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A. INTRODUCTION

Within the chemical process industry, as well as other industries, the 300 series stainless steels have
been and will continue to be the most widely used tonnage material after carbon steel. Materials of
construction for the modern chemical process and petrochemical industries must not only resist
uniform corrosion caused by various corrodents, but must also have sufficient localized corrosion
and stress corrosion cracking (SCC) resistance. These industries have to cope with the technical and
commercial challenges of rigid environmental regulations, the need to increase production efficiency
by utilizing higher temperatures and pressures, and more corrosive catalysts, and at the same time
possess the necessary versatility to handle varied feed stock and upset conditions. Over the past 100
years, improvements in alloy metallurgy, melting technology, and thermomechanical processing,
along with a better fundamental understanding of the role of various alloying elements, have led to
new nickel alloys, which not only extend the range of usefulness of existing alloys by overcoming
their limitations, but are also reliable and cost-effective and have opened new areas of applications.

Nickel and nickel alloys have useful resistance to a wide variety of corrosive environments
typically encountered in various industrial processes. In many instances, the corrosive conditions are
too severe to be handled by other commercially available materials including stainless and super-
stainless steels. Nickel by itself is a very versatile corrosion resistant metal, finding many useful
applications in industry. More importantly, its metallurgical compatibility over a considerable
composition range with a number of other metals as alloying elements has become the basis for many
binary, ternary, and other complex nickel base alloy systems, having very unique and specific
corrosion resistant and high-temperature resistant properties for handling the modern day corrosive
environments of chemical process, petrochemical, marine, pulp and paper, agrichemicals, oil and
gas, heat treat, energy conversion, and many other industries. These alloys are more expensive than
the standard 300 series stainless steels due to their higher alloy content and more involved
thermomechanical processing, and hence, are used only when stainless steels are not suitable or
when product purity and/or safety considerations are of critical importance. Corrosion depends on
the chemical composition, the microstructural features of the alloy as developed during thermo-
mechanical processing, the various reactions occurring at the alloy/environment interface and the
chemical nature of the environment itself.

In this chapter, the major nickel alloy systems are discussed, including their major characteristics,
the effects of alloying elements and, most importantly, the strengths, weaknesses and applications of
these systems. A few words on fabrication are also included because an improper fabrication may
destroy the corrosion resistance of an otherwise fully satisfactory nickel alloy.
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B. NICKEL AND NICKEL ALLOY SYSTEMS FOR CORROSION APPLICATIONS

The alloys can be divided into unary, binary, ternary, and other alloy systems with specific properties
and applications.

Alloy Systems

Ni
Ni-Cu alloys
Ni-Mo alloys
Ni-Si alloys
Ni-Fe alloys
Ni-Cr-Fe alloys
Ni-Cr-Fe-Mo-Cu alloys
Ni-Cr-Mo alloys
High-temperature alloys

Some Major Alloys in These Systems

Commercially Pure nickel, Alloy 200/201
Alloy 400, K-500
AlloyB-,B-2,B-3,B-4,B-10
Cast Ni-Si alloys, Lewmet, alloy D-205
Invar, Pernifer, Magnifer, Hymu 80
Alloys 600, 601, 800, 80OH, 800HT, 690, 602CA, 45TM
28, 825, 20, G, G-3, G-30, 31, 33, 6Mo alloys
625, C-276, C-4, C-22, 686, C-2000, 59, Mat 21
602CA, 603GT, 2100GT, 45TM, 230, 625,

X, 626Si, HR160, 718, 617, 214, Nimonic
series, Udimet series, others

Prior to the 1950s, the alloy choices available to material engineers for combating corrosion were
very limited. The latter one-half of the twentieth century saw a phenomenal growth in the
development of new nickel alloys, including the high performance Ni-Cr-Mo "C" family alloys.
Table 1 gives a brief listing of developments of austenitic alloys during the pre- 1950s period and
since the 1950s. As is evident from this listing, today's corrosion/material engineers have a much
wider selection of alloys to meet their specific needs.

Some of the alloys were developed after 1980, whereas others date from the beginning of
the twentieth century. New alloys and refinements of old ones are constantly being developed
and tested.

C. ALLOYING ELEMENTS AND THEIR EFFECTS IN NICKEL ALLOYS

The effects of various elements in alloys that are used for wet corrosion resistance and for high
temperature corrosion are presented in Tables 2 and 3, respectively. Some of the alloying elements
are common to both types of alloys, but impart different property characteristics in each type. Some
elements may be undesirable for wet corrosion alloys but beneficial for high-temperature corrosion
alloys and vice versa.

More detailed information on nickel and nickel alloys is available in the references listed in
Section G, including product literature of the nickel alloy producers. This chapter focuses primarily
on the aqueous corrosion alloy systems, with a very brief section on high temperature alloys and
fabrication.

1. Alloy Systems

LL Nickel

Alloy (UNS No.)

200 (N02200)
201 (N02201)

Ni"

99.0 min
99.0 min

Cu

0.25
0.25

Fe

0.40
0.40

Mn

0.35
0.35

C

0.15
0.02

Si

0.35
0.35

S

0.01
0.01

"Ni + Co. All values max unless noted otherwise



TABLE 1. Historical Development of Some Austenitic Corrosion Resistant Alloys

Alloy Family

18-8 SS
High Performance Austenitics
6% Mo Superaustenitic
Nickel Alloys
Ni Base Special Alloys
Ni-Cr-Mo Alloys

General
C Family

New High Temp. Alloys

Alloy Family

18-8 SS
High Performance Austentic

6% Mo Super-Austenitic

Nickel Alloys
Ni Base Special Alloys
Ni-Cr-Mo Alloys

General
C Family

Cr Based Super Austenitic
New High Temp. Alloys

Pre 1950s

304/316
Carpenter 20

200, 400, 600
B

C

1970s

317L
904L
28
AL6X
254SMo

800HT
B-2

G-3
C-4

188
617
214

1950s

20Cb

800, 825

F

1980s

317LMN

AL6XN/25Mo6
1925hMo/31

654SMo

G-30
C-22/622

230
HR160

1960s

304L, 316L
20Cb3

201LC, 80OH

G, 625, N
C-276

1990s

B-3, B-4, B-IO

59, MAT 21
686, C-2000

33
602CA, 45TM
603GT, 2100GT
626Si

The two main alloys, commercially pure Alloy 200 and its low carbon version Alloy 201 have
good resistance, at low-to-moderate temperatures, to corrosion by dilute unaerated solution of the
common nonoxidizing mineral acids, such as HCl, !!2804, or H3PCV The reason for its good
behavior is that the standard reduction potential of nickel is more noble than that of iron and less
noble than copper. Because of nickel's high overpotential for hydrogen evolution, there is no easy
discharge of hydrogen from any of the common non-oxidizing acids and a supply of oxygen is
necessary for rapid corrosion to occur; hence, nickel can corrode rapidly in nonoxidizing
environments in the presence of oxidizing species, such as ferric or cupric ions, nitrates, peroxides or
even oxygen.

Nickel's outstanding corrosion resistance to alkalies has led to its successful use as caustic
evaporator tubes. At boiling temperatures and concentration of up to 50% NaOH, the corrosion rate
is < 0.005 mm/year (0.2 mpy). The isocorrosion diagram for Nickel 200 and 201 in sodium
hydroxide clearly shows its superiority and usefulness even at higher concentrations and
temperatures [I]. However, when nickel is to be utilized at temperatures above 3160C (60O0F),
the low carbon version (Alloy 201) is recommended to guard against graphitization at the grain
boundaries, which leads to possible loss of ductility causing embrittlement.

Nickel is very resistant to chloride SCC resistance, but may be susceptible to caustic cracking in
aerated solution in severely stressed conditions. Use of Ni-Cr-Fe, such as Alloy 600, may be more
resistant under such conditions. Nickel has a high resistance to corrosion by most natural fresh
waters and rapidly flowing seawater. However, under stagnant or crevice conditions, severe pitting
attack may occur. While nickel's corrosion resistance to oxidizing acids such as nitric acid, is poor, it
is sufficiently resistant to most nonaerated organic acids and organic compounds. Nickel is not



TABLE 2. Alloying Elements and Their Major Effects in Aqueous Corrosion Alloys

Alloying
Elements

Ni

Cr

Mo

W

N

Cu

Ti, Cb, Ta

Si

Fe

Main
Features

Provides matrix for metallurgical
compatibility to various alloying
elements. Improves thermal
stability and fabricability

Provides resistance to oxidizing
corrosive media

Provides resistance to reducing
(nonoxidizing) corrosive media.

Behaves similar to Mo, but less
effective. Detrimental to thermal
stability in high Ni-Cr-Mo alloys

Austenitic stabilizer — economical
substitute for nickel

Improves resistance to seawater
and sulfuric acid, detrimental to
thermal stability in higher
Ni-Cr-Mo alloys

Carbon stabilizer

High silicon (>4%) improves
resistance to oxidizing mineral
acids, sulfuric acid and nitric acid

Provides matrix for metallurgical
compatibility to various alloying
elements

Other
Features

Enhances corrosion resistance in mild
reducing media. Alkali media,
improves chloride SCC

Enhances localized corrosion resistance

Enhances localized corrosion resistance
and chloride SCC. Provides solid
solution strengthening

Provides solid solution strengthening

Enhances localized corrosion
resistance, thermal stability and
mechanical properties

Enhances resistance to H2SO4, and HF
containing acid environments.

Improves HAZ and intergranular
corrosion resistance

Detrimental in certain corrosive
environments

Reduces cost by replacing nickel
and enhances scrap utilization

attacked by anhydrous ammonia or very dilute ammonium hydroxide solution ( < 2%). Higher
concentration causes rapid attack due to formation of soluble (Ni-NH4) complex corrosion products.

Nickel's good resistance to halogenic environments at elevated temperatures, such as in
chlorination or fluorination reactions, is utilized in many chemical processes, mainly because the
nickel-halide films that form on the nickel surface have relatively low vapor pressures and high
melting points.

Nickel is used in production of high-purity caustic in the 50 to 75% concentration range, in the
petrochemical industry, in the chemical process industry, in the food industry, and in production of
synthetic fibers. Other applications result from its magnetic and magnetostrictive properties, high
thermal and electrical conductivities and low vapor pressure.

2. Ni-Cu Alloys

Alloy (UNS No.)

400 (N04400)
K-500 (N05500)

Ni(H-Co)

63.0min
63.0min

C

0.30
0.18

Mn

2.0
1.5

Fe

2.5
2.0

S

0.024
0.010

Si

0.50
0.50

Cua

31
30

Other

A12.8a

Ti 0.60

a Typical — all values max unless noted otherwise.

The two main alloys in this system are Monel 400, or Alloy 400, and its age hardenable version,
Alloy K-500. Alloy 400 was developed near the beginning of the twentieth century and continues to



TABLE 3. Alloying Elements and Their Major Effects in High Temperature Alloys

Alloying
Elements

Cr

Si

Al

Mo

W
Nb

C

Ti

Mn

Co

Ni

Y & R E

Main
Feature

Improves oxidation resistance.
Detrimental to nitriding and
fluorination resistance

Improves oxidation, nitriding,
sulfidation and carburizing
resistance. Detrimental to
nonoxidizing chlorination
resistance

Independently and synergistically
with Cr improves oxidation
resistance. Detrimental to
nitriding resistance

Improves high temperature
strength. Improves creep
strength, detrimental for
oxidation resistance at
higher temperatures

Behaves similarly to molybdenum
Increases short-term creep strength;

may be beneficial in carburizing;
detrimental to nitriding resistance

Improves strength, helps nitridation
resistance, beneficial to carburization
resistance, oxidation resistance
adversely effected

Improves age hardening
strengthening

Slight positive effect on high
temperature strength and creep;
detrimental to oxidation
resistance; increases solubility
of nitrogen

Reduces rate of sulfur diffusion,
hence helps with sulfidation
resistance; improves solid
solution resistance; improves
solid solution strength

Improves carburization, nitriding,
and chlorination resistance;
detrimental to sulfidation
resistance

Improves adherence and
spalling resistance of oxide
layer and hence improves oxidation,
sulfidation, carburization
resistance

Other
Features

Improves sulfidation resistance
Beneficial to carburization and
metal dusting resistance

Synergistically acts with chromium
to improve high temperature
degradation

Helps improve sulfidation resistance.
Improves age hardening effects

Helps with reducing chlorination
resistance

Detrimental to nitriding resistance

be used in chemical, petrochemical, marine, refineries and many other industries. Alloy 400, con-
taining ~ 3 1 % copper in a nickel matrix, has many characteristics similar to those of commercially
pure nickel, and other characteristics markedly improved over those of pure nickel. Addition of some
iron significantly improves the resistance to cavitation and erosion in condenser tube applications.
The main uses of Alloy 400 are under conditions of high flow velocity and erosion, for example, in



propeller shafts, propellers, pump-impeller blades, casings, condenser tubes, and heat exchanger
tubes. Corrosion rate in moving seawater is generally less than 0.025 mm/year. The alloy can pit in
stagnant seawater, but the rate of attack is considerably less than in commercially pure Nickel, Alloy
200. Because of its high nickel content, the alloy is generally immune to chloride stress corrosion
cracking.

The general corrosion resistance of Alloy 400 in nonoxidizing mineral acids is better than pure
nickel. However, like pure nickel, it has very poor corrosion resistance to oxidizing media, such as
nitric acid, ferric chloride, cupric chloride, wet chlorine, chromic acid, sulfur dioxide, or ammonia.

In unaerated dilute hydrochloric and sulfuric acid solution, the alloy has good resistance up to
concentrations of 15% at room temperature and up to 2% at somewhat higher temperature, not
exceeding 5O0C. Due to this specific characteristic, Alloy 400 is also used in processes where
chlorinated solvents may form hydrochloric acid due to hydrolysis, which would cause failure in
stainless steels.

Alloy 400 has good corrosion resistance at ambient temperature to all HF concentration in
absence of air. Aerated solutions and higher temperature increase the corrosion rate. The alloy is
susceptible to SCC in moist aerated hydrofluoric or hydrofluorosilicic acid vapor. This SCC can be
minimized by deaeration of the environment or by stress relief anneal of the component.

Neutral and alkaline salt solutions, such as chloride, carbonates, sulfates, and acetates, have only
a minor effect on Alloy 400, even at high concentrations and temperatures up to boiling point. Hence
the alloy is widely used in plants for crystallization of salts from saturated brine.

Alloy K-500, the age hardenable alloy, contains aluminum and titanium, and combines the
excellent corrosion resistance features of Alloy 400 with the added benefits of increased strength and
hardness, and maintains its strength up to 60O0C. The alloy has low magnetic permeability and is
nonmagnetic to ( — 1340C). Some of the typical application of Alloy K-500 are in pump shafts,
impellers, medical blades, and scrapers, oil well drill collars and other completion tools, electronic
components, and springs and valves. This alloy is primarily used in marine and oil and gas industrial
applications. In contrast, Alloy 400 is more versatile, finding many additional uses, other than those
mentioned previously, such as in roofs, gutters and architectural parts on institutional buildings,
tubes of boiler feed water heaters, seawater applications (sheathing, etc.), the HF alkylination
process, production and handling of HF acid and in refining of uranium, distillation, condensation
units and overhead condenser pipes in refineries and petrochemical industries, and many others.

3. Ni-Fe system

Alloy (UNS No.)

36 (K93603)
(Invar) Pernifer 36

Magnifer 7904
(Hymu 80)

Ni

36a

80a

Cr

0.2

Co

0.5

Mn

0.35

0.50a

Si

0.2

0.3°

C

0.03

0.02a

Fe

BaI

BaI

Others

Mo5fl

^Typical — all other values max unless noted otherwise.

The nickel-iron alloys containing 36 to 80% nickel are commonly applied to take advantage of
their special physical properties, such as low coefficient of thermal expansion and/or magnetic
properties.

Higher nickel alloys, containing 76 to 80% nickel with some iron and some molybdenum, have
the highest magnetic permeability and are used as inductive components in transformers, circuit
breakers, low-frequency transducers, relay parts, and screens. Invar, also known as Pernifer 36, an
alloy with 36% nickel, has extremely low coefficient of thermal expansion. Because of its applica-
tions in cryogenic environments, this alloy has undergone extensive corrosion testing. The nickel -
iron alloys have moderately good resistance to a variety of industrial environments, but are primarily
used for their physical characteristics rather than for their corrosion resistance.



5. Ni-Mo System (B Family Alloys)

Alloy (UNS No.)

B (NlOOOl)
B-2 (N10665)
B-3 (N10675)
B-4 (N10629)
B-IO (N10624)

Ni

BaI
BaI
BaI
BaI
BaI

Mo

28
28
28
28
24

Fe

5
1.5
1.5
3.2
6

Cr

0.5
0.5
1.5
1.3
8

C

0.03
0.005
0.005
0.005
0.005

aAll values are typical unless noted otherwise.

Alloy B, the original alloy in the Ni-Mo family, developed in the 1920s, is susceptible to
corrosion of the weld heat-affected zone (HAZ) in nonoxidizing acids (i.e., acetic, formic, and
hydrochloric) because of its high carbon content. During the 1960s, argon-oxygen decarburization
(AOD) melting technology led to development of Alloy B-2. Although this alloy resists HAZ
corrosion, it is difficult to fabricate. Studies on controlling the composition of Alloy B-2 have led
to the development of Alloy B-3 and Nimofer(R) 6629 (Alloy B-4, UNS N10629), in which the
formation of detrimental intermetallic phases were eliminated or reduced, achieving good corrosion
resistance behavior and fabricability. Details on the fundamental behavior and understanding of Ni-
Mo alloy systems have been presented elsewhere [2]. Alloys B-2, B-3, and B-4 are recommended for
service in handling all concentrations of HCl in the temperature range of 70 to 10O0C and in handling
wet HCl gas. These alloys also have excellent corrosion resistance to pure H2SO4 up to the boiling
point in concentrations below 60%. One weakness of the alloy is its lack of chromium, and hence, its
very poor corrosion resistance in the presence of oxidizing species. Alloy B-2 has been successfully
used in production of acetic acid, pharmaceuticals, alkylation of ethyl benzene, styrene, cumene,
organic sulfonation reactions, melamine, herbicides, and many other products.

Alloy B-4, the improved version of Alloy B-2, is used at temperatures between 120 and 15O0C in
the production of resins, where hydrochloric acid is found as a result of the presence of aluminum
chloride. In one chemical company in Spain, Alloy B-4 was tested and specified for use in production
of pesticides, where severely corrosive conditions exist because of hydrochloric acid. The "C"
family alloys are not acceptable under these conditions. Alloy B-4 has solved both the fabricability
problems, encountered with Alloy B-2, and the susceptibility to stress corrosion cracking in many
corrosive environments.

Alloy B-IO [3] (Nimofer 6224) was developed to overcome the limitations of Alloys B, B-2, B-3,
and B-4 in oxidizing species, where these alloys corrode at unacceptably high rates. The C family
alloys, with high chromium contents, such as Alloy C-276, or Alloy 59 (to a much greater degree),
are resistant to corrosion by oxidizing species, but lack sufficient molybdenum to resist the reducing
conditions in hydrochloric or sulfuric acid. Alloy B-IO, an intermediate between the C and B

4. Ni-Si System

Alloy

Lewmat 66
Alloy D-205

Ni

Bala

Baf

Co

6a

Mo

0.2
2.5a

Cu
3«

2«

Cr

31a

20*

Si

y
5a

Mn

y

Fe

16a

6a

"Typical — all other values max unless noted otherwise.

Cast Ni-Si alloys, typically containing 8 to 10% silicon, were developed for handling hot or
boiling sulfuric acid of most concentrations and have also been used to resist strong nitric acid,
>50% concentration, and nitric -sulfuric acid mixtures. A few wrought Ni-Si alloys were
developed in the 1980s, such as Lewmet and Alloy D-205.



families, has a molybdenum level significantly higher than the C family, but somewhat lower than
the B family. Also, the chromium and iron levels were increased to 8 and 6%, respectively, to resist
oxidizing species. This alloy is used, for example, in waste incinerators, where conditions exist that
cause crevice corrosion of many alloys.

6. Ni-Cr-Fe Alloys

Alloy0

600
601
80OH
690
602CA
45TM

(UNS No.)

(N06600)
(N06601)
(N08810)
(N06690)
(N06025)
(N06045)

Ni

BaI
BaI
32
BaI
BaI
BaI

Cr

16
23
21
30
25
27

Fe

9
14
BaI
10
9.5

23

Al

1.4
0.4

2.2

Si

0.3
0.3
0.5
0.3

2.7

Others

Ti

Y, Zr, Ti
RE

a Typical analysis.

Of the many commercial Ni-Cr-Fe alloys, the major ones are Alloys 600 and 601, Alloy 800
and its variations, Alloy 690 and two new alloys, one being a chromia/alumina-forming alloy (Alloy
602CA) and the other chromia/silica-forming alloy (Alloy 45TM). These alloys are widely used in
the chemical, petrochemical, and other process industries, mostly for high-temperature applications,
and extensive corrosion test data are available. Improved sulfidation properties, compared to those of
Alloy 800/800H, have been achieved with a silicon-containing high chromium-nickel alloy, Alloy
45TM.

7. Alloy 600/601/602CA

The high nickel content of Alloy 600 imparts excellent resistance to halogens at elevated
temperatures, so that this alloy is used in processes involving chlorination. It has good oxidation and
chloride SCC resistance. In the production of titanium dioxide, natural titanium oxide (ilmenite or
rutile ore), and hot chlorine gases are reacted to produce titanium tetrachloride. Alloy 600 has been
successfully used in this process because of its excellent resistance to corrosion by hot chlorine gas.
This alloy has found wide usage in furnace and heat treatment applications due to its excellent
resistance to oxidation and scaling at 98O0C. The alloy is also used in handling water environments,
where stainless steels have failed by SCC. It has been used in a number of nuclear reactors, including
steam generator boiling and primary water piping systems, although Alloy 690 has replaced Alloy
600 in some nuclear applications due to its superior stress corrosion cracking resistance. Alloy 600 is
used in preheaters and turbine condensers with maximum service temperatures ~ 45O0C. However,
the low chromium content of Alloy 600 prevented its use in applications that require extended
exposure to high temperatures and good high-temperature oxidation resistance as well as superior
creep and rupture properties. These limitations were addressed by increasing the chromium content
to 23% and adding 1.4% aluminum, to form Alloy 601. The protective oxide that forms on this alloy
imparts oxidation and scaling resistance at high temperature, even under severe condition of cyclic
exposure to 1 10O0C. The high nickel and chromium content of Alloy 601 also give it a high degree of
resistance to many wet corrosion environments, along with good resistance to chloride SCC. This
alloy has good resistance to carburizing conditions and is used in a wide variety of applications in
industries as diverse as thermal and chemical processing, pollution control and power generation.
The alloy has also been used for combustor components and catalyst grid supports in equipment for
nitric acid production.

In modern chemical processes, the need to extend the temperature range to 120O0C, while still
maintaining good strength characteristics and improved resistance to environmental degradation, led



to the development of a new alloy, Alloy 602CA. This alloy is a high carbon, high chromium, high
aluminum, nickel-base superalloy (Ni BaI, 25 Cr, 2.2 Al, 9.5% Fe, 0.18% C, microalloying additions
of titanium, zirconium, and yttrium) with marked improvement in strength and corrosion behavior
compared to Alloy 601. It has been used in a variety of applications where Alloy 601 was either
marginal or inadequate. This alloy is used [4, 5] in the heat treat industry, annealing furnaces, furnace
rolls, direct reduction of iron-ore technology to produce sponge iron, calciners to produce very high
purity alumina, catalytic support systems and glow plugs in the automotive industry, and vitrification
of nuclear waste. The alloy is used to combat metal dusting [6] problems in a variety of industries
and is finding increased usage against this mode of failure.

8. Alloy 800/800H/800HT/45TM

Alloy 800 (20% Cr, 32% Ni, and 46% Fe as balance) and its variants are used primarily for their
oxidation resistance and strength at elevated temperatures. One of the major benefits is that the alloy
does not form embrittling sigma phase even after long time exposure between 650 to 87O0C. This
behavior coupled with its high creep and stress rupture strength have led to many applications in the
petrochemical industry, such as in production of styrene (steam heated reactors). The alloy exhibits
good resistance to carburization and sulfidation, and thus, has been used in components for coal
gasification, for example, heat exchangers, process piping, carburizing fixtures, and retorts. Two
major applications are electric range heating element sheathing and extruded tubing for ethylene and
steam methane reformer furnaces. It has also found applications as cracking tubes in ethylene
dichloride production and in production of acetic anhydride and ketones.

In aqueous corrosion service, Alloy 800 is not widely used, because its corrosion resistance is
intermediate between Types 304SS and 316SS.

Even though Alloy 80OH is used in coal gasification because of its good carburization and
sulfidation resistance properties, it undergoes accelerated attack in some processes. To enhance
resistance to these modes of degradation, a higher chromium, silicon-containing nickel alloy was
developed, known as alloy 45TM [4, I]. This is a chromia/silica forming alloy with excellent
resistance to high temperature attack in coal gasification and thermal waste incinerators, and in
refineries and petrochemical industries, where sulfidation has been a major problem.

9. Ni-Cr-Fe-Mo-Cu Alloys

Alloy*

825
G
G-3
G-30
20
28
31
33
1925hMo

(UNS No.)

(N08825)
(N06007)
(N06985)
(N06030)
(N08020)
(N08028)
(N08031)
(R20033)
(N08926)

Ni

BaI
BaI
BaI
BaI
35
31
31
31
25

Cr

22
22
22
30
20
27
27
33
21

Mo

3
6.5
7
5
2.5
3.5
6.5
1.6
6.3

Cu

2
2
2
1.5
3.5
1.0
1.2
1.2
0.9

Fe

31
20
20
15
BaI
36
32
32
BaI

Others

Ti
Cb + Ta
Cb + Ta
Cb + Ta
Cb

N
N
N

a Typical analysis.

Fortification of Ni-Cr-Fe alloys with molybdenum and copper has resulted in a series of alloys
with improved resistance to corrosion by hot reducing acids such as sulfuric, phosphoric and
hydrofluoric acid and acids containing oxidizing contaminants. By maintaining copper content to
~2% or less, chromium between 20 and 33%, and molybdenum between 1.5 and 7.0%, and by
replacing some of the nickel with iron to reduce cost, a group of alloys were produced with useful



corrosion resistance in a wide variety of both oxidizing and reducing acids (except hydrochloric),
organic compounds and to acid, neutral and alkaline salt solutions. These alloys have been
extensively used in a wide variety of industries to combat corrosion problems.

10. Alloy 825

Alloy 825 was developed from Alloy 800 by increasing the nickel content and by adding
molybdenum (3%), copper (2%), and titanium (0.9%) for improved aqueous corrosion resistance in a
wide variety of corrosive media. Its high nickel content, about 42%, provides excellent resistance to
chloride stress corrosion cracking, although it is not immune to cracking when tested in boiling
magnesium chloride solutions. This alloy is an upgrade from the 300 series stainless steels and is
used when localized corrosion and SCC are problems. The high nickel, with the molybdenum and
copper, provides good resistance to reducing environments, such as those containing sulfuric and
phosphoric acids. Laboratory test results and service experience have confirmed the resistance of
Alloy 825 in boiling solutions of sulfuric acid up to 40% by weight, and at all concentrations up to a
maximum temperature of 660C. In the presence of oxidizing species, other than oxidizing chlorides,
which may form HCl by hydrolysis, the corrosion resistance in sulfuric acid is usually improved.
Hence, the alloy is suitable for use in mixtures containing nitric acid and cupric and ferric sulfates.
Alloy 825 is resistant to corrosion in pure phosphoric acid at concentrations and temperatures up to
and including boiling 85% acid. The high chromium content imparts resistance to a variety of
oxidizing media, such a nitric acid, nitrates, and oxidizing salts. The titanium addition with an
appropriate heat treatment stabilizes Alloy 825 against sensitization to intergranular attack.

Some typical applications of Alloy 825 include various components used in sulfuric acid pickling
of steel and copper, components in petroleum refineries and petrochemicals (tanks, agitators, valves,
pumps), equipment used in production of ammonium sulfate, pollution control equipment, oil and
gas recovery, acid production, nuclear fuel reprocessing, and handling of radioactive waste,
phosphoric acid production (evaporators, cylinders, heat exchangers, equipment for handling fluor-
silicic acid solution, and many others). Alloy 825 is a versatile alloy for handling a wide variety of
corrosive media, but is being gradually replaced by newer alloys with superior resistance to localized
corrosion, such as the 6% Mo superaustenitic stainless steels, for example, Alloy 1925hMo
(N08926), Alloy 31 (N08031), and the high Cr-Fe-Ni Alloy 33, as described later in this chapter.

11. "G" Family Alloys — G/G-3/G-30

Alloy G was developed during the 1960s from Alloy F by adding ~ 2% copper to improve corrosion
resistance in both sulfuric and phosphoric acid. This alloy has excellent corrosion resistance in the
as-welded condition and can handle the corrosive effects of both oxidizing and reducing agents as
well as mixed acids, fluorsilicic acid, sulfate compounds, concentrated nitric acid, flue gases of coal
fired power plants, and hydrofluoric acid. Due to its higher nickel and molybdenum content than
Alloy 825, the alloy is essentially immune to chloride SCC and has significantly superior localized
corrosion resistance. This alloy has been widely used in industries similar to those using Alloy 825,
but with the added advantage of improved corrosion resistance. Alloy G is now obsolete and has been
replaced by Alloy G-3.

Alloy G-3 is an improved version of Alloy G, with similar excellent corrosion behavior, but
greater resistance to HAZ attack and with better weldability. Because of its lower carbon content, the
alloy has slower kinetics of carbide precipitation, and its slightly higher molybdenum content
provides superior localized corrosion resistance. Alloy G-3 has replaced alloy G in almost all
industrial applications and Alloy 825 in many applications, where better localized corrosion
resistance is needed.

Alloy G-30 is a modification of Alloy G-3 alloy, with increased chromium content and lower
molybdenum content. Alloy G-30 has excellent corrosion resistance in commercial phosphoric acids
as well as in many complex and mixed acid environments of nitric/hydrochloric and nitric/



hydrofluoric acids. The alloy also has good corrosion resistance to sulfuric acid. Some typical
applications of alloy G-30 are in phosphoric acid service, mixed acid service, nuclear fuel
reprocessing, components in pickling operations, petrochemicals, agrichemicals manufacture
(fertilizers, insecticides, pesticides, herbicides), and mining industries.

12. 6% Mo Alloys

Standard 6Mo alloys, such as Cronifer(R) 1925hMo, 254SMO(R), Inco(R) 25-6Mo, and A1-6XN(R),
were derived from Alloy 904L metallurgy by increasing the molybdenum content by ~ 2% and
fortifying it with nitrogen as a cost-effective substitute for nickel for metallurgical balance and
improved thermal stability. The addition of molybdenum and nitrogen provide the added benefits of
improved mechanical properties and resistance to localized corrosion. These alloys are readily
weldable with an over-alloyed filler metal, such as alloy 625, C-276, or 59, to compensate for the
segregation of molybdenum in the interdendritic regions of the weld. They have been extensively
used in offshore and marine, pulp and paper, FGD, chemical process industry for both organic and
inorganic compounds, and a variety of other applications. The 6Mo family of alloys bridges the
performance gap between standard stainless steels and the high-performance nickel- base alloys in a
cost-effective manner.

A higher chromium, higher nickel version of 6Mo superaustenites is the alloy Nicrofer(R),
3127hMo (Alloy 31, UNS N08031). Its greatly improved corrosion resistance compared with the
conventional 6Mo family of alloys and alloy 28 is achieved by increased Cr (27%) and Mo (6.5%)
and fortification with nitrogen (0.2%). The corrosion behavior of Alloy 31, achieved with only about
half the nickel content of Alloy 625, makes it a very cost-effective alternative in many applications.
The pitting potential of this alloy, as determined in artificial seawater, makes it a suitable alloy for
heat exchangers using seawater or brackish water as cooling media. Its corrosion resistance in
sulfuric acid in medium concentration ranges is superior even to that of Alloy C-276 and Alloy 20.

However, in view of the specific active/passive characteristics of Alloy 31, one must be extremely
careful, when specifying this material for sulfuric acid use at 80% concentration and temperatures
above 8O0C because these conditions cause active corrosion. Alloy 31 has been extensively used in
the most varied applications, including the pulp and paper industry, phosphoric acid environments,
copper smelters, sulfuric acid production, pollution control, waste water treatment in uranium
mining, sulfuric acid evaporators, leaching of copper ores, viscose rayon production, and fine
chemicals production.

13. Alloy 20

The first version of Alloy 20 was introduced in 1951 for sulfuric acid applications. Later, a
columbium-stabilized version was developed as 20Cb, which allowed Alloy 20Cb weldments to be
used in the as-welded condition without any postweld heat treatment. Further R & D led to the
modern version, Alloy 20Cb3, with increased nickel content. This alloy is used in many applications
because of its superior corrosion resistance in sulfuric acid media and its resistance to stress
corrosion cracking. It is used in manufacture of synthetic rubber, high octane gasoline, solvents,
explosives, plastics, synthetic fibers, chemicals, and Pharmaceuticals, in the food processing industry
and in many other applications. This alloy contains insufficient molybdenum for resistance to pitting
and crevice corrosion in low-pH acidic chloride media.

14. Alloy 33

Alloy 33 is a chromium-based fully austenitic wrought super stainless steel (33 Cr, 32 Fe, 31 Ni, 1.6
Mo, 0.6 Cu, 0.4 N). This alloy has excellent resistance to acidic and alkaline corrosive media, mixed
HNO3THF acids, hot concentrated sulfuric acid, localized corrosion and SCC. Because of its high
nitrogen content, this alloy has excellent mechanical properties. Its high pitting resistance equivalent



(PRE) makes it a very cost-effective alloy in comparison to the high Ni-Cr-Mo alloys, such as G-3,
G-30, and 625. Its localized corrosion resistance is equal to or better than some of the Ni-Cr-Mo
alloys in specific environments. Details on the development and properties of this alloy are presented
elsewhere [8, 9].

15. High-Performance Ni-Cr-Mo Alloys

Alloy (UNS No.)

C (N10002)
625 (N06625)
C-276 (N10276)
C-4 (N06455)
C-22/622 (N06022)
59 (N06059)
686 (N06686)
C-2000 (N06200)
MAT 21 (N06210)

Ni

BaI
BaI
BaI
BaI
BaI
BaI
BaI
BaI
BaI

Cr

16
22
16
16
21
23
21
23
19

Mo

16
9

16
16
13
16
16
16
19

W

4

4

3

4

Fe

6
2
5
2
3

< 1
2
2

< 1

Others

Cb

Ti

Cu
Ta

The C family of alloys, the original being Hastelloy(R) C (1930s), was an innovative optimization
of Ni-Cr alloys having good resistance to oxidizing corrosive media and Ni-Mo alloys with
superior resistance to reducing corrosive media. The combination resulted in the most versatile
corrosion resistant alloy in the "Ni-Cr-Mo" alloy family with exceptional corrosion resistance in a
wide variety of severely corrosive environments typically encountered in the chemical process
industry and other industries. The alloy also exhibited excellent resistance to pitting and crevice
corrosion in low-pH, high-chloride, oxidizing environments and had total immunity to chloride
stress corrosion cracking. These properties allowed this alloy to serve the industrial needs for many
years although it had some limitations. Today, the original alloy C of the 1930s is practically obsolete
except for some usage in castings. Alloys with improved corrosion resistance were developed during
the 1960s (Alloy C-276), 1970s (Alloy C-4), 1980s (Alloy C-22 and 622) and 1990s (Alloy 59, 686,
C-2000 and MAT 21). Improvements in corrosion behavior not only overcame the limitations of
alloy C, but further expanded the horizons of applications as the needs of the chemical process
industries became more critical, severe, and demanding.

16. Alloy C (1930s-1965)

This section presents the chronology of the developments of corrosion resistant Ni-Cr-Mo alloys
during the twentieth century with special emphasis on the evolution in the C family of Ni-Cr-Mo
alloys since 1960 and their applications.

The compatibility and optimization between Ni-Cr and Ni-Mo alloys led to the first alloy of
the C family, wrought Hastelloy(R) Alloy C in the 1930s, with a typical composition of 55 Ni, 15.5
Cr, 16 Mo, 4 W, and 5 Fe, which exhibited outstanding corrosion resistance in many oxidizing and
reducing environments, while possessing excellent localized corrosion resistance and resistance to
chloride SCC.

This alloy was the most versatile corrosion resistant alloy available in the 1930s through the mid-
1960s to handle the needs of the chemical process industry. However, the alloy had a few severe
drawbacks. When used in the as- welded condition, alloy C was often susceptible to serious
intergranular corrosion attack in HAZ in many oxidizing, low pH, halide- containing environments.
For many applications, vessels fabricated from Alloy C had to be solution heat treated to remove the
detrimental weld HAZ precipitates, seriously limiting the usefulness of this alloy. During the late
1940s and 1950s, the chemical process industry was constantly developing new processes that



needed an alloy without the requirement of solution heat treating after welding. Also in severely
oxidizing media, this alloy did not have enough chromium to maintain passivity and exhibited high
uniform corrosion rates.

17. Alloy 625 (1960s-Present)

One of the "severe oxidizing media" limitations of Alloy C was overcome by increasing the
chromium content from 15.5% to ~22% in Inconel(R) alloy 625, an alloy developed in the late
1950s and commercialized in the early 1960s. However, the molybdenum content of the alloy was
reduced to 9% and columbium was added for stabilization against intergranular attack, which
permitted the use of this alloy in the as-welded condition without the need for solution heat
treatment. The increased chromium improved corrosion resistance in a number of strongly oxidizing
environments, such as boiling nitric acid and nitric acid mixtures, while at the same time maintaining
adequate resistance to a number of reducing acid conditions. The alloy had a good balance of
properties, but was not as versatile in "reducing acids" as alloy C, because of the lower molybdenum
level of Inconel(R) 625.

The alloy is resistant to corrosion and pitting in seawater and has useful resistance to wet
chlorine, hypochlorite, and oxidizing chlorides at atmospheric temperatures. It is resistant to all
concentrations of hydrofluoric acid, even when aerated, and to such acid mixtures as nitric-
hydrofluoric, sulfuric -hydrofluoric, and phosphoric-hydrofluoric acids under most conditions
encountered in industrial practice. Alloy 625 has good strength and resistance to scaling in air at
temperatures up to 98O0C and many of its uses are in high temperature and aerospace applications.

An alloy with lower nickel content, but similar chromium and molybdenum contents,
Hastelloy(R) alloy X (47 Ni, 22 Cr, 18.5 Fe, 9 Mo, 0.10 C, 0.6 W) was developed having good
high temperature strength and resistance to oxidation and scaling up to ~ 110O0C. It is used mostly
for high temperature applications in the furnace and heat treating fields and for flying and land-based
gas turbine components.

Another alloy, Hastelloy(R) alloy N (69.5 Ni, 7 Cr, 16.5 Mo, 5 Fe) was developed for use with
molten fluoride salts at 8150C in nuclear applications. Chromium was reduced to 7% to prevent
intergranular attack and mass transfer of chromium in this environment, and the 7% level is adequate
to provide strength and oxidation resistance at this temperature.

18. Alloy C-276 (1965-Present)

To overcome one of the serious limitations of solution annealing in Hastelloy(R) Alloy C after
welding, the chemical composition of Alloy C was modified by a German company, BASF, which
reduced both the carbon and silicon levels by more than 10-fold to very low levels, typically 50ppm
carbon and 400 ppm silicon. This development was possible because of the invention of a new
melting technology, the argon-oxygen decarburization (AOD) process. The low-carbon and low-
silicon alloy came to be known as Alloy C-276. It was produced in the United States under a licence
from BASF Company, who were awarded a U.S. patent that expired in 1982, at which time other
nickel alloy producers started manufacturing this alloy.

The corrosion resistance of both alloy C and alloy C-276 was similar in many corrosive
environments, but without the detrimental effects of continuous grain boundary precipitates in the
weld HAZ of Alloy C-276. Alloy C-276 could be used in most applications in the as-welded
condition without severe intergranular attack. The corrosion behavior of both Alloy C and Alloy C-
276 has been adequately covered in the open literature [10-14]. The grain boundary precipitation
kinetics and the T-T-T diagram for these alloys are also well documented [15-17]. The applications
of Alloy C-276 in the process industries are extensive, diverse and versatile due to its excellent
resistance in both oxidizing and reducing media, even with halogen ion contamination. However,
there are certain process conditions, where even Alloy C-276 with its low carbon and low silicon is
susceptible to corrosion because it is not adequately stable thermally in regard to precipitation of



both carbides and intermetallic phases. Within the broad scope of chemical processing, examples
exist where serious intergranular corrosion of a sensitized (precipitated) microstructure has occurred.
To overcome this susceptibility, a modification of Alloy C-276 was developed in the 1970s, called
Alloy C-4. Under highly oxidizing conditions, neither Alloy C-276 nor C-4 with their 16%
chromium content provide useful resistance. This shortcoming was overcome by developments of
other alloys, such as Alloy C-22/622 and Alloy 59.

19. Alloy C-4 (1970s-present)

Alloy C-4, in addition to the 10-fold decrease in carbon and silicon of Alloy C, had three other major
modifications, that is, omission of tungsten from its basic chemical composition, reduction in iron
level, and addition of titanium. The above changes resulted in significant improvements in the
precipitation kinetics of intermetallic phases when exposed in the sensitizing range of 550 to 109O0C
for extended periods of time, virtually eliminating the intermetallic and grain boundary precipitation
of "mu" phase, which has a (Ni,Fe,Co)3(W,Mo,Cr)2 type structure, and various other phases. These
phases are detrimental to ductility, toughness and corrosion resistance. The general corrosion
resistance of Alloys C-276 and C-4 are essentially the same in many corrosive environments, except
that in strongly reducing media like hydrochloric acid, Alloy C-276 is better, but in highly oxidizing
media, the opposite is true, that is, alloy C-4 is better. Alloy C-4 offers good corrosion resistance to a
wide variety of media, including organic acids and acid chloride solution. Details of Alloy C-4
development have been documented [10, 18, 19]. This alloy has found greater acceptance in
European countries than in the United States, in contrast to alloy C-276, which is more widely used
and accepted in the United States. Alloy C-4 is gradually being replaced by another tungsten-free
Ni-Cr-Mo alloy, Alloy 59, which has superior corrosion resistance.

20. Alloy C-22 (1982-Present)

Upon expiration of the Alloy C-276 patent in the United States in 1982, Alloy C-22 was introduced.
It was claimed that the "mu" phase control in Alloy C-4, accomplished by controlling the "electron
vacancy" number by omitting tungsten and reducing iron, was achieved at the expense of reduced
corrosion resistance to oxidizing chloride solutions, where tungsten is a beneficial element. In
addition, both Alloy C-276 and Alloy C-4 corrode rapidly in oxidizing, non-halide solutions because
of their relatively low chromium levels of 16%. Hence, it was claimed that a need existed for an alloy
with higher chromium levels for oxidizing environments with an optimized balance of Cr, Mo, and
W, thus yielding an alloy with superior corrosion properties and good thermal stability. This rationale
led to the Alloy C-22 composition with approximately 21% Cr, 13% Mo, 3% W, 3% Fe with balance
nickel. Although the corrosion resistance of this alloy is superior to that of Alloy C-276 and Alloy
C-4 in highly oxidizing environments and there is slightly better pitting corrosion resistance in
"Green Death" solution, its behavior in highly reducing environments and in severe crevice
corrosion conditions is inferior to that of Alloy C-276 and Alloy 59, both of which contain 16%
molybdenum [20, 21]. Details on the development of Alloy C-22 have been described elsewhere
[22-24].

21. Alloy 59 (1990-Present)

Research efforts during the late 1980s at Krupp VDM led to another development within the Ni-Cr-
Mo family, Alloy 59, which overcame the shortcomings of both Alloys C-22 and C-276. It also
provided solutions to the most severe and critical corrosion problems of the chemical process,
petrochemical, pollution control, and other industries.

As is evident from the composition of the various alloys of the C family Alloy 59 has the highest
chromium plus molybdenum content with the lowest iron content, typically < 1%. It is one of the
highest nickel-containing alloys of this family and is the purest form of a "true" Ni-Cr-Mo alloy



without the addition of any other alloying elements, such as tungsten, copper, titanium, or tantalum,
which are contained in other alloys in this family. This "purity" and balance of Alloy 59 in the
ternary Ni-Cr-Mo system are mainly responsible for the superior thermal stability of this family.
The "electron vacancy" number, an important parameter in the "Phacomp calculations" for alloy
development and for prediction of occurrence of various phases, now superseded by more precise
"New Phacomp" methodology, proposed by Morinaga [25], also lends support to this phenomenon
of superior thermal stability of Alloy 59.

22. Alloy 686 (1993-Present)

Alloy 686 is another recent development in the C family of Ni-Cr-Mo-W alloys. This alloy is very
similar in composition to Alloy C-276, but the chromium level has been increased from 16 to 21%,
while maintaining the Mo and W at similar levels. Alloy 686 is overalloyed with the combined Cr,
Mo, and W content of around 41%. To maintain its single phase austenitic structure, this alloy is
solution annealed at 120O0C and rapidly cooled to prevent precipitation of intermetallic phases. Its
thermal behavior is significantly inferior to Alloy 59 and its performance in field tests in a hazardous
waste incinerator at 3M Co., St. Paul, Minnesota, showed five times lower corrosion resistance than
Alloy 59 [21]. Table 4 presents these data comparing Alloy 59 with Alloy 686 and other alloys.

23. Alloy C-2000 (1995-Present)

Alloy C-2000 is another introduction to the C alloy family, in which 1.6% copper has been added to
the Alloy 59 composition. However, addition of copper results in significantly lower localized
corrosion resistance and less thermal stability compared to Alloy 59.

24. Alloy MAT21 (1998-Present)

Alloy MAT21 is a member of the C family of alloys with addition of ~ 1.8% tantalum to a
Ni,19%Cr,19%Mo alloy. Insufficient data are available regarding its localized corrosion behavior
and thermal stability.

D. CORROSION BEHAVIOR OF "C" ALLOYS

1. Resistance to General Corrosion

The uniform corrosion resistance data of the C alloys in various boiling corrosive environments
are presented in Table 5. The media are both oxidizing and reducing in nature and are used for

TABLE 4. 3M Study— Hazardous Waste Incineration
Scrubber Corrosion Date (1991 h)a

Alloy

59
686
C-22
31
622
C-276
625
825

mpyb

1.1
5.4
6.7
7.1

12.1
35.1
58.6

117

Remarks

Clean
Clean
Clean
Clean
Weld attack
Clean
Rough
Pitting

a See [21].
b To convert to millimeters per year (mm/year) multiply by 0.025.



comparing the relative performance of alloys. As is evident from these data, the overall performance
of Alloy 59 is better than that of any other C family alloy.

2. Localized Corrosion Resistance

Localized corrosion has caused more failures in the chemical process and other industries than any
other single corrosion phenomenon. Chromium, molybdenum, nitrogen and, to a lesser extent,
tungsten, enhance pitting and crevice corrosion resistance of nickel-base alloys. The critical pitting
and crevice corrosion temperatures of these alloys, as evaluated using the ASTM G-48 (10% ferric
chloride) test method, are listed in Table 6. The lower molybdenum alloy, C-22, has significantly
lower critical crevice corrosion temperature. This result is supported by data in Table 7, showing that
the maximum depth of attack at 1050C in "Green Death" solution was ten times greater for Alloy
C-22 than for Alloy C-276. In this test, crevice attack of Alloy 59 was lower than that of Alloy
C-276, showing the beneficial effects of its high PRE number.

TABLE 7. Localized Corrosion Resistance in Green Death Solution"

Alloy

C-22
C-276
59
686
C-2000

PRE

65
59
76
74
76

CPT(0C)

120
110

>120*
>120

110

CCT(0C)

105
105
110
110
100

Crevice Depth at 1050C

0.35mm
0.035mm
0.025mm

fll!.5% H2SO4 + 1.2% HCl + 1% FeCl3 + 1% CuCl2
fc Above 12O0C, the Green Death solution chemically breaks down.

TABLE 5. Comparison of Some Ni-Cr-Mo Alloys in Various Boiling Corrosive Environments

Uniform Corrosion Rate (mpy)a

Media

ASTM 28A
ASTM 28B
Green Death
10% HNO3

65% HNO3

10% H2SO4

50% H2SO4

1.5% HCl
10% HCl
10% H2SO +1% HCl
10% H2SO4 +1% HCl^

C-276

240
55
26
19

750
23

240
11

239
87
41

C-22

36
7
4
2

52
18

308
14

392
354
92

686

103
10
8

231

5

67

C-2000

27
4

1.5

59

24
4
5
2

40
8

176
3

179
70

3

"To convert to millimeters per year (mm/year) multiply by 0.0254.
*At 9O0C.

TABLE 6. Critical Pitting and Crevice Corrosion Temperature per ASTM G-48

Alloy

C-22
C-276
686
59

Cr

21
16
21
23

Mo

13
16
16
16

PREa

65
69
74
76

CPT(0C)

>85*
>85
>85
>85

CCT(0C)

58
>85
>85
>85

0PRE = % Cr +3.3 (% Mo).
b Above 850C the solution chemically breaks down.



TABLE 8B. Thermal Stability per ASTM G28B after Sensitization"

Corrosion Rate (mpy)^

Sensitization(h)

1
3

C-276

>500C

>500C

C-22

339C

313C

686

\r
85C

C-2000

>500C

>500C

59

4«
4d

0Ai 87O0C (160O0F).
^To convert to millimeters per year (mm/year) multiple by 0.0254.
c Alloy C-276, C-22, C-2000, and 686 — Heavy pitting attack with grains falling out because of deep intergranular attack.
d Alloy 59 — No pitting attack

3. Thermal Stability

The superior thermal stability of Alloy 59 is shown in Tables 8 A and 8B. The data indicate the
detrimental effects of tungsten and copper on the thermal stability of various alloys of the C family.
During welding of heavy-walled vessels and/or hot forming of heavy-walled materials, thermal
stability is very important in maintaining superior corrosion resistance in the as-welded condition.

Other corrosion resistance data and information on physical metallurgy, fabricability and
weldability of Alloy 59 have been adequately covered elsewhere [26-28].

4. High-Temperature Alloys

The need for high-temperature materials is encountered in a wide variety of modern industries, such
as aerospace, metallurgical, chemical, and petrochemical, and in many applications, including glass
manufacture, heat treatment, waste incinerators, heat recovery, advanced energy conversion systems,
and others. Depending on the condition of chemical makeup and on temperature, a variety of
aggressive corrosive environments are produced, which could be either sulfidizing, carburizing,
halogenizing, nitriding, reducing and oxidizing in nature or a combination thereof. All high-
temperature alloys have certain limitations and the optimum choice is often a compromise between
mechanical property requirements at maximum temperature of operation and requirements for
corrosion resistance in the corrosive species present.

Alloys designed to resist high-temperature corrosion have existed since the beginning of the
twentieth century. Generally, high-temperature metal degradation occurs at temperatures >540°C,
but there are some cases where it can also occur at somewhat lower temperatures. Carbon steel, the
''workhorse" material of construction in many industries, is attacked by H2S > 26O0C, by oxygen or
air >540°C and by nitrogen >980°C. The new technologies of thermal destruction of hazardous
and municipal waste, fluidized bed combustion, coal gasification and chemicals from coal processes,
and the use of "dirty feedstock," such as heavy oil and high sulfur coal, coupled with demands for
higher efficiency and tougher environmental regulations, have necessitated the use of higher alloy
systems of iron-, nickel-, and cobalt-base alloys. Alloy systems must provide reliable and safe

TABLE 8A. Thermal Stability per ASTM G-28A after Sensitization*

Corrosion Rate (mpy)*7

Sensitization(h)

1
3

C-276

>500C

>500C

C-22

>500C

>500C

686

>500C

>1000C

C-2000

116C

178C

59

40d

5ld

0At 87O0C (160O0F).
*To convert to millimeters per year (mm/year) multiply by 0.0254.
c Alloys C-276, C-22, 686, and C-2000-heavy pitting attack with grains falling out because of deep intergranular attack.
d Alloy 59-No pitting attack.



performance in a cost-effective manner, but must also have sufficient versatility to resist changing
corrosive conditions due to feedstock changes. The property requirements in materials of con-
struction for high-temperature applications can be classified under mechanical and high-temperature
corrosion resistance as follows:

Mechanical Properties

High-temperature strength
Stress rupture strength
Creep strength
Fatigue strength
Thermal stability
Thermal shock resistance
Toughness
Other specific properties

Corrosion Resistance Properties

Oxidation
Carburization
Nitriding
Sulfidation
Halogenation
Molten salt
Liquid metal
Ash salt deposit

Others

Requirements will vary for different industries, such as aerospace, heat treating, power
generation, and chemical/petrochemical processing.

In nickel-base alloys, the major elements for imparting specific properties or a combination of
properties are: chromium, silicon, aluminum, titanium, molybdenum, cobalt, tungsten, and carbon.
Others, such as yttrium and rare earths, niobium, tantalum and zirconium play very specific roles in
improving certain high-temperature corrosion characteristics. These alloying elements can also be
classified as follows:

Protective scale formers Cr as Cr2O3, Al as Al2O3 and Si as SiO2

Solid solution strengtheners Mo, W, Nb, Ti, Cr, Co
Age hardening strengtheners Al + Ti, Al, Ti, Nb, Ta
Carbide strengtheners Cr, Mo, W, Ti, Zr, Ta, Nb
Improved scale adhesion Rare earths (La, Ce) Y, Hf, Zr, Ta
(spallation resistance)

References [10, 29-32] provide detailed information on high-temperature alloy systems.

E. APPLICATIONS OF THE "C" FAMILY OF ALLOYS

The C family of alloys has found widespread application in chemical and petrochemical industries
producing various chlorinated, fluorinated and other organic chemicals, agrichemicals and
pharmaceutical industries producing various biocides, pollution control (FGD of coal-fired power
plants, waste water treatment, incinerator scrubbers) [33-36], pulp and paper, oil and gas (sour gas
production), marine, and many others.

Between 1966 and 1998, ~ 60,000 tons of alloy C-276 and C-4 have been used in a variety of
industries, some of which are listed in Table 9.

Alloy C-22, due to its higher chromium content, is an improvement upon Alloy C-276 in highly
oxidizing media. The introduction of Alloy 59 in 1990 and industry recognition of the benefits of
Alloy C-276 over Alloy C-22 in highly reducing environments, led to a resurgence in Alloy C-276
usage. Alloy C-22, an alloy of the 1980s, has been superseded by alloys of the 1990s, that is, Alloy
59, Alloy 686, and Alloy C-2000. Alloy 59 has found a wide number of applications, and these
continue to increase as its superior corrosion resistance, excellent fabricability, weldability, and
thermal stability are recognized [37]. Alloy 686 and Alloy C-2000 are also finding specific app-
lications in various industries.



Most of the C family alloys are covered under the appropriate ASTM (American Society for
Testing and Materials), AWS (American Welding Society), ASME (American Society of
Mechanical Engineers) and NACE (NACE International) MRO175 standards, and other national
and international standards.
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TABLE 9. Major Industries Using Alloy C-276/C-4/59

I.

H.

m.

IV.

V.
VI.
VII.
VHL
IX.

Petroleum
Petroleum refining
Oils/greases
Natural gas processing

Petrochemical
Plastic
Synthetic organic fibers
Organic intermediates
Organic chemicals — chlorinated/fluorinated hydrocarbons
Synthetic rubber

CPI — Chemical process industries
Fine chemicals
Inorganic chemicals
Soaps/detergents
Paints
Fertilizer — agiichemicals — herbicides/pesticides
Adhesives
Industrial gases

Pollution Control
FGD
Waste water treatment
Incineration
Hazardous waste
Nuclear fuel reprocessing

Pulp and paper
Marine/seawater
Pharmaceuticals
Sour gas/oil and gas production
Mining/metallurgical



ASTM Book of Standards, VoI 02.04 — Non-Ferrous Metals; Vol. 03.02 — Wear and Erosion, Metal Corrosion,
ASTM, West Conshohocken, PA.

NACE International—Various Publications, Houston, TX.

G. REFERENCES

1. Bulletin CEB-2, Corrosion resistance of nickle and nickle-containing alloys in caustic soda and other alkalies.
International Nickle Co., Inc., Huntington, West Virginia, 1973.

2. D. C. Agarwal, U. Heubner, M. Koehler, and W. Herda, Mater. Perform. 33(10), 64 (1994).

3. M. Kohler, R. Kirchheiner, F. Stenner, Alloy B-IO, A New Nickle-Based Alloy for Strong Chloride-
Containing, Highly Acidic and Oxygen-Deficient Environments, CORROSION/98, Paper No. 481, NACE
International, Houston, TX, 1998.

4. D. C. Agarwal and U. Brill, Material Degradation Problems in High Temperature Environments (Alloys—
Alloying Effects—Solutions), Industrial Heating, October 1994, pp. 55-60.

5. D. C. Agarwal and H. Klein, Applications and Material Performance, Nickel Cobalt 97, Vol. 4, The
Metallurgical Society of the Canadian Institute of Mining, Metallurgy and Petroleum, Montreal, 1997,
pp. 115-129.

6. H. J. Grabke, E. M. Miiller-Lorenz, J. Klower, and D. C. Agarwal, "Metal Dusting and Carburization
Resistance of Nickel Base Alloys," CORROSION/97, Paper No. 139, NACE International, Houston, TX,
1997.

7. D. C. Agarwal and U. Brill, NiCr27FeSiRE: A New Alloy for Waste Incineration CORROSION/93, Paper No.
209, NACE International, Houston, TX, 1993.

8. M. Kohler, U. Heubner, K. W. Eichenhofer, and M. Renner, "Alloy 33, A New Corrosion Resistant Austenitic
Material for the Refinery Industry and Related Applications," CORROSION/95, Paper No. 338, NACE
International, Houston, TX, 1995.

9. M. Kohler, U. Heubner, K. W. Eichenhofer, and M. Renner, "Progress with Alloy 33, A New Corrosion
Resistant Chromium-Based Austenitic Material," CORROSION/96, Paper No. 428, NACE International,
TX, 1996.

10. W. Z. Friend, Corrosion of Nickle and Nickle Base Alloys, Wiley, New York - Chichester - Brisbane - Toronto,
1980.

11. E. D. Weister, Corrosion 13, 659 (1957).

12. W. A. Luce, Chem. Eng. 61(3), 254 (1954).

13. R. K. Swandly "Nickel Base Alloys in Corrosion Resistance of Metal Alloys," 2nd ed., F. L. LaQue and H. R.
Copson (Eds.), New York, 1963, pp. 515-552.

14. Metals Handbook, 9th ed., Vol. 13, Corrosion, Metals Park, OH, 1987, pp. 641-657.

15. I. Class, H. Grafen, and E. Scheil, Z. Metallk. 53, 283 (1962).

16. M. A. Streicher, Corrosion 19, 272 (1963); 32, 79 (1976).

17. R. B. Leonard, Corrosion 25, 222 (1969).

18. R. W. Kirchner and F. G. Hodge, Werkst. Korros. 24, 1042 (1973).

19. F. G. Hodge and R. W. Kirchner, Corrosion 32, 332 (1976).

20. D. C. Agarwal and W. R. Herda, "Alloying Effects and Innovations in Nickel Base Alloys for Combating
Aqueous Corrosion," VDM Report No. 23,1995, Krupp VDM, P.O. Box 1820, Werdohl, D-58778, Germany.

21. V. Yanish, "Corrosion Testing in a Hazardous Waste incinerator and Waste Heat Boiler," Proceedings of the
Second International Conference on Heat Resistant Materials, Gatlinburg, TN 11-14 Sept., 1995, ASM,
Metals Park, OH, pp. 655-656.

22. P. E. Manning, A. I. Asphahani, and N. Sridhar, New Developments in Ni-Cr-Mo Alloys Paper No. 21,
CORROSION/83, NACE, Houston, TX, April 1983.

23. P. E. Manning and A. I. Asphaphani, "Advanced Materials Technologies of Interest to the Process Industries,"
Presented at ACHEMA 85, an International Meeting on Chemical Engineering, held in Frankfurt am Main,
Germany, June 9-15, 1985.

24. N. Sridhar, J. B. C. Wu, and P. E. Manning J. Metals, 37(11), 51 (1985).



25. M. Morinaga, N. Yukawa, H. Adachi, and H. Ezaki, "New Phacomp and Its Application to Alloy Design,"
Fifth International Symposium Superalloys, Seven Springs, 1984, ASM Metals Park, OH, 1984.

26. R. Kirchheiner, M. Kohler, and U. Heubner, "A New Highly Corrosion Resistant Material for the Chemical
Process Industry, Flue Gas Desulfurization and Related Applications," CORROSION/90, Paper No. 90,
NACE International, Houston, TX, 1990.

27. D. C. Agarwal, U. Heubner, R. Kirchheiner, and M. Koehler, "Cost Effective Solution to CPI Corrosion
Problems with a New Ni-Cr-Mo Alloy,'' CORROSION/91, Paper No. 179, NACE International, Houston, TX,
1991.

28. U. Heubner, "Nickel Based Alloys," Chapter 7, Materials Science and Technology, A Comprehensive
Treatment, R. W. Cahn, P. Haasen, and E. J. Kramer, VCH Verlagsgesellschaft, Germany, 1996.

29. U. Heubner, Nickle Alloys and High Alloy Special Stainless Steels, Krupp VDM GmbH, P.O. Box 1820,
D-58778 Werdohl, Germany, 1987, 1st ed.

30. U. Heubner, Nickle Alloys and High Alloy Special Stainless Steels, Krupp VDM GmbH, P.O. Box 19280,
D-58778 Werdohl, Germany, 1987, 2nd ed.

31. U. Brill, Krupp VDM GmbH High Temperature Alloys and Their Use In Furnace Construction, VDM Report
No. 15, June 1991, P.O. Box 1820, D-58778 Werdohl, Germany, 1991.

32. G. Lai, High Temperature Corrosion of Engineering Alloys, ASM International, Materials Park, OH, 1990.

33. D. C. Agarwal, "Alloy Selection Methodology and Experiences of the FGD Industry in Solving Complex
Corrosion Problems: The Last 25 Years," CORROSION/96, Paper No. 447, NACE International, Houston,
TX, 1996.

34. W. R. Herda and W. Romer, "Recent Experiences with Alloy 59—UNS N06059 (DIN No. 2.4605) in Waste
incineration Plant Construction," CORROSION/95, Paper No. 557, NACE International, Houston, TX, 1995.

35. VDM Case History No. 1, "The Waste Incineration Thermal Power Plant in Essen Karnap," Krupp VDM,
P.O. Box 1820, Werdohl, Germany.

36. D. C. Agarwal and Miles Ford, "FGD Metals and Design Technology: Past Problems/Solutions—Present
Status and Future Outlook," CORROSION/98, Paper No. 485, NACE International, Houston, TX, 1998.

37. D. C. Agarwal, W. R. Herda, and J. Kloewer, "Case Histories on Solving Severe Corrosion Problems in the
CPI and Other Industries by an Advanced Ni-Cr-Mo Alloy 59 UNS NO6059," CORROSION/2000 Paper
No. 501. NACE International, Houston, TX, 2000.


	Table of Contents
	Part I. Basics of Corrosion Science and Engineering
	Part II. Nonmetals
	Part III. Metals
	30. Carbon Steel - Atmospheric Corrosion
	31. Carbon Steel - Corrosion in Fresh Waters
	32. Carbon Steel - Corrosion by Seawater
	33. Carbon Steel - Corrosion by Soils
	34. Localized Corrosion of Iron and Steel
	35. Weathering Steel
	36. Corrosion of Steel in Concrete
	37. Austenitic and Ferritic Stainless Steels
	38. Duplex Stainless Steels
	39. Martensitic Stainless Steels
	40. Aluminum and Aluminum Alloys
	41. Cobalt Alloys
	42. Copper and Copper Alloys
	43. Lead and Lead Alloys
	44. Magnesium and Magnesium Alloys
	45. Nickel and Nickel Alloys
	A. Introduction
	B. Nickel and Nickel Alloy Systems for Corrosion Applications
	C. Alloying Elements and Their Effects in Nickel Alloys
	D. Corrosion Behavior of "C" Alloys
	E. Applications of the "C" Family of Alloys
	F. Bibliography
	G. References

	46. Tin and Tinplate
	47. Titanium and Titanium Alloys
	48. Zinc
	49. Zirconium Alloy Corrosion
	50. Microbiological Corrosion of Metals
	51. Metastable Alloys
	52. Electronic Materials, Components, and Devices

	Part IV. Corrosion Protection
	Part V. Testing for Corrosion Resistance
	Part VI. Special Topic: Materials Problems with Temporary and Permanent Storage of High-Level Nuclear Wastes
	Index



