries are handled in steel equipment.48

However, when steel is exposed to alkaline solutions at high tempera-
tures while stressed in tension, it can crack along intergranular bound-
aries, in a fashion that has been called caustic embrittlement. This
particularly vicious form of attack was first noticed in riveted steam boil-
ers where alkali became concentrated in crevices underneath rivets.
Welded construction of boilers has reduced the incidence of such failures.

Acids. Hydrogen evolution is easier on iron than on most other metals,
and steel is severely attacked by acidic solutions at levels below pH 4.
The presence of oxygen has a depolarizing effect, and corrosion becomes
even more severe when oxygen is present. However, strong oxidizing
acids can passivate steel, so it can be used for handling, storing, and
transporting them. Sulfuric acid below 60% concentration is highly cor-
rosive to steel. However, steel can be used for handling sulfuric acid of
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90% concentration and above. Hydrochloric and phosphoric acids in all
concentrations attack steel rapidly. Killed steel can be used to handle
hydrofluoric acid of above 80% concentration. However, steel in any
form is not normally used for handling organic acids.48

Nonaqueous organic solvents. In the absence of water, organic solvents do
not attack steel, and it is therefore used for handling alcohols and gly-
cols. The addition of small amounts of moisture, on the order of 0.1%,
has a detrimental effect, particularly in the case of chlorinated organic
solvents. Steel is widely used in petroleum refineries for pressure ves-
sels, crude distillation towers, pipe stills, heat exchangers, piping,
valves, all service lines, and storage tanks. The presence of sulfur in
crude oil corrodes steel. In cases where sulfur compounds are present,
it is economical to line or clad the steel with a corrosion-resistant
material or use a low-alloy chromium steel.48

Gases and vapors. Most gases and vapors can be handled in steel equip-
ment when they are completely dry. Problems are sometime encoun-
tered in subzero temperatures, because some steels lack impact
resistance at these low temperatures. Corrosion of steel in the pres-
ence of moisture is particularly severe when acidic gases or vapors are
involved, such as oxides of nitrogen and sulfur or chlorine. At high
temperature, water vapor does not contribute to corrosion, but once
the dew point is reached, condensation takes place, and the corrosion
rate rises drastically. Steel is used for handling hot dry chlorine, liquid
chlorine, and sulfur gases. For steam boilers, steels are the usual
materials of construction, and dissolved oxygen in their feed water is
their worst enemy, being most corrosive. To remedy this problem, its
concentration should be reduced below 0.01 ppm by chemical and
mechanical treatment of the feed water. The addition of chromium to
steel prevents such attacks.48

When hydrogen is handled in steel above 400°C, it reacts with the
carbon present in steel to form methane. As a consequence of this decar-
burization, fissures can form along the grain boundaries. Called hydro-
gen embrittlement, this phenomenon is controlled by alloying steel with
carbide stabilizers such as chromium, molybdenum, and titanium.
During ammonia synthesis and petroleum cracking, similar hydrogen
and nitrogen embrittlement can take place above 500°C, particularly
where high-carbon steels are employed. Alloying with 2% chromium
reduces this problem. Low-alloy nickel-chromium-molybdenum steel
has been used in the past to resist hydrogen attack at 400 to 450°C and
moderate pressures. However, modern high-temperature high-pressure
reactors use stainless steel. Despite some of these shortcomings, plain
carbon steels are widely used as the most economical materials of con-
struction under various conditions. Additionally, various protective
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schemes using organic and inorganic coatings, linings, and claddings
have been developed to increase the life expectancy of steel under
aggressive conditions.48

Low-alloy steels. The improvement in rust resistance achieved through
low-alloy additions obviously depends on the nature and amounts of
the alloying elements. Incidentally, the effects of these additions are
not additive. Weathering steels generally perform best when they are
freely exposed to the open air in industrial environments.52 Copper and
chromium additions influence the rate of rusting by raising the poten-
tial of the surface to more noble values, encouraging passivation.
However, HSLA steels in their maximum hardness condition can be
very susceptible to SCC in high-humidity environments.

Initially, weathering steels appear to rust like mild steels and quickly
assume a fine, sandy appearance. However, unlike mild steel, whose
oxide repeatedly spalls off, the surface rust layer stabilizes with time,
provided that the exposure conditions allow the steel to dry out periodi-
cally. The rust then becomes darker, granular, and tightly adherent, and
any pores or cracks become filled with insoluble salts. Because of the
need for intermittent drying to stabilize the oxide film, it is doubtful,
from the corrosion aspect, whether the use of weathering steels is worth-
while where immersion in natural waters or burial in soil is involved.52

When low-alloy steels are exposed outdoors, the rust formed on them
is generally darker in color and much finer in grain than that formed
on ordinary steel. Moreover, the slowing down in rusting rate with
time seems to be more marked for low-alloy steels than for ordinary
steels. This can be illustrated by the data presented in Table 8.39.52

The distinguishing feature of the behavior of the slow-rusting low-
alloy steels is the formation of this protective rust layer. Corrosion in
conditions where it cannot form is little different from that of unal-
loyed steel. In particular, the beneficial effects observed in open air do
not generally extend to conditions where the steel is enclosed and shel-
tered from the rain.

Corrosion in natural environments. As mentioned earlier, the effects of the
various alloying elements are not additive. Bearing this in mind, the
practical effect of individual elements can be summarized as follows:

1. Copper additions up to about 0.4% give a marked improvement, but
further additions make little difference.

2. Phosphorus, at least when combined with copper, is also highly ben-
eficial. However, in practice, levels above about 0.10% adversely
affect mechanical properties.

3. Chromium, in fractional percentages, has a significant influence on
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corrosion rates. Although it appears to be beneficial, some conflict-
ing results have been reported, and its contribution to the reduced
corrosion of complex low-alloy steels containing copper and phos-
phorus is not large.

4. Nickel, although reducing corrosion rates a little, is not as impor-
tant in its effect as the aforementioned elements.

5. Manganese may have a particular value in chloride-contaminated
environments, but its contribution is little understood.

6. Silicon is in a similar position to manganese, with conflicting evi-
dence as to its value.

7. Molybdenum has been little used in low-alloy steels but may be as
effective as copper and is worthy of further study.

Applications in industry. Most structural steelwork that is exposed to the
atmosphere is given a protective coating of some kind. If this coating
is continuously maintained in perfect condition, so that no rusting of
the steel takes place, there is no advantage from the corrosion aspect
in using a low-alloy steel instead of mild steel. If, on the other hand, it
is probable that the protective coating will be damaged or allowed to
deteriorate, the use of a low-alloy steel should be considered. The more
compact rust film formed on these steels will be less likely to cause the
coating adjacent to the corroded areas to spall off, and the rate at
which breakdown of the coating spreads will be reduced. Several
investigators have reported better performance and durability of pro-
tective coatings on low-alloy steels than on ordinary steel. Any rust
that forms at breaks or holidays or underneath the paint film is less
voluminous on the low-alloy steels. Owing to the smaller volume of
rust, there is less rupturing of the paint film and, hence, less moisture
reaches the steel to promote further corrosion.52

However, the most widespread use of weathering steels has been for
buildings and bridges, especially where maintenance painting is par-
ticularly difficult, dangerous, inconvenient, or expensive. Bridges over
land, rivers, railways, roads, and estuaries fall into this category,
although in the last two cases care should be taken with respect to air-
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TABLE 8.39 Variation of Rate of Rusting with Time

Rate of rusting, (mm�y�1)

Steel A B Ratio (B/A)

1st and 2d years 6th to 15th year
Ordinary mild steel (0.02 Cu) 0.129 0.094 0.73
Low-alloy steel (1.0 Cr, 0.6 Cu) 0.077 0.025 0.33
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borne salinity. Road bridges can be affected by salt-laden atmospheres
or water, produced as a consequence of winter ice and snow clearing
with deicing salt and grit. The chloride can be in the form of an air-
borne spray thrown up by passing vehicles or as a result of leaks in the
bridge deck. The important criterion is design. Many bridges have
been built successfully from weathering steels but at the design stage
it is important to consider the possible effects of road salt to obtain the
maximum maintenance-free life.52

To obtain a uniform color, it is essential to remove all millscale and
residual grease or oil stains, preferably by blasting. The detailing of all
sections should be such as to avoid pockets, crevices, and any location
that will collect and retain moisture and dirt for long periods. Any such
locations, as well as faying surfaces, should be painted for corrosion
protection. The paint requirements for weathering steels are exactly
the same as for carbon steel, and the slow rusting nature of the weath-
ering steel will result in all paint systems having an extended life
before maintenance is required.52

An important aspect of design is to predict the lines of runoff of sur-
face water. This is because the water will contain minute particles of
brown rust, especially in the prestabilization period, that will stain
some surfaces. Matte, porous surfaces stain particularly easily, and
runoff should not be over concrete, stucco, galvanized steel, unglazed
brick, or stone.

8.9 Titanium

8.9.1 Introduction

Titanium is the fourth most abundant metallic element in the earth’s
crust. It occurs chiefly as an oxide ore. The commercially important
forms are rutile (titanium dioxide) and ilmeite (titanium-iron oxide),
the former being richest in titanium content. Metallic titanium was
first isolated in impure form in 1887, and with higher purity in 1910.
However, it was not until the 1950s that it began to come into use as
a structural material. This was initially stimulated by aircraft appli-
cations. Although the aerospace industry still provides the major mar-
ket, titanium and titanium alloys are finding increasingly widespread
use in other industries due to their many desirable properties.
Titanium is a unique material, as strongas steel with less than 60% of
its density but with excellent corrosion resistance. Traditional appli-
cations are in the aerospace and chemical industries. More recently,
especially as the cost of titanium has fallen significantly, the alloys are
finding greater use in other industry sectors, such as offshore.

Titanium commercial extraction process involves treatment of the ore
with chlorine gas to produce titanium tetrachloride, which is purified
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and reduced to a metallic titanium sponge by reaction with magnesium
or sodium. The sponge, blended with alloying elements as desired, is
then vacuum melted. Several meltings may be necessary to achieve a
homogeneous ingot that is ready for processing into useful shapes, typ-
ically by forging followed by rolling. For many applications the cost of
titanium alloys can be justified on the basis of desirable properties.55

Titanium has become increasingly important as a construction
material. It is strong and of medium weight. It is very corrosion resis-
tant in many environments. Nevertheless, there are a number of dis-
advantages to titanium, which have limited its use. One is the high
cost relative to the more noble austenitic stainless steels such as
S31600. Although it is available in all conventional forms, titanium is,
in addition, not easy to shape and form.

Depending on the alloy, titanium alloys may be produced by vacuum
arc remelting, electron-beam, or plasma melting. Ingots are commonly
60 to 120 cm in diameter, weighing 2300 to 18,000 kg. Conventional
metallurgical processing in air are used to produce wrought alloys. All
standard mill products are available. Casting may also be produced
using investment casting and rammed graphite molding technologies.

The properties of titanium and its alloys depend on their basic metal-
lurgical structure and the way in which this is manipulated during their
mechanical and thermal treatment during manufacture. When heated,
titanium atomic structure undergoes a transformation from a close-
packed hexagonal arrangement (alpha-titanium) to a body-centered
cubic arrangement (beta titanium) at 882°C. This transformation can be
considerably modified by the addition of alloying elements to produce
four main types of titanium alloys. The chemical compositions of com-
mercial titanium alloys is presented in App. F and some basic mechan-
ical properties of these alloys can be found in Table 8.40. Titanium alloys
are also used because of the following properties:

Low coefficient of expansion. Titanium possesses a coefficient of
expansion that is significantly less than ferrous alloys. This prop-
erty also allows titanium to be much more compatible with ceramic
or glass materials than most metals, particularly when metal-
ceramic/glass seals are involved.

Nonmagnetic. Titanium is virtually nonmagnetic, making it ideal
for applications where electromagnetic interference must be mini-
mized. Desirable applications include electronic equipment housing,
medical devices, and downhole well logging tools.

Excellent fire resistance. Even at very high temperatures titanium
is fire resistant. This is important for applications such as petro-
chemical plant and firewater systems for offshore platforms, where
its ability to survive a hydrocarbon fire is an essential factor.
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8.9.2 Titanium alloys

Alpha titanium alloys. Alpha titanium alloys are largely single-phase
alloys containing up to 7% aluminum (alpha stabilizer) and a small
amount (�0.3%) of oxygen, nitrogen, and carbon. Alpha titanium
alloys have the lowest strengths of titanium alloys. However, they can
be formed and welded. Some contain beta stabilizers to improve
strength. Alpha titanium alloys are generally in the annealed or
stress-relieved condition. They are considered fully annealed after
heating to 675 to 790°C for 1 or 2 h. Alpha alloys range in yield
strength from 170 to 480 MPa. Variations are generally achieved by
alloy selection. Alpha alloys are generally fabricated in the annealed
condition. All fabrication techniques used for stainless steels are gen-
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TABLE 8.40 Mechanical Properties of Titanium Alloys

Tensile Yield Elastic
strength, strength, modulus, 

UNS ASTM Trade name MPa MPa GPa

R50250 1 Unalloyed Ti 241 172 103
R50400 2 Unalloyed Ti 345 276 103
R50550 3 Unalloyed Ti 448 379 103
R60700 4 Unalloyed Ti 552 483 103
R56400 5 Ti-6Al-4V 896 827 113

6 Ti-5Al-2.5Sn 827 793 110
R52400 7 Ti-0.15Pd 345 276 103
R56320 9 Ti-3Al-2.5V 620 483 90

10 Ti-11.5Mo-6Zr-4.5Sn 689 620 103
R52250 11 Ti-0.15Pd 241 172 103
R53400 12 Ti-0.3-Mo-0.8Ni 483 345 103

13 Ti-0.5Ni-0.05Ru 276 172 103
14 Ti-0.5Ni-0.05Ru 414 276 103
15 Ti-0.5Ni-0.05Ru 483 379 103

R52402 16 Ti-0.05Pd 345 276 103
R52252 17 Ti-0.05Pd 241 172 103
R56322 18 Ti-3Al-2.5V-0.05Pd 620 483 105
R58640 19 Ti-3Al-8V-6Cr-4Zr- 793 758 103

4Mo
R58645 20 Ti-3Al-8V-6Cr-4Zr- 793 758 103

4Mo-0.05Pd
R58210 21 Ti-15Mo-2.7Nb-3Al- 793 758 103

0.25Si
23 Ti-6Al-4V ELI* 793 758 112
24 Ti-6Al-4V-0.05Pd 896 827 113
25 Ti-6Al-4V-0.5Ni- 896 827 113

0.05Pd
26 Ti-0.1Ru 345 276 103
27 Ti-0.1Ru 241 172 103
28 Ti-3Al-2.5V-0.1Ru 620 483 90
29 Ti-6Al-4V-0.1Ru 827 758 112

*Extra low interstitial.
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erally applicable. Weldability is considered good, given proper gas
shielding. Some examples of alpha structure are R50400 and R53400.

Alpha/beta alloys. Alpha plus beta alloys are widely used for high-
strength applications and have moderate creep resistance. Alpha/beta
titanium alloys are generally used in the annealed or solution-treated
and aged condition. Annealing is generally performed in a tempera-
ture range 705 to 845°C for 1⁄2 to 4 h. Solution treating is generally per-
formed in a temperature range of 900 to 955°C, followed by a water
quench. Aging is performed between 480 to 593°C for 2 to 24 h. The
precise temperature and time is chosen to achieve the desired mechan-
ical properties. Alpha/beta alloys range in yield strength from 800
MPa to more than 1.2 GPa. Strength can be varied both by alloy selec-
tion and heat treatment. Water quenching is required to attain higher
strength levels. Section thickness requirements should be considered
when selecting these alloys. Generally, alpha/beta alloys are fabricated
at elevated temperatures, followed by heat treatment. Cold forming is
limited in these alloys. Examples of alpha/beta alloys are R58640 
and R56400.

Near alpha alloys. Near alpha alloys have medium strength but better
creep resistance than alpha alloys. They can be heat treated from the
beta phase to optimize creep resistance and low cycle fatigue resis-
tance. Some can be welded.

Beta phase alloys. Beta phase alloys are usually metastable, formable
as quenched, and can be aged to the highest strengths but then lack
ductility. Fully stable beta alloys need large amounts of beta stabiliz-
ers (vanadium, chromium and molybdenum) and are therefore too
dense. In addition, the modulus is low (�100 GPa) unless the beta
phase structure is decomposed to precipitate the alpha phase. They
have poor stability at 200 to 300°C, have low creep resistance, and are
difficult to weld without embrittlement. Metastable beta alloys have
some application as high-strength fasteners.

Beta titanium alloys are generally used in the solution-treated and
aged condition. High yield strengths (�1.2 GPa) are attainable
through cold work and direct age treatments. The annealed condition
may also be employed for service temperatures less than 205°C.
Annealing and solution treating are performed in a temperature range
of 730 to 980°C, with temperatures around 815°C most common. Aging
between 482 to 593°C for 2 to 48 h is chosen to obtain the desired
mechanical properties. Duplex aging is often employed to improve age
response; the first age cycle is performed between 315 and 455°C for 2
to 8 h, followed by the second age cycle between 480 and 595°C for 8
to 16 h. Beta alloys range in yield strength from 780 MPa to more than
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1.4 GPa. Current hardness limitations for sour service restrict the use
of these alloys to less than the maximum strength.

Beta alloys may be fabricated using any of the techniques employed
for alpha alloys, including cold forming in the solution-treated condi-
tion. Forming pressure will increase because the yield strength is high
compared to alpha alloys. The beta alloys can be welded and may be
aged to increase strength after welding. The welding process will pro-
duce an annealed condition, exhibiting strength at the low end of the
beta alloy range. An example of beta alloys is R56260.

Commercial grades. The strength of titanium can be increased by
alloying, some alloys reaching 1.3 GPa, although at a small reduction
in corrosion resistance. The commercial types are more commonly
known by their ASTM grades than by their UNS numbers. Table 8.41
lists general ASTM specifications for various titanium alloy applica-
tions. Titanium grades 1, 2, 3, and 4 are essentially unalloyed Ti.
Grades 7 and 11 contain 0.15% palladium to improve resistance to
crevice corrosion and to reducing acids, the palladium additions
enhancing the passivation behavior of titanium alloys. Titanium grade
12 contains 0.3% Mo and 0.8% Ni and is known for its improved resis-
tance to crevice corrosion and its higher design allowances than unal-
loyed grades. It is available in many product forms. Other alloying
elements (e.g., vanadium, aluminum) are used to increase strength
(grades 5 and 9).

8.9.3 Weldability

Commercially pure titanium (98 to 99.5% Ti) or alloys strengthened
by small additions of oxygen, nitrogen, carbon, and iron can be read-
ily fusion welded. Alpha alloys can be fusion welded in the annealed
condition and alpha/beta alloys can be readily welded in the
annealed condition. However, alloys containing a large amount of the
beta phase are not easily welded. In industry, the most widely welded
titanium alloys are the commercially pure grades and variants of the
6% Al and 4% V alloy, which is regarded as the standard aircraft
alloy. Titanium and its alloys can be welded using a matching filler
composition; compositions are given in The American Welding
Society specification AWS A5.16-90.56

Titanium and its alloys are readily fusion welded providing suitable
precautions are taken. TIG and plasma processes, with argon or argon-
helium shielding gas, are used for welding thin-section components,
typically � 10 mm. Autogenous welding can be used for a section thick-
ness of � 3 mm with TIG or � 6 mm with plasma. Pulsed MIG is pre-
ferred to dip transfer MIG because of the lower spatter level.
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Weld metal porosity. Weld metal porosity is the most frequent weld
defect. Because gas solubility is significantly less in the solid phase,
porosity arises when the gas is trapped between dendrites during
solidification. In titanium, hydrogen from moisture in the arc environ-
ment or contamination on the filler and parent metal surface is the
most likely cause of porosity. It is essential that the joint and sur-
rounding surface areas are cleaned by first degreasing either by
steam, solvent, alkaline, or vapor degreasing. Any surface oxide should
then be removed by pickling (HF-HNO3 solution), light grinding, or
scratch brushing with a clean, stainless steel wire brush. When TIG
welding thin-section components, the joint area should be dry
machined to produce a smooth surface finish.

Embrittlement. Embrittlement can be caused by weld metal contami-
nation by either gas absorption or by dissolving contaminants such as
dust (iron particles) on the surface. At temperatures above 5000°C,
titanium has a very high affinity for oxygen, nitrogen, and hydrogen.
The weld pool, HAZ, and cooling weld bead must be protected from oxi-
dation by an inert gas shield (argon or helium). When oxidation occurs,
the thin-layer surface oxide generates an interference color. The color
can indicate whether the shielding was adequate or an unacceptable
degree of contamination has occurred.

Contamination cracking. If iron particles are present on the component
surface, they dissolve in the weld metal, reducing corrosion resistance
and, at a sufficiently high iron content, causing embrittlement. Iron
particles are equally detrimental in the HAZ where local melting of
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TABLE 8.41 General ASTM Specifications for Titanium Alloys

ASTM B265 Plate and sheet
ASTM B299 Sponge
ASTM B337 Pipe (annealed, seamless, and welded)
ASTM B338 Welded tube
ASTM B348 Bar and billet
ASTM B363 Fittings
ASTM B367 Castings
ASTM B381 Forgings
ASTM B862 Pipe (as welded, no anneal)
ASTM B863 Wire (titanium and titanium alloy)
ASTM F1108 6Al-4V castings for surgical implants
ASTM F1295 6Al-4V niobium alloy for surgical implant applications
ASTM F1341 Unalloyed titanium wire for surgical implant applications
ASTM F136 6Al-4V ELI alloy for surgical implant applications
ASTM F1472 6Al-4V for surgical implant applications
ASTM F620 6Al-4V ELI forgings for surgical implants
ASTM F67 Unalloyed titanium for surgical implant applications
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the particles forms pockets of titanium-iron eutectic. Microcracking
may occur, but it is more likely that the iron-rich pockets will become
preferential sites for corrosion. To avoid corrosion cracking, and mini-
mize the risk of embrittlement through iron contamination, it is a rec-
ommended practice to weld titanium in an especially clean area.56

8.9.4 Applications

Aircraft. The aircraft industry is the single largest market for titanium
products primarily due to its exceptional strength-to-weight ratio, ele-
vated temperature performance, and corrosion resistance. The largest
single aircraft use of titanium is in the gas turbine engine. In most
modern jet engines, titanium-based alloy parts make up 20 to 30% of
the dry weight, primarily in the compressor. Applications include
blades, disks or hubs, inlet guide vanes, and cases. Titanium is most
commonly the material of choice for engine parts that operate up to
593°C. Titanium alloys effectively compete with aluminum, nickel, and
ferrous alloys in both commercial and military airframes. For example,
the all-titanium SR-71 still holds all speed and altitude records.

The selection of titanium in both airframes and engines is based
upon titanium basic attributes (i.e., weight reduction due to high
strength-to-weight ratios coupled with exemplary reliability in service,
attributable to outstanding corrosion resistance compared to alternate
structural metals). Starting with the extensive use of titanium in the
early Mercury and Apollo spacecraft, titanium alloys continue to be
widely used in military and space applications. In addition to manned
spacecraft, titanium alloys are extensively employed by NASA in solid
rocket booster cases, guidance control pressure vessels, and a wide
variety of applications demanding light weight and reliability.

Titanium in industry. Industrial applications in which titanium-based
alloys are currently utilized include.

■ Gas turbine engines. Highly efficient gas turbine engines are pos-
sible only through the use of titanium-based alloys in components
like fan blades, compressor blades, disks, hubs, and numerous non-
rotor parts. The key advantages of titanium-based alloys in this
application include a high strength-to-weight ratio, strength at mod-
erate temperatures, and good resistance to creep and fatigue. The
development of titanium aluminides will allow the use of titanium in
hotter sections of a new generation of engines.

■ Heat transfer. A major industrial application for titanium remains
in heat-transfer applications in which the cooling medium is sea-
water, brackish water, or polluted water. Titanium condensers, shell
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and tube heat exchangers, and plate and frame heat exchangers are
used extensively in power plants, refineries, air conditioning sys-
tems, chemical plants, offshore platforms, surface ships, and sub-
marines.

■ Dimensional stable anodes (DSAs). The unique electrochemical
properties of the titanium DSA make it the most energy efficient
unit for the production of chlorine, chlorate, and hypochlorite.

■ Extraction and electrowinning of metals. Hydrometallurgical
extraction of metals from ores in titanium reactors is an environ-
mentally safe alternative to smelting processes. Extended life span,
increased energy efficiency, and greater product purity are factors
promoting the usage of titanium electrodes in electrowinning and
electrorefining of metals like copper, gold, manganese, and man-
ganese dioxide.

■ Medical applications. Titanium is widely used for implants, surgi-
cal devices, pacemaker cases, and centrifuges. Titanium is the most
biocompatible of all metals due to its total resistance to attack by
body fluids, high strength, and low modulus.

■ Marine applications. Because of high toughness, high strength,
and exceptional erosion-corrosion resistance, titanium is currently
being used for submarine ball valves, fire pumps, heat exchangers,
castings, hull material for deep sea submersibles, water jet propul-
sion systems, shipboard cooling, and piping systems.

■ Chemical processing. Titanium vessels, heat exchangers, tanks,
agitators, coolers, and piping systems are utilized in the processing
of aggressive compounds, like nitric acid, organic acids, chlorine
dioxide, inhibited reducing acids, and hydrogen sulfide.

■ Pulp and paper. Due to recycling of waste fluids and the need for
greater equipment reliability and life span, titanium has become the
standard material for drum washers, diffusion bleach washers,
pumps, piping systems, and heat exchangers in the bleaching sec-
tion of pulp and paper plants. This is particularly true for the equip-
ment developed for chlorine dioxide bleaching systems.57

8.9.5 Corrosion resistance

Titanium is a very reactive metal that shows remarkable corrosion
resistance in oxidizing acid environments by virtue of a passive oxide
film. Following its commercial introduction in the 1950s, titanium has
become an established corrosion-resistant material. In the chemical
industry, the grade most used is commercial-purity titanium. Like
stainless steels, it is dependent upon an oxide film for its corrosion
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resistance. Therefore, it performs best in oxidizing media such as hot
nitric acid. The oxide film formed on titanium is more protective than
that on stainless steel, and it often performs well in media that cause
pitting and crevice corrosion in the latter (e.g., seawater, wet chlorine,
organic chlorides). Although titanium is resistant to these media, it is
not immune and can be susceptible to pitting and crevice attack at ele-
vated temperatures. It is, for example, not immune to seawater corro-
sion if the temperature is greater than about 110°C.1

Titanium is not a cure-all for every corrosion problem, but increased
production and improved fabrication techniques have brought the
material cost to a point where it can compete economically with some
of the nickel-base alloys and even some stainless steels. Its low density
offsets the relatively high materials costs, and its good corrosion resis-
tance allows thinner heat-exchanger tubes. Table 8.42 presents the
corrosion rates observed on commercially pure titanium grades in a
multitude of chemical environments.58

Acid resistance. Titanium alloys resist an extensive range of acidic
conditions. Many industrial acid streams contain contaminants that
are oxidizing in nature, thereby passivating titanium alloys in nor-
mally aggressive acid media. Metal ion concentration levels as low as
20 to 100 ppm can inhibit corrosion extremely effectively. Potent
inhibitors for titanium in reducing acid media are common in typical
process operations. Titanium inhibition can be provided by dissolved
oxygen, chlorine, bromine, nitrate, chromate, permanganate, molyb-
date, or other cationic metallic ions, such as ferric (Fe3�), cupric (Cu2�),
nickel (Ni2�), and many precious metal ions. Figure 8.9 shows the
inhibiting effect of ferric chloride on grade 2 titanium exposed to
hydrochloric acid at various concentrations and temperatures. Figures
8.10 and 8.11 show similar behavior for, respectively, grade 7 and
grade 12 titanium alloys. It is this potent metal ion inhibition that per-
mits titanium to be successfully used for equipment handling hot HCl
and H2SO4 acid solutions in metallic ore leaching processes.

Oxidizing acids. In general, titanium has excellent resistance to oxidiz-
ing acids such as nitric and chromic acid over a wide range of temper-
atures and concentrations. Titanium is used extensively for handling
nitric acid in commercial applications. Titanium exhibits low corrosion
rates in nitric acid over a wide range of conditions. At boiling temper-
atures and above, titanium’s corrosion resistance is very sensitive to
nitric acid purity. Generally, the higher the contamination and the
higher the metallic ion content of the acid, the better titanium will per-
form. This is in contrast to stainless steels, which is often adversely
affected by acid contaminants. Because the titanium corrosion product
(Ti4�) is highly inhibitive, titanium often exhibits superb performance
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TABLE 8.42 Corrosion Rates of Commercially Pure Titanium Grades

Concentration, Temperature, Corrosion rate, 
Environment % °C �m�y�1

Acetaldehyde 75 149 1
100 149 Nil

Acetic acid 5 to 99.7 124 Nil
Acetic anhydride 99.5 Boiling 13
Acidic gases containing 38–260 � 0.025
CO2, H2O, Cl2, SO2, 
SO3, H2S, O4, NH3

Adipic acid 67 232 Nil
Aluminum chloride, 10 100 2*
aerated

Aluminum chloride, 25 100 3150*
aerated

Aluminum fluoride Saturated 25 Nil
Aluminum nitrate Saturated 25 Nil
Aluminum sulfate Saturated 25 Nil
Ammonium acid 10 25 Nil
phosphate

Ammonia anhydrous 100 40 � 125
Ammonia steam, 222 11,000
water

Ammonium acetate 10 25 Nil
Ammonium 50 100 Nil
bicarbonate

Ammonium bisulfite, Spent pulping 71 15
pH 2.05 liquor

Ammonium chloride Saturated 100 � 13
Ammonium 28 25 3
hydroxide

Ammonium nitrate 28 Boiling Nil
� 1% nitric acid

Ammonium oxalate Saturated 25 Nil
Ammonium sulfate 10 100 Nil
Ammonium sulfate Saturated 25 10
� 12% H2SO4

Aqua regia 3:1 25 Nil
Aqua regia 3:1 79 890
Barium chloride 25 100 Nil
Barium hydroxide Saturated 25 Nil
Barium hydroxide 27 Boiling Some small pits
Barium nitrate 10 25 Nil
Barium fluoride Saturated 25 Nil
Benzoic acid Saturated 25 Nil
Boric acid Saturated 25 Nil
Boric acid 10 Boiling Nil
Bromine Liquid 30 Rapid
Bromine moist Vapor 30 3
N-butyric acid Undiluted 25 Nil
Calcium bisulfite Cooking liquor 26 10
Calcium carbonate Saturated Boiling Nil
Calcium chloride 5 100 5*
Calcium chloride 10 100 7*
Calcium chloride 20 100 15*
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TABLE 8.42 Corrosion Rates of Commercially Pure Titanium Grades (Continued)

Concentration, Temperature, Corrosion rate, 
Environment % °C �m�y�1

Calcium chloride 55 104 1*
Calcium chloride 60 149 � 3*
Calcium hydroxide Saturated Boiling Nil
Calcium hypochlorite 6 100 1
Calcium hypochlorite 18 21 Nil
Calcium hypochlorite Saturated Nil

slurry
Carbon dioxide 100 Excellent
Carbon tetrachloride Liquid Boiling Nil
Carbon tetrachloride Vapor Boiling Nil
Chlorine gas, wet � 0.7 H2O 25 Nil
Chlorine gas, wet � 1.5 H2O 200 Nil
Chlorine header 97 1
sludge and wet 
chlorine

Chlorine gas dry � 0.5H2O 25 May react
Chlorine dioxide 5 in steam gas
� H2O and air 82 � 3
Chloride dioxide 5 99 Nil
in steam

Chlorine trifluoride 100 30 Vigorous reaction
Chloracetic acid 30 82 � 0.125
Chloracetic acid 100 Boiling � 0.125
Chlorosulfonic acid 100 25 190–310
Chloroform Vapor & liquid Boiling 0
Chromic acid 10 Boiling 3
Chromic acid 15 82 15
Chromic acid 50 82 28
Chromium 240 g/L plating 77 1500
plating bath salt
containing fluoride

Chromic acid 5 21 3
� 5% Nitric acid

Citric acid 50 60 0
Citric acid 50 aerated 100 127
Citric acid 50 Boiling 127–1300
Citric acid 62 149 Corroded
Cupric chloride 20 Boiling Nil
Cupric chloride 40 Boiling 5
Cupric choride 55 119 (boiling) 3
Cupric cyanide Saturated 25 Nil
Cuprous chloride 50 90 � 3
Cyclohexane (plus 150 3
traces of formic acid)

Dichloroacetic acid 100 Boiling 7
Dichlorobenzene 179 102
� 4–5% HCl

Diethylene triamine 100 25 Nil
Ethyl alcohol 95 Boiling 130
Ethylene dichloride 100 Boiling 5–125
Ethylene diamine 100 25 Nil
Ferric chloride 10–20 25 Nil
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TABLE 8.42 Corrosion Rates of Commercially Pure Titanium Grades (Continued)

Concentration, Temperature, Corrosion rate, 
Environment % °C �m�y�1

Ferric chloride 10–30 100 � 130
Ferric chloride 10–40 Boiling Nil
Ferric chloride 50 113 (boiling) Nil
Ferric chloride 50 150 3
Ferric sulfate 9H2O 10 25 Nil
Flubonic acid 5–20 Elevated Rapid
Fluorsilicic 10 25 48,000
Food products Ambient No attack
Fomaldehyde 37 Boiling Nil
Formamide vapor 300 Nil
Formic acid aerated 25 100 1†
Formic acid aerated 90 100 1†
Formic acid 25 100 2400†
nonaerated

90 100 3000†
Furfural 100 25 Nil
Gluconic acid 50 25 Nil
Glycerin 25 Nil
Hydrogen chloride, Air mixture Ambient Nil
gas

Hydrochloric acid 1 Boiling � 2500
Hydrochloric acid 3 Boiling 14,000
Hydrochloric acid 5 Boiling 10,000
chlorine saturated

5 190 � 25
10 190 � 28,000

200ppm Cl2 36 25 432
� 1% HNO3 5 93 91
� 5% HNO3 5 93 30
� 5% HNO3 1 Boiling 70
� 5% HNO3 1 Boiling Nil
� 1.7 g/L

TiCl4
� 0.5% CrO3 5 93 30
� 1% CrO3 5 38 18
� 1% CrO3 5 93 30
� 0.05% CuSO4 5 93 90
� 0.5% CuSO4 5 93 60
� 0.05% CuSO4 5 Boiling 60
� 0.5% CuSO4 5 Boiling 80
Hydrofluonic acid 1.48 25 Rapid
Hydrogen peroxide 3 25 � 120
Hydrogen peroxide 6 25 � 120
Hydrogen peroxide 30 25 � 300
Hydrogen sulfide, 7.65 93–110 Nil
steam and 
0.077% mercaptans

Hypochlorous acid  17 38 0
� Cl2O and 
Cl2 gases

Iodine in water 25 Nil
� potassium iodide
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TABLE 8.42 Corrosion Rates of Commercially Pure Titanium Grades (Continued)

Concentration, Temperature, Corrosion rate, 
Environment % °C �m�y�1

Lactic acid 10–85 100 � 120
Lactic acid 10 Boiling � 120
Lead acetate Saturated 25 Nil
Linseed oil, boiled 25 Nil
Lithium chloride 50 149 Nil
Magnesium chloride 5–40 Boiling Nil
Magnesium Saturated 25 Nil
hydroxide

Magnesium sulfate Saturated 25 Nil
Manganous chloride 5–20 100 Nil
Maleic acid 18–20 35 2
Mercuric chloride 10 100 1
Mercuric chloride Saturated 100 � 120
Mercuric cyanide Saturated 25 Nil
Methyl alcohol 91 35 Nil
Nickel chloride 5 100 4
Nickel chloride 20 100 3
Nitric acid 17 Boiling 70–100
Nitric acid, aerated 10 25 5
Nitric acid, aerated 50 25 2
Nitric acid, aerated 70 25 5
Nitric acid, aerated 10 40 3
Nitric acid, aerated 50 60 30
Nitric acid, aerated 70 70 40
Nitric acid, aerated 40 200 600
Nitric acid, aerated 70 270 1200
Nitric acid, aerated 20 290 300
Nitric acid, 70 80 25–70
nonaerated

Nitric acid 35 Boiling 120–500
white fuming 82 150

160 � 120
Nitric acid, � about 25 Ignition sensitive
red fuming 2% H2O

� about 25 Not ignition sensitive
2% H2O

Nitric acid 40 Boiling Nil–15
� 0.1% K2Cr2O7

Nitric acid 40 Boiling 3–30
� 10% NaClO3

Phosphoric acid 10–30 25 20–50
Photographic � 120

emulsions
Potassium bromide Saturated 25 Nil
Potassium chloride Saturated 25 Nil

Saturated 60 � 0.3
Potassium dichromate Nil
Potassium hydroxide 50 27 10
Potassium Saturated 25 Nil
permanganate

Potassium sulfate 10 25 Nil
seawater, 4 to 
1⁄2-year test
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TABLE 8.42 Corrosion Rates of Commercially Pure Titanium Grades (Continued)

Concentration, Temperature, Corrosion rate, 
Environment % °C �m�y�1

Nil
Silver nitrate sodium 50 25 Nil

100 To 590 Good
Sodium acetate Saturated 25 Nil
Sodium carbonate 25 Boiling Nil
Sodium chloride Saturated 25 Nil
Sodium chloride, 23 Boiling Nil
pH 1.5

Sodium chloride, 23 Boiling Attack in crevice
titanium in contact 
with Teflon

Stannic chloride, 100 66 Nil
molten

Stannous chloride Saturated 25 Nil
Sulfur, molten 100 240 Nil
Sulfur dioxide, Near 100 25 � 2
water saturated

Sulfuric acid, 1 60 7
aerated with air

3 60 12
5 60 4.8

Sulfuric acid 30 100 60
�0.25% CuSO4
0.25% CuSO4 30 93 80

Sulfuric acid 90 25 450
�10% nitric acid
30% nitric acid 70 25 630
50% nitric acid 50 25 630

Tannic acid 25 100 � 120
Tartaric acid 10–50 100 � 120

10 60 2
25 60 2

Terepthalic 77 218 Nil
Tin, molten 100 498 Resist
Trichloroethylene 99 Boiling 2–120
Uranium chloride Saturated 21–90 Nil
Urea-ammonia Elevated No attack
reaction mass temperature 

and pressure
Urea � 28 82 80
32% ammonia, 
20.5% water, 
19% carbon dioxide

Water, degassed 315 Nil
X-ray developer 25 Nil
solution

Zinc chloride 20 104 Nil
50 150 Nil

Zinc sulfate Saturated 25 Nil

*May corrode in crevices.
†Grades 7 and 12 are immune.
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in recycled nitric acid streams such as reboiler loops. One user cites an
example of a titanium heat exchanger handling 60% HNO3 at 193°C
and 2.0 MPa that showed no signs of corrosion after more than 2 years
of operation. Titanium reactors, reboilers, condensers, heaters, and
thermowells have been used with solutions containing 10 to 70%
HNO3 at temperatures from boiling to 600°C.57 Although titanium has
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Figure 8.9 Iso-corrosion lines (1 mm�y�1) showing the effect of minute ferric ion concentra-
tions on the corrosion resistance of grade 2 titanium in naturally aerated HCl solutions.
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excellent resistance to nitric acid over a wide range of concentrations
and temperatures, it should not be used with red fuming nitric acid
because of the danger of pyrophoric reactions.

Reducing acids. Titanium alloys are generally very resistant to mildly
reducing acids but can display severe limitations in strongly reducing

Materials Selection 763
Te

m
pe

ra
tu

re
 (

o C
)

Boiling point

ppm Fe3+

0
30
60
75
125

 

Hydrochloric Acid (%)

24
0 5 10 15 20 25 30 35

38

52

66

80

94

108

122

136

Figure 8.10 Iso-corrosion lines (1 mm�y�1) showing the effect of minute ferric ion con-
centrations on the corrosion resistance of grade 7 titanium in naturally aerated HCl
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acids. Mildly reducing acids such as sulfurous, acetic, terephthalic,
adipic, lactic, and many organic acids generally represent no problem
for titanium over the full concentration range. However, relatively
pure, strong reducing acids, such as hydrochloric, hydrobromic, sul-
phuric, phosphoric, oxalic, and sulfamic acids can accelerate general
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Figure 8.11 Iso-corrosion lines (1 mm�y�1) showing the effect of minute ferric ion con-
centrations on the corrosion resistance of grade 12 titanium in naturally aerated HCl
solutions.
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corrosion of titanium depending on acid temperature, concentration,
and purity. Titanium-palladium alloys offer dramatically improved
corrosion resistance under these severe conditions. In fact, they often
compare quite favorably to nickel alloys in dilute reducing acids.
Titanium is rapidly attacked by hydrofluoric acid of even very dilute
concentrations. Therefore, titanium is not recommended for use with
hydrofluoric acid solutions or in fluoride containing solutions below pH
7. Certain complexing metal ions (e.g., aluminum) may effectively
inhibit corrosion in dilute fluoride solutions.57

Organic acids. Titanium alloys generally exhibit excellent resistance to
organic media. Mere traces of moisture, even in the absence of air, nor-
mally present in organic process streams assure the development of a
stable protective oxide film of titanium. Titanium is highly resistant to
hydrocarbons, chloro-hydrocarbons, fluorocarbons, ketones, aldehy-
des, ethers, esters, amines, alcohols, and most organic acids. Titanium
equipment has traditionally been used for production of terephthalic
acid, adipic acid, and acetaldehyde. Acetic, tartaric, stearic, lactic, tan-
nic, and many other organic acids represent fairly benign environ-
ments for titanium. However, proper titanium alloy selection is
necessary for the stronger organic acids such as oxalic, formic, sul-
famic, and trichloroacetic acids. Performance in these acids depends
on acid concentration, temperature, degree of aeration, and possible
inhibitors present. Grades 7 and 12 titanium alloys are often preferred
materials in these more aggressive acids.57

Titanium and methanol. Anhydrous methanol is unique in its ability to
cause SCC of titanium and titanium alloys. Industrial methanol nor-
mally contains sufficient water to provide immunity to titanium. In
the past the specification of a minimum of 2% water content has
proved adequate to protect commercially pure titanium equipment for
all but the most severe conditions. In such conditions, due to temper-
ature and pressure, titanium alloys would more than likely be
required. A more conservative margin of safety was established by the
offshore industry at 5% minimum water content.

Alkaline media. Titanium is generally highly resistant to alkaline media
including solutions of sodium hydroxide, potassium hydroxide, calcium
hydroxide, magnesium hydroxide, and ammonium hydroxide. In the
high basic sodium or potassium hydroxide solutions, however, useful
application of titanium may be limited to temperatures below 80°C.
This is due to possible excessive hydrogen uptake and eventual embrit-
tlement of titanium alloys in hot, strongly alkaline media. Titanium
often becomes the material of choice for alkaline media containing chlo-
rides and/or oxidizing chloride species. Even at higher temperatures,
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titanium resists pitting, SCC, or the conventional caustic embrittlement
observed on many stainless steels in these situations.57

Chlorine gas, chlorine chemicals, and chlorine solutions. Titanium is
widely used to handle moist or wet chlorine gas and has earned a rep-
utation for outstanding performance in this service. The strongly oxi-
dizing nature of moist chlorine passivates titanium, resulting in low
corrosion rates. The selection of a resistant titanium alloy offers a
solution to the possibility of crevice corrosion when wet chlorine sur-
face temperatures exceed 70°C (Table 8.42). Dry chlorine can cause
rapid attack of titanium and may even cause ignition if moisture con-
tent is sufficiently low. However, as little as 1% water is generally suf-
ficient for passivation or repassivation after mechanical damage to
titanium in chlorine gas under static conditions at room temperature.

Titanium is fully resistant to solutions of chlorites, hypochlorites,
chlorates, perchlorates, and chlorine dioxide. It has been used to han-
dle these chemicals in the pulp and paper industry for many years with
no evidence of corrosion. Titanium is used in chloride salt solutions and
other brines over the full concentration range, especially as tempera-
tures increase. Near nil corrosion rates can be expected in brine media
over the pH range of 3 to 11. Oxidizing metallic chlorides, such as
FeCl3, NiCl2 or CuCl2, extend titanium’s passivity to much lower pH
levels.57 Localized pitting or corrosion, occurring in tight crevices and
under scale or other deposits, is a controlling factor in the application
of unalloyed titanium. Attack will normally not occur on commercially
pure titanium or industrial alloys below 70°C regardless of solution pH.

Steam and natural waters. Titanium alloys are highly resistant to
water, natural waters, and steam to temperatures in excess of 300°C.
Excellent performance can be expected in high-purity water and fresh
water. Titanium is relatively immune to microbiologically influenced
corrosion (MIC). Typical contaminants found in natural water
streams, such as iron and manganese oxides, sulfides, sulfates, car-
bonates, and chlorides do not compromise titanium’s performance.
Titanium remains totally unaffected by chlorination treatments used
to control biofouling.

Seawater and salt solutions. Titanium alloys exhibit excellent resis-
tance to most salt solutions over a wide range of pH and temperatures.
Good performance can be expected in sulfates, sulfites, borates, phos-
phates, cyanides, carbonates, and bicarbonates. Similar results can be
expected with oxidizing anionic salts such as nitrates, molybdates,
chromates, permanganates, and vanadates and also with oxidizing
cationic salts including ferric, cupric, and nickel compounds.
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Seawater and neutral brines above the boiling point will develop
localized reducing acidic conditions, and pitting may occur. Enhanced
resistance to reducing acid chlorides and crevice corrosion is available
from alloy grades 7, 11, and 12. Attention to design of flanged joints
using heavy flanges and high clamping pressure and to the specifica-
tion of gaskets may serve to prevent crevices from developing. An
alternative strategy is to incorporate a source of nickel, copper, molyb-
denum, or palladium into the gasket.

Titanium is fully resistant to natural seawater regardless of chemistry
variations and pollution effects (i.e., sulfides). Twenty-year corrosion
rates well below 0.0003 mm�y�1 have been measured on titanium
exposed beneath the sea and in splash or tidal zones. In the sea, titanium
alloys are immune to all forms of localized corrosion and withstand sea-
water impingement and flow velocities in excess of 30 m�s�1. Table 8.43
compares the erosion-corrosion resistance of unalloyed titanium with
two commonly used seawater materials.57 In addition, the fatigue
strength and toughness of most titanium alloys are unaffected in seawa-
ter, and many titanium alloys are immune to seawater stress corrosion.

When in contact with other metals, titanium alloys are not subject
to galvanic corrosion in seawater. However titanium may accelerate
attack on active metals such as steel, aluminum, and copper alloys.
The extent of galvanic corrosion will depend on many factors such as
anode-to-cathode ratio, seawater velocity, and seawater chemistry. The
most successful strategies eliminate this galvanic couple by using
more resistant, compatible, and passive metals with titanium, all-
titanium construction, or dielectric (insulating) joints.

Resistance to gases

Oxygen and air. Titanium alloys are totally resistant to all forms of
atmospheric corrosion regardless of pollutants present in either
marine, rural, or industrial locations. Titanium has excellent resis-
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TABLE 8.43 Erosion of Unalloyed Titanium in Seawater Containing 
Suspended Solids

Erosion corrosion, �m�y�1

Flow rate, Suspended Duration, Cu/Ni 
m�s�1 matter h Ti Grade 2 70/30* Al brass

7.2 None 10,000 Nil Pitted Pitted
2 40 g/L 60 2,000 2.5 99.0 50.8

mesh sand
2 40 g/L 10 2,000 12.7 Severe Severe 

mesh sand erosion erosion

*High iron, high manganese 70/30 copper nickel.
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tance to gaseous oxygen and air at temperatures up to 370°C. Above
this temperature and below 450°C titanium forms colored surface oxide
films that thicken slowly with time. Above 650°C or so titanium alloys
suffer from lack of long-term oxidation resistance and will become brit-
tle due to the increased diffusion of oxygen in the metal. In oxygen, the
combustion is not spontaneous and occurs with oxygen concentration
above 35% at pressures over 2.5 MPa when a fresh surface is created.

Nitrogen and ammonia. Nitrogen reacts much more slowly with titanium
than oxygen. However, above 800°C, excessive diffusion of the nitride
may cause metal embrittlement. Titanium is not corroded by liquid
anhydrous ammonia at ambient temperatures. Moist or dry ammonia
gas or ammonia water (NH4OH) solutions will not corrode titanium to
their boiling-point and above.

Hydrogen. The surface oxide film on titanium acts as a highly effective
barrier to hydrogen. Penetration can only occur when this protective
film is disrupted mechanically or broken down chemically or electro-
chemically. The presence of moisture effectively maintains the oxide
film, inhibiting hydrogen absorption up to fairly high temperatures and
pressures. On the other hand, pure, anhydrous hydrogen exposures
should be avoided, particularly as pressures and/or temperatures
increase. The few cases of hydrogen embrittlement of titanium observed
in industrial service have generally been limited to situations involving:

■ High temperatures, high alkaline media
■ Titanium coupled to active steel in hot aqueous sulfide streams
■ Where titanium has experienced severe prolonged cathodic charging

in seawater

Sulfur-bearing gases. Titanium is highly corrosion resistant to sulfur-
bearing gases, resisting sulfide stress corrosion cracking and sulfida-
tion at typical operating temperatures. Sulfur dioxide and hydrogen
sulfide, either wet or dry, have no effect on titanium. Extremely good
performance can be expected in sulfurous acid even at the boiling
point. Field exposures in flue gas desulfurization (FGD) scrubber sys-
tems of coal-fired power plants have similarly indicated outstanding
performance of titanium. Wet SO3 environments may be a problem for
titanium in cases where pure, strong, uninhibited sulfuric acid solu-
tions may form, leading to metal attack. In these situations, the back-
ground chemistry of the process environment is critical for successful
use of titanium.

Reducing atmospheres. Titanium generally resists mildly reducing, neu-
tral, and highly oxidizing environments up to reasonably high tem-
peratures. The presence of oxidizing species including air, oxygen, and
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ferrous alloy corrosion products often extends the performance limits
of titanium in many highly aggressive environments. However, under
highly reducing conditions the oxide film may break down, and corro-
sion may occur.

8.10 Zirconium

Zirconium is generally alloyed with niobium or tin, with hafnium
present as a natural impurity, and oxygen content controlled to give
specific strength levels. Controlled quantities of the beta stabilizers
(i.e., iron, chromium, and nickel) and the strong alpha stabilizers tin
and oxygen are the main alloying elements in zirconium alloys.48

Nuclear engineering, with its specialized demands for materials hav-
ing a low neutron absorption with adequate strength and corrosion
resistance at elevated temperatures, has necessitated the production
of zirconium in relatively large commercial quantities. This specific
demand has resulted in the development of specially purified zirco-
nium and certain zirconium alloys, for use as cladding material in
nuclear reactors.59

As it occurs in nature, zirconium is always found in association with
hafnium, in the ratio of 1 part hafnium to 50 parts zirconium, and com-
mercial-grade zirconium contains approximately 2% hafnium. Because
hafnium has a high absorption capacity for thermal neutrons, nuclear
reactor–grade zirconium is not permitted to contain more than 0.025%
Hf, and usually it contains closer to 0.01%.

This situation gave rise to bulk production of two families of zir-
conium alloys, as can be seen in Table 8.44, which describes the com-
position of these alloys. Both R60804 and R60802 are used in
water-cooled nuclear reactors. Generally, for the chemical engineer
not particularly associated with atomic energy, unalloyed zirconium
containing hafnium is an appropriate choice for those occasions that
require the special corrosion-resistant properties exhibited by the
metal. The relative costs of some corrosion-resistant alloys, in dif-
ferent manufacturing product forms, are compared to R600802 in
Table 8.45.

Mechanical properties of these grades of zirconium depend to a
large extent upon the purity of the zirconium sponge used for melt-
ing. Hardness and tensile strength increase rapidly with rise in
impurity content, notably oxygen, nitrogen, and iron. Typical
mechanical properties of chemical grades of zirconium are listed in
Table 8.46. Table 8.47 provides additional physical and mechanical
properties for alloys R69702 and R69705. Zirconium, specific gravity
6.574, is lighter than most conventional structural materials such as
steel copper, brass, and stainless steels. Its melting point of 1850°C
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TABLE 8.45 Costs Relative to S31600 of Some Commercial Metals in Different
Product Forms

UNS Metal or alloy Plate Tubing Vessel Heat exchanger

S31600 316 1 1 1 1
R50400 Ti, grade 2 2.0 2.25 2.0 1.5
R53400 Ti, grade 12 3.1 9.6 2.2 1.7
N06600 Inconel 600 3.6 4.0 3.0 1.8
R52400 Ti, grade 7 6.5 8.8 2.0 2.0
R60802 Zircalloy-2 8.0 9.0 3.5 2.2
N10276 Hastelloy C-276 7.0 7.5 4.0 3.0
N10665 Hastelloy B-2 9.7 11.0 4.5 3.0

Tantalum 24.8

TABLE 8.44 Mechanical Properties of Zirconium Alloys

Tensile, Yield (0.2% offset), Elongation, 
Alloy Trade name MPa MPa %

Industrial grades
R69702 702 379 207 16
R69704 704 413 241 14
R69705 705 552 379 16
R69706 706 510 345 20

Nuclear grades
R60001 (annealed) Unalloyed 296 207 18
R60802 (annealed) Zircalloy-2 386 303 25
R60804 (annealed) Zircalloy-4 386 303 25
R60901 (annealed) Zr-2.5Nb 448 344 20
R60901 (cold worked) 510 385 15

TABLE 8.46 Compositions of Zirconium Alloys

Hf, Fe, Cr, Sn, O, Ni, Nb, 
UNS Alloy % % % % % % %

Industrial grades
R69702 702 4.5 0.2 With Fe 0.16
R69704 704 4.5 0.3 With Fe 1.5 0.18 1.5 1.5
R69705 705 4.5 0.2 With Fe 0.18
R69706 706 4.5 0.2 With Fe 0.16

Nuclear grades
R60001 Unalloyed 0.8
R60802 Zircalloy-2 0.1 0.1 1.4 0.12 0.05
R60804 Zircalloy-4 0.2 0.1 1.4 0.12
R60901 Zr-2.5Nb 0.14 2.6
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gives it reasonable temperature resistance and good creep properties.
It has a hcp lattice structure (alpha phase) at room temperature that
undergoes allotropic transformation to bcc structure (beta phase) at
approximately 870°C. This makes zirconium and most of its alloys
strongly anisotropic, which has a great effect on their engineering
properties.

Small amounts of impurities, especially oxygen, strongly affect its
transformation temperature. Oxygen content plays an important role
in the strength of zirconium, and therefore it must be carefully con-
trolled. Reducing it to less than 1000 ppm lowers the strength of zir-
conium alloys to less than acceptable limits. The alpha-stabilizing
elements (e.g., aluminum, antimony, beryllium, cadmium, hafnium,
lead, nitrogen, oxygen, and tin) raise the alpha-to-beta transformation
temperature, whereas the beta-stabilizing elements (e.g., cobalt,
chromium, copper, iron, manganese, molybdenum, nickel, niobium, sil-
ver, tantalum, thorium, titanium, tungsten, uranium, and vanadium)
lower it. Carbon, silicon, and phosphorus have very low solubility in
zirconium even at temperatures above 1000°C. They readily form
intermetallic compounds and are relatively insensitive to heat treat-
ment. Most elements and impurities are soluble in beta zirconium but
relatively insoluble in alpha zirconium, where they exist as secondary-
phase intermetallic compounds.

Ingots of zirconium and its alloys are most commonly 40 to 760 mm
in diameter and weigh 1100 to 4500 kg. Wrought products are available
in a variety of forms and sizes, such as sheet and strip, plate, foil, bar
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TABLE 8.47 Physical and Mechanical Properties of R69702 and R69705

Physical properties Units R69702 R69705

Density g � cm�3 6.510 6.640
Crystal structure

Alpha phase hcp (� 865°C)
Beta phase bcc (� 865°C) bcc (� 854°C)
Alpha � beta phase hcp � bcc 

(�
854°C)

Melting point °C 1852 1840
Boiling point °C 4377 4380
Linear coefficient of expansion per °C 5.89 � 10�6 6.3 � 10�6

Thermal conductivity (300–800 K) W�m�1 K�1 22 17.1
Specific heat (20°C) J�kg�1�K�1 285 281
Electrical properties (20°C)

Resistivity �
�cm 39.7 55.0
Coefficient of resistivity per °C 0.0044

Mechanical properties
Modulus of elasticity GPa 98.5 95.8
Shear modulus GPa 35.9 34.2
Poisson’s ratio (20°C) 0.35 0.33
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and rod, wire, tube and pipe, and tube shell. Cast parts such as valve
bodies and pump castings and impellers are also available.60 The fabri-
cation characteristics of zirconium are similar to those of titanium, and
they impose similar precautions and conditions on forming, machining,
and welding it. Because it is even more costly than titanium, zirconium
is often used in the form of linings and claddings on lower-cost struc-
tural substrates.48

Zirconium alloys are generally used in the annealed or stress-
relieved condition. They can be fully annealed at a temperature range
of 675 to 800°C for 2 to 4 h at temperature. When R69705 is heat treat-
ed at temperatures in excess of 675°C, the subsequent cooling rate
should be controlled. The cooling rate should not exceed 110°C/h until
the temperature of the material is less than 480°C. Stress relieving of
zirconium alloys is done at 540 to 595°C for 0.5 to 1 h at temperature.

Zirconium alloys are most commonly welded by gas tungsten arc
welding (GTAW) technique. Other welding methods include metal
arc gas welding, plasma arc welding, electron beam welding, and
resistance welding. All welding of zirconium must be done under an
inert atmosphere. It is very important that the welding done with
proper shielding because of zirconium’s reactivity to gases at weld-
ing temperatures.

8.10.1 Applications

Zirconium and its alloys are used in nuclear applications that require
good resistance to high-temperature water and steam, as well as a low
thermal neutron cross section and good elevated temperature strength.
Another major application for zirconium alloys is as a structural mate-
rial in the chemical processing industry. Zirconium alloys exhibit excel-
lent resistance to corrosive attack in most organic and inorganic acids,
salt solutions, strong alkalies, and some molten salts. In certain appli-
cations, the unique corrosion resistance of zirconium alloys can extend
its useful life beyond that of the remainder of the plant.

Although zirconium and its alloys are costly compared with other
common corrosion-resistant materials, their extremely low corrosion
rates, resulting in long service life and reduced maintenance and
downtime cost, make zirconium and its alloys quite cost effective.
Table 8.45, which compares costs between S31600 stainless steel and
various corrosion-resistant metals and alloys, shows that although
R69702 is more costly than stainless steel, Inconel, and titanium
alloys, it costs roughly the same as or less than some of the Hastelloys
and considerably less than tantalum.

These costly exotic metals and alloys are often used for heat
exchangers. If alternative corrosion-resistant materials such as plas-
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tics, ceramics, and composites were used instead, their low thermal
conductivity would necessitate greatly increasing their size. Despite
its high cost, the excellent corrosion resistance of zirconium and its
alloys, because it promises long maintenance-free service life for the
equipment, proves to be cost effective in many chemical processing and
other applications where corrosion is an important problem.

The material is employed in the form of heat exchangers, stripper
columns, reactor vessels, pumps, valves, and piping for a wide variety
of chemical processes. These include hydrogen peroxide production,
rayon manufacture, and the handling of phosphoric and sulfuric acids
and ethyl benzene. Gas scrubbers, pickling tanks, resin plants, and
coal gasification reactors are some of the applications in which the
good corrosion resistance of zirconium toward organic acids is used. A
particularly useful attribute is the ability of the material to withstand
environments with alternating acidity and alkalinity.59

Heat exchangers. In those areas where zirconium alloys exhibit excep-
tional corrosion resistance, scaling or scale formation is virtually
nonexistent. As a consequence, fouling allowance factors may be
markedly reduced or eliminated. Heat exchangers can then be designed
and operated on the basis of the calculated overall heat transfer coeffi-
cient rather than a design coefficient. The higher design coefficients are
the result of noncorroding, nonfouling, high-film-coefficient surfaces.
Periodic cleaning is not required on a frequent basis, so the effective on-
stream time is dramatically increased.

Columns. Zirconium alloys are frequently used as a structural mater-
ial in the construction of stripper or drying columns. The choice of zir-
conium alloy grades depends on the corrosive media involved. R60702
is used for the most severe applications, such as sulfuric acid at con-
centrations above 55%. With its higher strength, zirconium alloy
R60705 can allow significant cost savings over R60702 when the corro-
sivity of the media permits its use. Zirconium alloys R60702 and
R60705 are both qualified for use in the construction of pressure ves-
sels. One of the world’s largest zirconium alloy columns, constructed by
Nooter Corporation, is 40 m tall and approximately 3.5 m in diameter.61

Reactor vessels. Steel shells lined with zirconium alloys solve the most
difficult corrosion problems in reactor vessels and tanks. Zirconium
alloys’ plates can be welded to form vessels of any size. When used as a
liner in steel vessels, the strength is enhanced. This can be accomplished
as a loose lining, as a resistance welded lining, or as an explosively bond-
ed lining. Large assemblies can be made with minimal weld joints.
Zirconium alloys resistance to organic acids led to their acceptance as a
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construction material for reactors, tanks, and piping in ethylbenzene
reactors. Gas scrubbers and pickling tanks, resin plants, chlorination
systems, batch reactors, and coal degasification reactors are but a few of
the applications in which zirconium alloys will function with superior
efficiency compared to many other common metals.

8.10.2 Corrosion resistance

Zirconium resembles titanium from a fabrication point of view. It also
resembles titanium in corrosion resistance. However, in hydrochloric
acid, zirconium is more resistant. It also resists all chlorides except fer-
ric and cupric chloride. Their excellent corrosion resistance to many
chemical corrodants at high concentrations and elevated temperatures
and pressures cause zirconium and its alloys to be used in a wide range
of chemical processing and industrial applications despite their high
cost. Table 8.48 presents the corrosion rates and estimated lives for
some zirconium equipment exposed to some corrosive environments.48

Like titanium and some of the other nonferrous metals and alloys,
the corrosion resistance of zirconium is attributable to the natural for-
mation of a dense, stable, self-healing oxide film on its surface, which
protects the base metal from chemical and mechanical attack up to
300°C. Zirconium is highly corrosion-resistant to strong alkalies, most
organic and mineral acids, and some molten salts. It is an excellent
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TABLE 8.48 Corrosion Rates and Estimated Zirconium Equipment Lives Exposed
to Some Corrosive Environments

Concentration, Temperature, Corrosion, Estimated 
Environment % °C mm�y�1 life, y

Acetic acid 100 200 � 0.025 � 20
Hydrochloric acid 32 82 � 0.025 � 20
Hydrochloric acid 20 105 � 0.125 2
� 100 ppm FeCl3

Hydrochloric acid 2 225 � 0.025 � 20
Nitric acid 10–70 Room, 200 � 0.025 � 20
Nitric acid � l% FeCl3 70 120 (Nil) � 20
Seawater Natural 200 � 0.025 � 20
NaOH solution 50 57 � 0.025 � 20
NaOH solution 73 129 � 0.05 10
NaOH solution 73 212 � 0.5–1.25 1 or less
NaOH solution  52 138 � 0.125 2
�16% ammonia

Sulfuric acid 70 100 � 0.05 10
Sulfuric acid 65 130 � 0.025 � 20
Sulfuric acid  60 Boiling � 0.025 � 20

�1000 ppm FeCl3
Sulfuric acid  60 Boiling � 0.125 2
�10,000 ppm FeCl3

Urea reactor 193 � 0.025 � 20
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construction material for processing equipment that will experience
alternating contact with strong acids and alkalies. Its alloys are not
readily corroded by oxidizing media such as air, carbon dioxide, nitro-
gen, oxygen, and steam at temperatures through 400°C, except in the
presence of halides. It is attacked by fluoride ions, wet chlorine, aqua
regia, concentrated sulfuric acid above 80% concentration, and ferric or
cupric chlorides. It does not require anodic protection systems.

Both zirconium and titanium are excellent for seawater service, but
there are differences in corrosion-resistance properties. In nonacidic
chloride corrosion resistance, such as in seawater or chloride solutions
where titanium and zirconium are both corrosion resistant over a wide
range of conditions, zirconium is better than titanium for resisting
crevice corrosion, because crevice environments tend to become reduc-
ing with time. Zirconium is also much more reliable than titanium in
withstanding organic acids, such as acetic, citric, and formic acids,
where zirconium resists corrosion in the entire concentration range
and at elevated temperatures. The ability of titanium to resist these
acids is affected by aeration and water content. In handling chlorine,
although zirconium is resistant to dry chlorine below 200°C, it is
susceptible to localized corrosion by wet chlorine.

Acid corrosion. Unalloyed zirconium has excellent resistance to sulfu-
ric acid up to 80% concentration at room temperature and to 60% con-
centration at the boiling point. The transition from low to high
corrosion rate occurs over a very narrow range of acid concentrations.
Weld and heat-affected zones corrode at lower acid concentrations
than the recrystallized base metal. When such an attack occurs, it is
rapid and intergranular, creating a highly pyrophoric surface layer
that ignites easily. The effects of corrosion are marginally different for
the different zirconium alloys.48

Oxidizing impurities such as ferric, cupric, and nitrate ions in con-
centrations of approximately 200 ppm in sulfuric acid adversely affect
corrosion resistance, reducing by approximately 5% the concentration
of acid it can withstand, for a corrosion rate of less than 0.125 mm�y�1.
R69702 and R69704 are not affected by these oxidizing impurity levels
at acid concentrations less than 65%, and R69705, at concentration lev-
els less than 60%. Below 65% sulfuric acid, R69702 does not experience
accelerated attack even at cupric and ferric ion contents up to 1% in
sulfuric acid. Zirconium has a very low tolerance for fluoride impurities
in sulfuric acid even at low concentrations of the acid. At concentrations
higher than 50%, even 1 ppm of fluoride ions in the acid will increase
the corrosion rate appreciably. Therefore, when zirconium equipment
must be used to handle sulfuric acid contaminated with fluoride ions,
these ions must be complexed by using inhibitors such as zirconium
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sponge and phosphorous pentoxide.
Zirconium shows excellent corrosion resistance to hydrochloric acid

and is superior to any other engineering metal for this application, with
a corrosion rate of less than 0.125 mm�y�1 at all concentrations and tem-
peratures well in excess of the boiling point. Aeration does not affect its
corrosion resistance, but the presence of oxidizing impurities such as
cupric or ferric chlorides in relatively small amounts will decrease it.
Therefore, either these ions should be avoided, or suitable electrochem-
ical protection should be provided. Zirconium also shows excellent cor-
rosion resistance to nitric acid in all concentrations up to 90% and
temperatures up to 200°C, with only platinum being equal to it for this
service. Welded zirconium and its alloys retain this high corrosion resis-
tance. In concentrated nitric acid, zirconium may exhibit SCC at nitric
acid concentrations above 70%, if under high tensile stress.48

Zirconium is resistant to corrosion by phosphoric acid at concentra-
tions up to 55% and temperatures exceeding the boiling point. Above
55% concentration, the corrosion rate increases with concentration
and temperature, but it remains below 0.125 mm�y�1 for concentra-
tions up to 85% at 60°C. Fluoride ion impurities in phosphoric acid,
originating from the feedstock, can increase the corrosion rate.
Zirconium does not withstand hydrofluoric acid even at concentrations
as low as 0.001%.

Alkaline corrosion. Zirconium is resistant to corrosion by almost all
alkalies, both in solution and in the fused condition, up to the boiling
point. It resists sodium and potassium hydroxide solutions even under
anhydrous conditions and resists molten potassium hydroxide and
molten sodium hydroxide, the latter at temperatures greater than
1000°C. It resists calcium and ammonium hydroxides at concentra-
tions up to 28% up to boiling. Because it is resistant to both alkalies
and acids, it is the preferred material of construction for processes that
cycle between acid and alkaline solutions.

Aqueous media and marine corrosion. Zirconium has excellent corro-
sion resistance to seawater, fresh water, brackish water, and other pol-
luted water streams and is a material of choice for heat exchangers,
condensers, and other equipment handling these media, where it can
replace titanium-palladium alloys. Unlike titanium and its alloys, zir-
conium is highly resistant to crevice corrosion. With their high corro-
sion resistance to pressurized water and steam, low neutron
absorption (with low hafnium content), good mechanical strength, and
ductility, at nuclear reactor service temperatures, and their ability to
remain stable even after extensive radiation, zirconium alloys are
used extensively in fuel cladding, fuel channels, and pressure tubes for
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boiling water and pressurized water nuclear power plants. Zirconium
is alloyed with tin, iron, chromium, and nickel to improve its strength
in these applications.

Corrosion from molten metals and salts. Zirconium is resistant to corro-
sion in some molten salts. It also withstands molten metals such as sodi-
um, potassium and the sodium-potassium eutectic used in nuclear
reactors. Its corrosion rate is less than 0.025 mm�y�1 in liquid lead up to
600°C, in liquid lithium up to 800°C, in mercury up to 100°C, and in
molten sodium up to 600°C. The corrosion rate is affected by trace impu-
rities such as hydrogen, nitrogen, or oxygen in specific molten metals.
Zirconium is severely attacked by molten bismuth, magnesium, and zinc.

Corrosion from organic compounds. Zirconium is very resistant to cor-
rosion by organic compounds, particularly most organic acids. In acetic
acid and acetic anhydride, its corrosion rate is less than 0.05 mm�y�1

at all concentrations and temperatures. It also has high resistance to
citric, formic, lactic, oxalic, tannic, and tartaric acids, as well as to
chlorinated organic acids. Corrosion rates for nuclear reactor–grade
zirconium alloys used in fuel cladding at temperatures up to 465°C, in
contact with organic coolants such as polyphenyls, are similar to those
in low-pressure steam. Hydriding because of hydrogen pickup from the
coolant, which can cause stress-corrosion cracking and hydrogen
embrittlement, is held to a minimum by keeping small amounts of
moisture in the coolant and holding dissolved hydrogen and chlorine
content of the coolant to a minimum. SCC of zirconium has been found
in concentrated methanol solutions containing heavy metal chlorides,
gaseous iodine, or fused salts containing iodine, even though zirconi-
um and its alloys are free from stress-corrosion cracking in seawater
and most aqueous chemical media.
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