
FIGURE 16-A. Types of Condensers

D. NEW FERRITIC STAINLESS STEELS

1. Origin and Composition

The continuing application of the basic 18% Cr-8% Ni, Type 304 stainless steel since 1912
throughout the industrial world indicates that in this alloy, along with its variations, Types 304L, 316,
316L, 321, and 347, an optimum balance has been achieved in alloy composition. Contrasting
requirements for resistance to corrosion in a wide range of environments, together with requirements
for formability and weldability, have been successfully compromised. To obtain a significant
improvement in resistance to corrosion by reducing acids and to chloride SCC in NaCl solutions
necessitated a major departure from this composition. The nickel content was increased from ~ 10 to
35% and 3.5% copper was added. However, this large and costly increase in nickel content had no
significant beneficial effect on the resistance to chloride pitting and crevice corrosion.

As mentioned above, the ferritic alloys, Types 430 and 446, are resistant to stress corrosion both
in the MgCl2 and various NaCl solutions when in the mill annealed condition. But welding impairs
their ductility, their resistance to intergranular corrosion and to SCC. Welded Type 430 steel fails by
intergranular attack even in tap water [82] and, as noted above, is subject to SCC in boiling water
containing only 50ppm Cl as NaCl [73]. Furthermore, the transition temperature from ductile to
brittle fracture is very high for these commercial alloys (e.g., +12O0C for Type 446 as compared with
less than -24O0C for Type 304).

About 10 years ago, the above limitations in the available ferritic and austenitic stainless steels
stimulated several independent and partly simultaneous efforts in the United States and in Germany
aimed at developing new ferritic compositions that would overcome these limitations. Also, at this
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time new improvements in commercial melting and refining methods, along with the previously
available vacuum induction and vacuum arc remelt processes, made it possible to produce large
heats with low carbon and nitrogen concentrations. These new processes are vacuum-oxygen
decarburization (VOD), electron-beam (EB) refining, and, the previously mentioned argon-oxygen
decarburization (AOD). The latter is now widely employed for the production of stainless steels [36].

In 1951, before the new processes were available, Binder and Spendelow [83] concluded from a
study of high-purity Fe-Cr alloys that the decrease in impact strength as the chromium content is
raised > 20% is not due to chromium, but is associated with the carbon and nitrogen contents. When
these are low (C + N < 0.04%), increasing chromium from 12 to 25% has a toughening influence on
these steels. The transition temperature is lowered by about 650C. Knowledge of the beneficial
effects of low carbon and nitrogen concentrations on the mechanical properties and corrosion
resistance of Fe-Cr alloys, together with the availability of the necessary commercial processes for
achieving these levels, provided the opportunity for the development of new ferritic stainless steels.
The following deals with the origin and properties of some of these. The selection is confined to
alloys that have already been produced in commercial quantities as mill forms, such as sheet and
tubing (Table 7).

Ideally, experimental alloys made in the laboratory should be evaluated in plant tests. However,
for such tests relatively large amounts of material are required along with testing times of 6 to 18
months, in some cases, for example, cooling water environments. For these reasons, it is necessary to
develop and apply rapid and therefore severe laboratory tests to evaluate experimental alloys for

TABLE 7. New Ferritic Stainless Steels

Alloy0

I Fe-18 Cr-2 Mo-Ti

II Fe-26 Cr-I Mo

U-A Fe-26 Cr-I Mo-Ti

HI Fe-28 Cr-2 Mo

HI-A Fe-28 Cr-2 Mo-4 Ni-Nb

IV Fe-29 Cr-4 Mo

IV-A Fe-29 Cr-4 Mo-2 Ni

Limits for Carbon,
Nitrogen and Stabilizers (%)

C-0.0250 max
N-0.0250 max

C + N < 0.030 desirable

Ti + Nb = 0.20 + 4(C + N)
min = 0. 80 max

C-0.0050 max
N-0.0150 max

Nb - 13-29 (N)

C-0.0400 max
N-0.0400max
0.2-1.0 Ti
C + N = 0.050 typical
C + N < 0.0100
Desirable C + N < 0.050

C-0.0150 max.
N-0.0350 max
C + N < 0.0400 with

Nb > 12(C + N) + 0.2
C-0.0100 max
N-0.0200 max
C + N = 0.0250 max

Same

Melting and
Refining Processes

Argon-oxygen
decarburization

or
Vacuum-oxygen

decarburization

Electron beam
hearth refining

or
Vacuum induction

melting
Argon-oxygen

decarburization

Vacuum melting
followed by
arc remelting

Vacuum-oxygen
decarburization

Argon-oxygen
decarburization

Vacuum induction
melting or electron
beam refining

Vacuum induction
melting

References

84, 85, 86
114, 115

87, 88, 89
90, 91, 92

93, 94, 95

97,98

99, 101, 102
116, 120

74, 75, 103

104, 110, 119

a Ranges for chromium and molybdenum are shown in Figure 18.



resistance to general, pitting, crevice, intergranular, and stress corrosion. The choice of these tests is
critical, because they determined the validity of the results. By the selection of very severe testing
conditions and criteria for evaluation of test specimens, the gap between laboratory data and
service performance can be narrowed, but not closed. Ultimate proof of the utility of promising
compositions can be provided only by tests in plant environments and service in operating
equipment.

All of the new ferritic alloys contain molybdenum for reasons shown below. When they contain
nickel, it is in relatively small amounts. This is an advantage during shortages in the supply of this
element such as have occurred several times.

1.1. 18 Cr-2 Mo-Ti (S44400) Three new groups of alloys are shown in Table 7, along with the
18 Cr-2 Mo-Ti alloy, which has been in use for some time in Europe and is also produced in the
United States. The limits for carbon and nitrogen, Table 7, for this alloy are a result of extensive
research on this composition at the laboratories of the Climax Molybdenum Company [84-86]. To
maintain the concentrations of carbon and nitrogen as shown in Table 7, the alloy must be made by
the AOD or VOD process. With the exception described below, it resists stress corrosion cracking in
various laboratory tests and its resistance to chloride pitting is approximately on a level with that of
Type 304 steel. However, in oxidizing acids, there is rapid attack on intermetallic phases and
titanium carbides.

1.2. 26Cr-IMo In 1970, Schwartz et al. [87] and others [88-91] of Airco Vacuum Metals,
Division of Airco Inc. introduced the first high purity alloy. The E-Brite 26-1* (S44627)
composition was the result of an effort to improve on the properties of the 26% Cr, Type 446 steel.
Low carbon and nitrogen concentrations (C + N < 200 ppm) were achieved by a new combination
of vacuum induction melting followed by electron-beam continuous hearth refining. Even these low
concentrations of nitrogen (150 ppm maximum) resulted in some susceptibility to intergranular
attack on weldments. For this reason, niobium, in concentrations from 13 to 29 times the nitrogen
content, is being added [92]. However, this small addition is not generally shown in the analyses
given for the "high purity" 26-1 alloy [91]. In addition to its resistance to chloride stress corrosion,
this alloy has approximately the corrosion resistance of Type 316 stainless steel in acid and in
pitting environments. The low carbon and nitrogen concentrations have reduced the transition
temperature to -620C as compared with +12O0C for Type 446 steel.

When the 26 Cr-I Mo alloy is made by the argon-oxygen or the vacuum oxygen decarburization
processes, carbon and nitrogen cannot be reduced to such low concentrations and, to prevent
precipitation of chromium carbides and nitrides, titanium has been added [93-96]. It has proven to
be effective in preventing intergranular attack associated with chromium carbide and nitride
precipitates. However, there is an increase in the transition temperature to 4-4O0C and some
susceptibility to intergranular attack at grain boundaries of weldments in oxidizing environments
associated with intermetallic phases and titanium carbide and nitride precipitates.

1.3. 28 Cr-2 Mo A second high-purity alloy was developed at the Deutsche Edelstahlwerke
[now Thyssen Edelstahlwerke (TEW)] in Krefeld, Germany, by Oppenheim and Lennartz [97]
and Oppenheim and Laddach [98] in 1971. Their high purity (c + N < 100 ppm, with 50 ppm
desirable) 28% Cr-2% Mo composition requires vacuum melting followed by vacuum arc
remelting [99] to give a transition temperature near O0C. This development was based on previous
work by Tofaute and Rocha [100], who reported in 1954 on work carried out ~10 years
before. They investigated the effect of nickel, molybdenum, and copper additions to alloys with 20
to 30% Cr in a search for resistance to sulfuric acid. Because of the high carbon (and nitrogen)
content (0.04-0.07% C) of their alloys, these compositions had high transition temperatures

* Trademark of Airco Inc. Acquired by Allegheny Ludlum Industries, June 1977. Now to be produced by vacuum induction
melting.



and were difficult to process into mill forms. This prevented their development into commercial
products.

The availability of the new processes for melting and refining stainless steels led Oppenheim and
Lennartz to reexamine this field with the aim of developing an alloy with resistance to corrosion by
sea water up to boiling temperatures. They determined pitting potentials by potentiostatic anodic
polarization and concluded that an alloy with 28% Cr-2% Mo met these requirements. In later
potentiostatic tests [101] with synthetic crevices, they found that it is subject to crevice corrosion in
3% NaCl solutions at 4O0C. Potentiostatic pitting tests are made by using an auxiliary cathode and an
external emf for a stepwise increase in the noble direction of the potential of a specimen anode
immersed in a chloride solution. The current flow between the specimen and the cathode is observed.
The potential at which there is a large increase in this current flow is the pitting potential. The
increase in current is a result of pit initiation. High pitting potentials indicate high resistance to pit
initiation.

To provide a wider range of resistance to corrosion in sulfuric acid and in sea water, 4% nickel was
added to the 28 Cr-2 Mo alloy [102]. Further development work, supported by the German
ministry for research and technology, was intended to make it possible to melt this alloy by the
vacuum- or argon-oxygen decarburization processes in place of the more costly induction
melting followed by vacuum arc remelting procedures. About 0.5% niobium was added to combine
with the higher carbon and nitrogen contents (C + N < 400 ppm) resulting from this process
[99, 101].

1.4. 29 Cr-4Mo* The high purity 29% Cr-4% Mo alloy is the result of a development effort [75,
104] at the Du Pont Experimental Station. It was initiated in 1966. The aim of this investigation was
to develop the maximum pitting and crevice corrosion resistance available in the Fe-Cr-Mo
system while retaining resistance to chloride SCC. In addition, for industrial applications,
formability, toughness and ductility were required. Note that, unlike the other high purity alloys in
Table 7, the total concentration of C + N, which can be tolerated in the 29 Cr-4 Mo alloy is
250 ppm. In particular, the tolerance for nitrogen is 200 ppm. This is important because, while
carbon can be reduced to as low as 10-50 ppm in the new refining processes, it is difficult to reduce
nitrogen much below 100 ppm. For the high purity 26 Cr-I Mo alloy (i.e., in the absence of
stabilized elements), the upper limit of 150 ppm N is probably too high by >60ppm when it is
essential to avoid intergranular attack on weldments.

Nickel (2%) was added to the 29 Cr-4 Mo composition to increase resistance to reducing acids.
This addition makes the alloy self-repassivating in boiling 10% sulfuric acid and in boiling 1%
hydrochloric acid. Both the 29 Cr-4 Mo (S44700) and the 29 Cr-4 Mo-2 Ni (S44800) alloys have
been made in commercial quantities by the Allegheny Ludlum Steel Co. using vacuum induction
melting (VIM). The 29 Cr-4 Mo alloy has also been made by electron-beam refining.

2. Pitting and Crevice Corrosion

The requirements for pitting resistance in the alloy development work at Du Pont [75] were derived
from the need for exchanger tubing that would resist crevice, pitting, and stress corrosion when
exposed to river waters containing manganese. To prevent clogging by the accumulation of organic
slimes in these heat exchangers, the river water was chlorinated for short periods several times a day.
Under these circumstances, Carpenter 20 Cb-3 tubes failed in 6 months of service. The failure by
crevice corrosion was attributed to the combined action of permanganate and chloride ions formed
when chlorinated water comes into contact with the manganese dioxide water deposit [105].
Simulation of this process in the laboratory led to a solution of 2% KMnC>4-2% NaCl with a
corrosion potential of +0.6V vs. SCE and a pH 7.5. Alone, neither of these reagents is corrosive to

*In previous publications [75,103] this alloy was identified as "28- 4." For the new ferritic alloys, the center of the concentration
range for chromium and molybdenum is being used (Fig. 18). Therefore, this practice is also being followed for the 29-4 alloys.



FIGURE 17. Permanganate/chloride test specimens [75]. (a) Pitted Type 430 specimen with coating of
manganese oxides, 15 h at 9O0C (1950F). (b) Same specimen after removal of coating, (c) Typical resistant Fe-
Cr-Mo alloy specimen after 16 months at 9O0C (1950F).

austenitic stainless steels. However, in combination these reagents cause rapid pitting at room
temperature on all the common ferritic and austenitic stainless steels, as well as on Carpenter 20
Cb-3, in <24h (Table 8). When there is pitting (anodic sites), the cathodic reaction consists of
reduction of soluble permanganate to insoluble manganese oxide at the cathodic areas (Fig. 17). A
simple, visual demonstration of the electrochemistry involved in corrosion.

A lead for the alloy development work was provided by the results on the most pitting-resistant
austenitic alloy, SP-2, mentioned above [65]. This experimental alloy, a 316L with 2.5% Si and
0.23% N, proved to be resistant in the KMnO4-NaCl solution, not only at room temperature, but also
at 5O0C (Table 8). In the alloy development program, a similar alloy without the 10% Ni was made to
provide stress corrosion resistance, 20 Cr-2 Mo-2 Si. This was as resistant in the KMnC>4- NaCl
solution as the SP-2 alloy. Eventually, because of problems with reproducibility, the silicon was
replaced by more molybdenum. To simulate conditions in heat exchangers, the temperature was
raised in steps to 9O0C in the search for even more resistant compositions. The results are shown in
Figure 18 [102a].

Because the permanganate-chloride test was new, a comparison was made with results obtained
in the familiar 10% ferric chloride solution using a specimen with six crevices (Fig. 19). The pH of
this solution is 1.6 and the corrosion potential is also about +0.6 V vs. SCE. Data in Figure 18 and
Table 8 show that the ferric chloride crevice test at 5O0C is consistently more severe than the
permanganate-chloride test at 9O0C. Data on commercial alloys in Table 8 characterize the two
pitting tests. Only the nickel-base Inconel alloy 625, Hastelloy alloy C, Hastelloy alloy G, and
titanium are resistant in the KMnO4- NaCl solution at 9O0C. Of these three materials, only Hastelloy
alloy C and titanium resist pitting and crevice corrosion in ferric chloride at 5O0C. These two
materials are resistant up to 650C. At 750C , they too fail by crevice corrosion in ferric chloride
solution.

Figure 18 shows what the chromium and molybdenum concentrations in high purity alloys must
be to resist chloride pitting and crevice corrosion. It is apparent that chromium alone without
molybdenum cannot provide resistance in the two tests shown, at 36 or even 40% Cr [102a]. Neither
the 26 Cr-I Mo nor the 28 Cr-2 Mo alloy has optimum pitting resistance obtainable in the Fe-Cr-
Mo system. In the permanganate chloride test, both alloys are resistant only up to 5O0C and in the
ferric chloride test, only the 28 Cr-2 Mo is resistant at room temperature (Table 8). Sometimes the
26 Cr-I Mo alloy is also classed as resistant in the latter test, but the photographs of specimens show
[88] that there was some crevice attack in these tests and, therefore, the discrepancy is a result of
different rating criteria. "Resistant" (R) in Table 8 and Figure 18 indicates that there was no pitting
or crevice attack.



TABLE 8. Comparison of Pitting Resistance

Pitting Corrosion"1Element (%)

FeCl3
 cKMnO4-NaCl*

5O0C
(12O0F)RT

9O0C
(1950F)

750C
(1650F)

5O0C
(12O0F)RTCbSiCuMoNiCr

Alloy

Stainless SteelsUNSNo.

F

F

R*

W

F
F
F
R
R

F
F
F
F
F
F
F
R

F
R
F
F

F0
R
F
R

F
F
R
R
R
R

R

R
R
R

F
F
F
R
R

F

R

F

R

R

F
F
F
R
R

R

F
R
F
R

R

R

R
R
R
R
R

F
F
F
F
F
F
F
R

R
R
R
R

F0

R

F
R
R
R
R
R

0.6

Other

Cb

Ti

Other

2.5 Co.
4W

2.5

Cu

0.1
0.4
0.4
1.8

3.3

Fe

7
5

47
30

Cu

2.5

2.3
3.0
2.3
2.5

Mo

9.0

Fe

5
6
20

9.1
20
12.8
12.9
34.6
10

Cr

15
22
21
21

Mo

28
16
6.5

16.2
25.5
18.4
25
17.5
18.4
19.8
18

Ni

77
59
32
42

Cr

1
16
22

AISI 430
AISI 446
AISI 304
AISI 310
AISI 316
AISI 316L
Carpenter 20Cb-3
SP-2d

Nickel-Chromium Alloys

Inconel Alloy 600
Inconel Alloy 625
Incoloy Alloy 800
Incoloy Alloy 825

Nickel-Base Alloys

Hastelloy Alloy B
Hastelloy Alloy C
Hastelloy Alloy G
Titanium

New Ferritic Stainless Steels

Fe-18 Cr-2 Mo-Ti
Fe-26 Cr-I Mo
Fe-28 Cr-2 Mo
Fe-28 Cr-2 Mo-4 Ni-Nb
Fe-29 Cr-4 Mo
Fe-29 Cr-4 Mo-2 Ni

S43000
S44600
S30400
S3 1000
S3 1600
S3 1603
N08020

N06600
N06025
N08800
N08825

NlOOOl
N10002
N06007

S44400

S44700
S44800
0R =No pitting; F=failed by pitting and/or crevice corrosion; FG =failed by general corrosion.
*2% KMnO4-2% NaCl- no crevices (pH 7.5).
C10% FeCl3 6H2O with crevices (pH 1.6).
JWith 0.2% N and 0.033%C.
e Resistant up to 650C (150 F).



Percent by Weight, Chromium

( For 18 Cr-2Mo the ranges are 18 to 20 Cr; 1.75 - 2.25 Mo)

FIGURE 18. The effect of chromium and molybdenum in Fe-Cr-Mo alloys on pitting, crevice and stress
corrosion.

The composition of the 29 Cr-4 Mo alloy was selected to provide resistance to crevice and
pitting corrosion in ferric chloride solution at 5O0C, which means the compositions is also resistant at
9O0C in the KMnO4-NaCl solution. Because high molybdenum contents (> 4.6%) and high
chromium contents (> 32.5%) contribute to a loss in ductility, a composition well away from these
regions was selected. The 4% molybdenum in this alloy provides additional benefits. It is responsible
for the important increase in the tolerance for residual nitrogen discussed below.
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Fail by Fracture or Stress Corrosion in MgCl2 Solution

Resistant in Ferric Chloride at 5O0C
and in KMnO4-NaC! at 9O0C

Weld Not Ductile
Fail by Pitting and Crevice
Corrosion in both tests

FIGURE 19. Ferric chloride test specimens [75]. (Right): Specimen with six crevices ready for testing. (Left):
After testing with attack at four crevices formed by elastics and two under Teflon TM blocks.



TABLE 9. Effect of nickel Additions to 29 Cr-4 Mo alloy0

Boiling 10%
Sulfuric Acid

Elements(%)

Cr

28.0
28.0
28.0
28.0
28.0
28.0
28.5
28.5
28.5
28.5
28.5

Mo
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.2
4.2
4.2
4.2

Ni

0.10
0.20
0.25
0.30
0.40
0.50
1.5
1.8
2.0
2.5
3.0

State

Active
Active
Passive
Passive
Passive
Passive
Passive
Passive
Passive^
Passive^
Passive^

Corrosion
Rate

(mm/year)

1600
1516

1.4
1.3
0.7
0.6
0.2
0.3
0.2
0.3
0.2

Pitting Corrosion b

KMnO4 -NaCl c

R
R
R
R
R
R
R
R
R
R
R

FeCl^

R
R
R
R
R
R
R
R
R
F
F

Stress Corrosion e

(Not Welded)

Resistant
Resistant
Failed
Cracked after 119h
Cracked after 261 h
Cracked after 16 h
Cracked in < 16 h
Cracked
Cracked in 3 h

a See [103].
6R = resistant to pitting and crevice corrosion; F = failed; — = not tested.
C2% KMnO4 -2% NaCl at 9O0C (1950F).
d\Q% FeCl3 -6 H2O at 5O0C (12O0F) with crevices.
e Magnesium chloride test (45%); resistant = no cracking after 240Oh.
/self-repassivating = .

Addition of 2% Ni to the 29 Cr-4 Mo composition does not impair resistance to pitting corrosion.
However, increasing the nickel content beyond the 2.2% specified for the alloy to 2.5% does reduce
resistance in the ferric chloride test at 5O0C (Table 9). This effect has also been found by Okada et al.
[106] and by Bond et al. [107] and is another example of the complex role of nickel on the corrosion
resistance of stainless steels.

Both the 29 Cr-4 Mo and the 29 Cr-4 Mo-2 Ni alloys have been tested by immersion in the
ocean with severe synthetic (Teflon or DeMn) crevices on the specimens. In addition, during the 9-
month exposure a layer of marine organisms 4-cm thick formed on the front and back of each test
piece. There was no corrosion, pitting or crevice attack, on either of the two alloys [103].

Similar excellent results were obtained in two other crevice corrosion test programs in natural sea
water in 1980. The 29 Cr-4 Mo alloys were part of a group of 36 ferritic and austenitic alloys having
a wide range of alloy compositions [107a] and with polymeric (Teflon) crevices.

A Precaution It should be noted, however, that these results do not apply to all kinds of crevices.
For example, it has been found that a metal-metal crevice consisting of a high chromium alloy such
as 29 Cr-4 Mo with a lower chromium alloy such as 18 Cr- 8 Ni may result in severe attack in the
crevice on the alloy with the higher chromium content. When the low-resistance 18 Cr- 8 Ni alloy is
attacked by the sea water the solution in the crevice becomes very acidic and also causes attack on
the high chromium alloy. In the active state the corrosion potential of this alloy is more anodic than
the lower chromium 18 Cr- 8 Ni material. As a result, attack on the high chromium alloy is
increased and it provides cathodic protection for the 18/8 alloy. It is therefore essential to use highly
resistant alloys for tube sheets when high chromium alloys are used for tubes in heat exchangers
[107b, 107c].

3. General Corrosion

Table 3 provides a survey of corrosion rates for comparison of the new ferritic stainless steels with
each other and with commercially available alloys commonly used for resistance to acids. The acids



selected for these tests include a wide range of severely corrosive environments, oxidizing acids, and
organic and inorganic reducing acids. Four types of behavior are represented in Table 3.

1. Passive state that is not converted into the active condition by contact with an iron rod while
the specimens are immersed in the test solution. Examples are all of the alloys in
concentrated nitric acid and, with the exception of type 430, in acetic acid.

2. Passive state that after conversion galvanically to active, hydrogen evolution corrosion by
contact with an iron rod, is reestablished spontaneously when the galvanic contact is
interrupted. This is self-repassivation. Examples are the two nickel-bearing Fe-Cr-Mo
alloys in the sulfuric and hydrochloric acid tests.

3. Passive, but not self-repassivating. On immersion, the alloy is passive and remains in this
state. However, when galvanically activated with an iron rod, there is no repassivation when
the rod is removed. Passivity can be restored simply by removing the specimen from the flask
and exposing it to the air or rinsing it in water before reimmersing it in the acid solution. In
Table 3, these tests are identified by "d" and the rates in both the passive and the active states
are listed.

4. Active state with hydrogen evolution corrosion that begins when the specimen is immersed in
the boiling solution. Examples are all the tests on Type 430 steel in reducing acids.

As already noted above, of all the old alloys in Table 3, Carpenter 20 Cb-3 has the best overall
resistance to various types of boiling acids. Hastelloy alloy C, because of the deleterious effect of its
high molybdenum content (16%) and because of its somewhat low chromium content (15.5%), has
the highest corrosion rate of all the alloys in the oxidizing acids [108]. On the new alloys, corrosion
in oxidizing acids is a function of the chromium content. The relatively high rate of the 18 Cr-2
Mo-Ti alloy is a result of preferential attack on intermetallic phases and on titanium carbides and
nitrides. Similar effects are found on the titanium-stabilized 26 Cr-I Mo alloy.

The 29 Cr-4 Mo alloy's performance is equal to or superior to that of Carpenter 20 Cb-3 except
in inorganic reducing acids. In boiling 10% sodium bisulfate, the alloy is passive, but not self-
repassivating, and in boiling 10% sulfuric and 1% hydrochloric acid the alloy is active and has very
high corrosion rates. However, addition of only 0.25% Ni to the 29 Cr-4 Mo alloy makes it passive,
but not self-repassivating in boiling 10% sulfuric acid, Table 9. The amount of nickel required for
passivity is a function of both the chromium and molybdenum concentration. For self-repassivation,
2% Ni is required. The 2% nickel also makes the alloy self-repassivating in boiling 1% HCl.

Addition of 4% Ni to the TEW 28 Cr-2 Mo alloy provides resistance comparable to that of the 29
Cr-4 mo-2 Ni alloy. Both alloys are self-repassivating in boiling 10% sulfuric acid and have
corrosion rates that are only ^ of that of Carpenter 20 Cb-3. But they are not resistant in boiling
solutions above 10% [102]. The fact that the higher (4%) nickel content in the 28 Cr-2 Mo alloy
does not provide passivity in sulfuric acid at concentrations > 10% seems to be a result of the
presence of niobium in this alloy. Bond et al. [107] reported that the use of titanium in place of
niobium provides passivity up to 25% acid. However, titanium raises the impact transition
temperature. The acid corrosion resistance of the two nickel-bearing alloys, 29 Cr-4 Mo-2 Ni and
28 Cr-2 Mo-4 Ni, is essentially equivalent to that of Carpenter 20 Cb-3 in the solutions of Table 3.

Because the 26 Cr-I Mo and 18 Cr-2 Mo alloys do not contain nickel, they are not resistant in the
boiling inorganic acids of Table 3. Also, because of their lower chromium and molybdenum contents
as compared with the 29 Cr-4 Mo alloy, their resistance in the more corrosive organic acids is lower
than that of the 29 Cr-4 Mo alloy. In general, the 26 Cr- 1 Mo alloy is more resistant than the 18 Cr-
2 Mo alloy.

Note that titanium, which has outstanding resistance in the two chloride pitting and crevice
corrosion tests and is resistant to chloride stress corrosion, has high resistance only in nitric and
acetic acid solutions of Table 3. In heat exchangers, for example, titanium provides excellent
resistance to corrosion by natural cooling waters, but its range of resistance to process fluids is
severely limited as compared with Carpenter 20 Cb-3 and several of the new alloys in Table 3. A



new titanium alloy (Ti-38A) with 0.3% Mo and 0.8% Ni has recently been introduced to extend the
range of resistance to acids. In the solutions of Table 3, the corrosion of the new alloy is significantly
lower only in boiling 45% formic acid, 22 vs. 0.0 mm/year. In some acids the rate of the new alloy is
higher than that of commercially pure titanium.

The temperatures and acid concentrations of Table 3 represent relatively severe conditions. In
some cases, alloys that are listed as having high rates of corrosion become passive and self-
repassivating at lower temperatures and/or concentrations of acid.

4. Intergranular Corrosion

4.1. Chromium Carbides and Nitrides Susceptibility to intergranular attack in the new ferritic
alloys has frequently been determined by testing a specimen containing a weldment without filler
metal made by using a shielded tungsten arc to melt the alloy i.e., an autogenous weld. Such a
specimen approximates the actual thermal cycles that the material may undergo during fabrication
by welding. Because of this, evidence of intergranular attack in one or more of the components of
the weldment, weld metal, fusion zone, heat-affected zone, or base metal, shows that such material
may be subject to intergranular attack when exposed in an environment that produces intergranular
attack on sensitized grain boundaries. Preferential attack on a narrow component of the weldment
makes it impossible to use weight-loss determinations for detecting susceptibility to intergranular
attack. Other methods, such as visual examination of corroded surfaces for dropped grains or for
fissures on specimens that have been bent after testing must be used.

Because the solubility for nitrogen is lower in ferrite than in austenite, chromium nitrides form in
ferritic stainless steels and also contribute to susceptibility to intergranular attack. The involvement
of nitrogen was reported in 1952 by Houdremont and Tofaute [109]. Therefore, the nitrogen content
of the Fe-Cr-Mo alloys must be held to low concentrations, not only during melting and refining,
but also during welding operations. To prevent absorption of nitrogen by molten weld beads from the
air, the new alloys must be protected on both sides by a blanket of argon or helium gas (shielded). In
contrast, during heat treatments, there is no problem of nitrogen absorption from air atmospheres by
solid metal.

Two copper sulfate tests, the HNOs-HF test and the ferric sulfate-50% sulfuric acid test, have
been used to detect susceptibility to intergranular attack associated with chromium carbide and
nitride precipitates in ferritic alloys. As shown in Figure 9, the nitric acid test is relatively insensitive
for this purpose. In a new ASTM standard, A-763, for evaluating ferritic stainless steels, the number
of test methods has been reduced to three, the ferric sulfate test and two versions of the copper sulfate
test, with 15% sulfuric acid for alloys containing 17-20% Cr and 50% sulfuric acid for alloys with
25-30% Cr [111].

Intergranular corrosion in Fe-Cr-Mo alloys is a function of the carbon and nitrogen contents,
their solubility, and rates of diffusion. Unexpectedly, it has been found that increasing the
molybdenum content increases the tolerance for nitrogen, which is difficult to reduce much below
lOOppm by any of the refining procedures. Several investigators [75, 85, 95] have shown that
weldments in the 26 Cr-1 Mo alloy containing nitrogen in concentrations greater than ~ 80 ppm are
subject to intergranular attack. Thus, the available refining methods cannot consistently provide a
low enough concentration of nitrogen to prevent intergranular attack on weldments in the high purity
26 Cr-I Mo alloy.

Because of this problem small amounts of niobium (0.05-0.08%) have been added to the EB 26-
1 alloy [92]. Such additions have been made for ~5 years, but have not been shown in recent
analyses for which 150 ppm nitrogen are given as the maximum, with 100 ppm as a typical
concentration [91]. These additions of niobium have, however, not prevented some susceptibility to
intergranular attack. Sweet* reported intergranular attack on weldments exposed in the ferric

* Report to NACE Task Group 5A-17, January 21, 1977 (Du Pont Company).



sulfate-sulfuric acid test. The attack was only two layers deep. However, heating of EB 26-1 alloys
for SOmin at 5930C (UOO0F) resulted in severe susceptibility to intergranular attack throughout the
entire cross-section. There is a possibility that the reason for this is that the amount of niobium added
(0.05-0.08%) is less than that specified (13-29 times the %N) in the patent [92] on this subject.
Completely stabilized 26 Cr-I Mo material, such as 26 Cr-1 Mo-Ti, is resistant to intergranular
attack after such a heat treatment at 5930C (UOO0F).

Extensive data on the 29 Cr-4 Mo alloy support the conclusion that there is a much higher
tolerance for nitrogen, 200 ppm in this alloy than in the 26 Cr-I Mo composition. Thus, the
concentration of ~ 100 ppm N, which can be achieved by vacuum induction or by electron beam
refining, is entirely adequate for the 29 Cr-4 Mo alloy. The limits for carbon and nitrogen in the 29
Cr-4 Mo alloy, C < 100 ppm, N < 200 ppm with C + N < 250 ppm, as defined in the original
investigation of this alloy [75], have been completely supported by Nichol and Davis [UO]. They
tested weldments and specimens that had been heated at 1010°, 1121, and 12320C and either
quenched or air cooled. None of the compositions that met the above limits for carbon and nitrogen
showed intergranular attack in the four evaluation tests used. These evaluation tests were copper
sulfate with 16 and 50% sulfuric acid, HNO3 -HF, and the ferric sulfate test. In the 29 Cr-4 Mo alloy,
increasing nitrogen concentrations in excess of 200 ppm first impair mechanical properties and then
resistance to intergranular attack and chloride pitting.

Because the carbon contents of all of the new ferritic alloys must be held to low values, pick-up of
carbon during processing and forming operations must be avoided. Carbonaceous lubricants must be
thoroughly removed before heat treatments.

4.2. Intermetallic Compounds Thermal exposures in the range of 700 to 9250C can result in
formation of sigma, chi, and perhaps, other phases at the grain boundaries of Fe-Cr-Mo alloys. In
the high purity 29 Cr-4 Mo and 29 Cr-4 Mo-2 Ni compositions, the rate of formation is so slow
that these phases do not form during welding. Even after heating of 1 h at 8150C, the temperature of
most rapid formation, only a small amount of sigma phase is formed at grain boundaries [103]. Its
presence is without effect on the resistance to intergranular attack, even in the oxidizing ferric
sulfate-sulfuric acid test. Nor does it affect the weld-bend ductility. However, it is shown in the
next section that there is some reduction in the toughness, the Charpy impact strength. Heat
treatments of 100 h at 8150C produce large amounts of chi and some sigma phase. In the 29 Cr-4
Mo alloy, the chi phase contains cracks. Addition of 2% Ni to the 29 Cr-4 Mo composition
increases the amount of chi phase and also eliminates the cracks, that is, increases the ductility and
toughness [103]. It was found [111] that chi phase is rich in molybdenum and chromium and that
there is even greater enrichment in sigma phase.

When titanium and niobium are added to commercial AOD heats of 18 Cr-2 Mo and 26 Cr-1 Mo
alloys to stabilize their relatively high carbon and nitrogen contents (C + N = 300-500 ppm, Table
7), welded specimens may become subject to intergranular attack in the ferric sulfate-50% sulfuric
acid test and in the even more oxidizing nitric acid test. When the same specimens are immune to
intergranular attack in the copper sulfate-50% sulfuric acid and the nitric-hydrofluoric tests, this
shows that susceptibility to intergranular attack is not associated with chromium carbides or nitrides,
but is a result either of intermetallic phases rich in molybdenum, titanium, and niobium and/or
preferential dissolution of titanium and niobium carbides. The manganese and silicon present in
commercial alloys may also promote the formation of these intermetallic compounds. Nichol and
Davis [110] tested a series of 26 Cr-I Mo alloys with a range of Ti/C + N ratios from 3.5 to 18.5.
Welded specimens were tested in copper sulfate-50% H2SO4 (with metallic copper, +0.1 V vs.
SCE) and in ferric sulfate 50% H2SO4 (+0.6 V vs. SCE). Compositions having a Ti/C + N ratio of
< 9.1 were subject to intergranular attack in both tests because the amount of titanium added was
insufficient to prevent formation of chromium carbides and nitrides. On alloys with ratios of 9.1 or
greater, there was no intergranular attack in the copper sulfate test, but alloys with high ratios (13.0,
16.6, and 18.5) were subject to intergranular attack in the ferric sulfate test. Recent results of Sweet
[112] are in agreement with these findings. By analogy with the effect of sigma phase, in austenitic,



molybdenum-bearing stainless steel (316L) as described above (Table 4), it may be concluded that
the cause of this intergranular attack on 26 Cr-I Mo with high concentrations of titanium is probably
one or more intermetallic, titanium and molybdenum-rich, phases.

Bond and Lizlovs [113] and Dundas and Bond [114] found similar behavior in 18 Cr-2 Mo alloys
stabilized with titanium. These results on titanium-stabilized 26 Cr-I Mo and 18 Cr-2 Mo alloys
have led to a recommendation [95] that such alloys not be used in oxidizing environments for which
their high chromium contents otherwise make them eminently suitable. Data on 18 Cr-2 Mo-Ti in
Table 3 support this recommendation.

Some results reported by Troselius [115] on an 18 Cr-2 Mo-Ti alloy that was stressed while
exposed at 30O0C in water contining 10 and lOOppm Cl suggest that this problem of second phases
or titanium carbide and nitride precipitates may not be confined to nitric acid and ferric sulfate-
sulfuric acid solutions. He found intergranular failure that he termed stress accelerated intergranular
attack, but which may also have been intergranular stress corrosion cracking. A Type 430 specimen
did not fail in this environment, which contained 9 ppm oxygen.

Weldments on TEW, niobium stabilized, 28 Cr-2 Mo-4 Ni sheets, 3-mm thick, were found to be
resistant in all of the acid corrosion tests of ASTM A 262. However, prolonged heating of 15 min and
1 h at 600 and 120O0C was found to increase somewhat the corrosion rate in the nitric acid test
[101,116]. Also, Bond et al. [107] reported that there was preferential pitting attack on weldments of
a 28 Cr-2 Mo-4 Ni alloy stabilized with titanium. The alloy was exposed in boiling 25% NaCl
solution with an adjusted (HCl) pH of 1.5. There was localized corrosion at the heat-affected zone on
an unidentified phase. This appears to be a result of the action of titanium, which may be similar to
that found for niobium by Troselius [117]. He observed that niobium has a detrimental effect on the
resistance of molybdenum-bearing austenitic steels in chloride pitting environments.

The various intergranular corrosion evaluation tests can be used to determine whether or not the
amount of titanium and/or niobium added was sufficient to prevent formation of chromium carbide
and nitride precipitates and whether or not heat treatments applied to react the stabilizers with carbon
and nitrogen were effective. If not, chromium carbides and nitrides may be formed, and the
unsuccessfully stabilized alloys will be subject to intergranular attack, pitting, and chloride stress
corrosion cracking in MgC^ and NaCl solutions. Enough stabilizer must be present, not only to
provide the theoretical amount for combination with the carbon and nitrogen, but also be assure a
high rate for this reaction and to provide for losses to oxide and sulfide formation. The rate must be
high enough so that this stabilizing reaction removes the available carbon and nitrogen during rapid
cooling of a weldment through the range of temperature in which the stabilizers react with these
elements. The amounts of stabilizers required in relation to the carbon and nitogen contents are
shown in Table 7.

5. Stress Corrosion Cracking

As described above, while ferritic alloys are generally immune to chloride SCC, this property may be
impaired in several ways. When ferritic stainless steels contain chromium carbide precipitates
surrounded by chromium-depleted zones, they become subject to SCC not only in the MgCIi test at
1550C, but also in various NaCl tests at lower temperatures. This is shown in Table 6 for Type 446
steel and for an off-grade 29 Cr-4 Mo alloy with 210 ppm C (i.e., more than twice the maximum
permissible carbon content of 100 ppm). Also, sensitized 18 Cr-2 Mo and 26 Cr-I Mo alloys have
been found by Dundas to crack when exposed to artificial sea water [85]. It has not been possible to
determine the effect of high nitrogen contents on resistance to stress corrosion. Increasing the
nitrogen content significantly beyond the 200 ppm limit in the 29 Cr-4 Mo alloy so reduces its
ductility that attempts to form U-bends for stress corrosion tests result in fracture of the specimens.

Furthermore, the presence of small amounts of nickel or copper makes ferritic alloys susceptible
to transgranular SCC in the magnesium chloride test. The effect of nickel has been demonstrated for
the 18 Cr-2 Mo, 26 Cr-I Mo, 28 Cr-2 Mo, and the 29 Cr-4 Mo alloys [72, 75, 95, 102]. Residual
nickel can be a problem because this element may sometimes be introduced with scrap and from



furnace linings. The amount (0.2-1%), which causes cracking in magnesium chloride solution
depends on the condition of the metal, wrought, or cast, as in weld metal, the amount of cold work,
and the concentration of molybdenum and of copper in the alloy (Table 10). All of these factors
reduce the tolerance of nickel as compared with an annealed, wrought Fe-Cr alloy without
molybdenum (Table 6). When nickel is added as an alloying element, as in 28 Cr-2 Mo-4 Ni and in
29 Cr-4 Mo-2 Ni alloys, the time to cracking in the MgCl2 test is rapidly reduced as the nickel
content is increased to 2% or more (Table 9).

Fortunately, nickel as a residual element or an alloying addition does not cause SCC in various
sodium chloride environments (Table 6). There is no cracking even when the temperature is
increased to 155 and 20O0C in autoclave tests with 26% NaCl solutions and an atmosphere of air [74,
75]. Also, when the natural pH 7.3 of the sodium chloride solution is reduced to 4.0, the pH of the
magnesium chloride test, there is no cracking on the 29 Cr-4 Mo-2 Ni or the Carpenter 20 Cb-3
alloy in 26% NaCl at 1020C. Alloys with copper and high molybdenum concentrations that fail by
cracking in MgC^ are also resistant in the NaCl tests. Thus, there is a marked difference between
stress corrosion caused by chromium carbide precipitates and by nickel, copper, or molybdenum.
The sodium chloride test environments are much more like service conditions than the magnesium
chloride test solution.

Support for these findings on the difference between MgCh and NaCl environments is provided
by recent autoclave tests at 20O0C with chloride concentrations up to 3000 mg/L in sewage sludge.
Welded U-bend specimens were tested [118] and it was found that there was no cracking on the 29
Cr-4 Mo-2 Ni alloy during the 1000-h test period. Type 316 steel cracked in only 48 h in sludge
with only 1000 mg/L.

Tests on the TEW 28 Cr-2 Mo-4 Ni alloy gave similar results. This alloy also cracks in the
MgCh test. However, in stress corrosion tests up to 100Oh in boiling sea water and up to 600Oh in
boiling 15% synthetic sea water, there was no cracking, even though Types 304 and 316 specimens
cracked after 800 and 180Oh, respectively, in the 15% salt solution [101, 116].

6. Mechanical Properties

A summary of yield and tensile strength, ductility, and transition temperatures is given in Table 10
for the new ferritic alloys, along with values for Types 316 and 446 stainless steels. New alloys with
26-29% Cr have higher yield strengths than either Types 316 or 446, the value for the 29 Cr-4 Mo-
2 Ni alloy being the highest of all, 614 N/mm2 (89 ksi). This alloy also has the highest tensile
strength. There is a progressive decrease in ductility from 37 to 24% as the alloy content of the
ferritic compositions is increased from 18 Cr-2 Mo to 29 Cr-4 Mo- 2 Ni.

The temperature at which fractures of Charpy V-notch specimens change from a ductile to a
brittle appearance is a measure of the notch sensitivity. Reducing the concentration of carbon and
nitrogen reduces (improves) the transition temperature [83, 98]. Addition of nickel also lowers this
temperature, as does the use of niobium as a stabilizing element [99, 107, 119]. In contrast, addition
of titanium raises the transition temperature [99, 107]. Thus the high purity 26 Cr-I Mo, 29 Cr-4
Mo-2 Ni, and the 28 Cr-2 Mo-4 Ni (Nb) alloys all have relatively low transition temperatures. But
both of the titanium-stabilized alloys have a high notch sensitivity (Table 10). Low transition
temperatures promote the formability of weldments and increase the thickness of sections that can be
processed during production. When the transition temperature of a ferritic alloy is too high for
processing thick plates, it may be possible to circumvent this problem by cladding thin ferritic alloy
sheets onto thick carbon steel tube sheets.

Nichol [119] has made a detailed investigation of the mechanical properties of the 29 Cr-4 Mo-2
Ni alloy. Figure 20 contains his data on the effect of specimen thickness on transition temperature for
an alloy with 40 ppm C and 146 ppm N. For water quenched material having a thickness of 1.65 mm
(0.065 in.), such as frequently used for heat exchanger tubing, the fracture appearance transition
temperature (FATT) is -9O0C. The impact strength (toughness) for a standard size, 10mm
(0.394 in.) Charpy V-notch specimen above the transition temperature (shelf energy) is 25OJ



TABLE 10. Mechanical Properties of Stainless Steels

Alloy

Type 316*
Type 446*
18 Cr-2 Mo-Ti c

26 Cr-I Mo-Nb91'92

Electron Beam Refined

26 Cr-I Mo-Ti95

28 Cr-2 Mo-4 Ni-Nb99

29 Cr-4 Mo*
29 Cr-4 Mo-2 Ni119

Yield
Strength

MPa

206
310
302

345

358
567
545
614

ksi

30
45
44

50

52
82
79
89

Tensile
Strength

MPa

517
517
468

483

517
649
614
682

ksi

75
75
68

70

75
94
89
99

Elongation
(%)

40
20
37

35

30
26
27
24

Transition
Temperature a

-24O0C (-40O0F)
+1220C (+25O0F)
+25 to 750C

(+75 to +1650F)
-620C (-8O0F)

+4O0C^ (+1050F)
-5°C(+25°F)
+16°C(+60°F)
-7°Ce(+19°F)

Hardness,
RB

95 max
95 max

83

83

85
83-98

94
95

"Full size, 10mm (0.39 in.) Charpy impact specimens.
b Data from Allegheny Ludlum Steel Corp.
c Data from Climax Molybdenum Company.
JFor 1.91mm (0.075 in.) sheet, transition temperature= -23 to -90C (-9 to +150F).
*For 1.65mm (0.065 in.) sheet, transition temperature= -9O0C (-1950F).

(175 ft-lb). Alloys with a higher (3-4%) nickel content, such as the 28 Cr-2 Mo-4 Ni (Nb) alloy,
have a lower shelf energy, 160-180 J [99, 107].

The effect of the temperature of prior heat treatments on the toughness of 29 Cr-4 Mo-2 Ni alloy
at room temperature (270C) is given in Figure 21. Prior exposure in two temperature ranges was
found to reduce the impact strength, one between 7040C (130O0F) and 8710C (160O0F). and a lower
temperature range centered at 4820C (90O0F). The higher temperature range corresponds to the range

Sample Thickness ( in.)

FA
TT

 
(0

C
)

FA
H

 
(0

F
)

Air Cool

Water Quench

Rolled to Gage

Machined to Gage

Sample Thickness ( mm)

FIGURE 20. The effect of sample thickness and colling rate on the fracture appearance transition temperature
of 29Cr-4Mo-2Ni alloy [119].
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FIGURE 21. The effect of temperature and time on impact strength of 29 Cr-4 Mo-2 Ni alloy. [119].

in which chi and sigma phases are formed in this alloy [103]. The lower temperature falls within the
range of the 4750C (8850F) embrittlement phenomenon, 400-51O0C. All chromium-bearing ferritic
stainless steels with > 12% Cr are subject to this type of embrittlement [85, 91, 103, 119, 12O]. It
limits the prolonged use of the Fe-Cr-Mo alloys to temperatures below ~350°C. The other new
ferritic alloys are probably also subject to a reduction of impact strength after exposure in the range
of temperature in which chi and sigma phases are formed, 7040C (130O0F) to 9270C (170O0C).

Detailed investigations of mechanical properties have been reported by Davison [86] for 18 Cr-2
Mo-Ti, by Franson [91] for high purity 26 Cr-I Mo, by Pinnow, et al. [95] for 26 Cr-I Mo-Ti and
by Brandis et al. [99] for 28 Cr-2 Mo-4 Ni Nb).

The oxygen content of ferritic alloys must be kept to low concentrations (~ 0.001-0.002%) by
control of the melting processes to avoid embrittlement and oxide inclusions that impair resistance to
pitting attack. To prevent embrittlement by hydrogen, it is essential to avoid diffusion of hydrogen
into cold-worked metal during pickling treatments. In cases where absorption of hydrogen has
occurred, storage for 24 h at ambient temperature or baking at 100 to 30O0C for several hours permits
hydrogen to diffuse out of the alloys and restores ductility [103]. Reaction of ferritic alloys with
nitrogen during annealing in cracked ammonia atmospheres must also be avoided.

E. SUMMARYANDCONCLUSIONS

The first use of both the ferritic and austenitic stainless steels can be traced to the skilled application
of chance observations by Brearly [1-4] and Maurer [5-8] in 1912. In contrast, the new Fe-Cr-Mo
alloys are a result of several simultaneous and deliberate efforts to develop alloys that would meet a
number of well-defined objectives. Nevertheless, in the work on these new alloys some unexpected
observations were made. Increasing the molybdenum content from 1 to 4% decreases the preci-
pitation of chromium nitrides and, therefore, the susceptibility to intergranular attack in acids.
Addition of nickel lowers the impact transition temperature (i.e., increases toughness). Even though
nickel additions make the alloys subject to SCC in magnesium chloride solutions, this is not the
case in various sodium chloride tests, which simulate actual service environments. When the
concentration of nickel exceeds a certain level, resistance to crevice corrosion in oxidizing chloride
solutions is reduced.
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An overview of the properties of the new ferritic stainless steels is given in Table 11. Because of
their resistance to stress corrosion cracking in sodium chloride solutions, they can provide a
large part of the practical solution to the chloride SCC problems. In addition, depending on their
alloy content, they provide resistance to pitting and crevice corrosion in chloride solutions
ranging from that roughly equivalent to Types 430, 446, and 304 steels for the 18 Cr-2 Mo
(Ti) alloy to that equivalent in some cases to the costly Hastelloy alloy C and titanium for the 29
Cr-4 Mo alloys. The latter group of alloys are also the only ones that have been found to be
resistant to crevice corrosion during exposure in the ocean. Note, however, the limitation described
under "A Precaution" above Alloys in metal-to-metal crevices must be of comparable corrosion
resistance.

The relatively high chromium contents of these alloys make them resistant in oxidizing acids.
The only exceptions are the two alloys stabilized with titanium. In oxidizing acids, the numerous
titanium carbide and nitride particles are dissolved rapidly. Resistance in organic acids increases
with increases in the concentrations of chromium and molybdenum. Addition of nickel is needed to
provide resistance to reducing, inorganic acids. Thus, the resistance of the two nickel-bearing alloys
to corrosion in acids in the tests of Tables 3 and 11 is equivalent to that of Carpenter 20 Cb-3, which
is the most resistant of all the old alloys of Table 3. Weldments of the new alloys are also resistant to
intergranular attack in acids, again with the exception of the two titanium stabilized alloys in
oxidizing solutions.

All of the new ferritic alloys have good deep-drawing characteristics and are readily formable
with less work hardening than austenitic alloys. For maximum formability of weldments and
processing of heavy sections, the alloys with low transition temperatures are preferred.

On the basis of available laboratory data (Table 11) the 29 Cr-4 Mo and 29 Cr-4 Mo-2 Ni alloys
provide an optimum combination of resistance to chloride SCC, pitting and crevice corrosion, and
resistance to general and intergranular corrosion in a broad range of acids, along with excellent
strength, ductility, toughness, and weldability. They can also be cast into intricate shapes. Because of
the limits for carbon and nitrogen in these two high purity alloys (100 ppm maximum for C, 200 ppm
maximum for N, with C H- N < 250 ppm) they must, at present, be melted and refined either by
vacuum induction or electron-beam processes that are more costly than the argon-oxygen
decarburization process.

These limits for carbon and nitrogen in the 29 Cr-4 Mo alloys are only a relatively small step
below the desirable concentrations specified for the stabilized 18 Cr-2 Mo, 26 Cr-I Mo, and 28
Cr-2 Mo-4 Ni alloys. These range from 300 to 500 ppm for C + N in heats made by the lower cost
AOD process (Table 11). Either titanium or niobium can be used to combine with carbon and
nitrogen in the above alloys. However, the properties of the resulting compounds differ depending on
the stabilizing element selected. Titanium carbides and nitrides are more rapidly dissolved in
oxidizing acid solutions in some cases than the corresponding niobium compounds [113]. In
reducing acids the advantage is reversed. The use of titanium for stabilization of the 28 Cr-2 Mo-4
Ni alloy provides for a greater range of concentration of sulfuric acid in which the alloy is passive
than does the use of niobium [107], which is specified for this alloy.

To assure rapid formation of titanium carbides and nitrides, as is needed during cooling of welds,
more than double the theoretical amount of titanium required for reaction with all the carbon and
nitrogen present must be added to 26 Cr-I Mo and 18 Cr-2 Mo alloys [110, 112, 114]. This is also
the case for niobium stabilization of the 28 Cr-2 Mo-4 Ni alloy [99, 101, 102, 116]. Titanium, by
raising the impact transition temperature, has a deleterious effect on toughness, whereas niobium,
which lowers this temperature, has a beneficial effect. But the joint use of niobium with titanium
does not offset the deleterious effect of titanium [121]. Increasing the titanium or niobium
contents above the amounts required for stabilization of weldments can result in a decrease in
ductility of these weldments. Niobium can cause hot-shortness in weld metal [121]. Both titanium
and the more costly niobium promote the formation of intermetallic compounds in molybdenum-
bearing alloys. These reduce toughness and have a deleterious effect on corrosion in oxidizing acids.
Furthermore, in the 28 Cr-2 Mo-4 Ni alloy, titanium additions result in an unidentified phase in



TABLE 11. Summary of Properties of Ferritic Alloys

Alloy0

29 Cr-4 Mo-2 Ni29 Cr-4 Mo28 Cr-2 Mo-4 Ni-Nb26 Cr-I Mo-Ti
26 Cr-I Mo
(High Purity)18 Cr-2 Mo-TiProperty

F
R

R
R
R

R
R

R
R
R
R
R

-7 C
(+2OF)

VIM

R*
R

R
R
R

R
R

R
R
R
F
F

+16C
(+6OF)

VIM or EB

F
R

R
R
F

R
F

R
R
R
R
R

-5 C
(+25F)

VOD or AOD

R95*
R

R
R
F

F

P
R
F
F
F

+4OC
(+105F)

AOD

R*
R

R
R
F

F

R
R
F
F
F

-62 C
(-8OF)

EB or VIM

Rb'c

R

F

F

P
F
F
F
F

+25 to +75 C
(+75 to +165 F)

AOD or VOD

Stress corrosion cracking
MgCl2 (1550C, 31O0F)
NaCl (1030C, 2170F)

Pitting and crevice corrosion
KMnO4-NaCl

Room temperature
5O0C (12O0F)
9O0C (1950F)
Ferric chloride

Room temperature
5O0C (12O0F)
Corrosion in boiling acids d

Nitric-65%
Formic-45%
Oxalic- 10%
Sulfuric-10%
Hydrochloric- 1%

Transition temperature^

Refining processes

0R = resistant; F = fails by type of corrosion shown; AOD = argon-oxygen decarburization; VOD = vacuum-oxygen decarburization; VIM = vacuum induction melting; EB = electron beam refining.
b Copper and nickel residuals must be kept low in these alloys to resist cracking in this solution.
cData from Climax Molybdenum Co. publication, 18 Cr-2 Mo ferritic stainless steel.
^R indicates passive or self-repassivating with rates < 0.2mm/y (0.008 in./y).
e Not recommended for oxidizing solutions.
^FuIl size Charpy V-notch specimens.



weld metal that reduces resistance to chloride pitting [107]. There is a possibility that niobium has a
similar effect.

Thus, for melting of stabilized alloys by the more economical AOD or VOD processes, it is
essential not only that the proper stabilizing element be selected to meet specific requirements for
corrosion resistance, toughness, and weldability, but also that its concentration be precisely
balanced. To prevent susceptibility to intergranular attack on weldments, a minimum amount of
stabilizer must be added for rapid reaction during welding with the carbon and nitrogen remaining
after the refining of the melt. The upper limit on its concentration is determined by the need to
minimize reductions in the ductility of weldments, prevent susceptibility to hot-shortness in weld
metal and retard the formation of intermetallic phases that reduce toughness and resistance to
corrosion. The deleterious effects of stabilizing elements on mechanical properties increase with the
molybdenum content of the alloy. Addition of titanium and niobium to 29 Cr-4 Mo alloys
containing carbon and nitrogen in excess of the limits for these alloys reduces their ductility and
resistance to stress corrosion cracking in the magnesium chloride test. These stabilizers can,
therefore, not be used in these alloys to prevent susceptibility to intergranular attack [75]. However,
when carbon and nitrogen are kept within the limits specified (C + N < 250 ppm) niobium and
aluminum may be added (0.1-0.3%) for grain refinement. High-purity compositions normally have
very large grains which, when it is necessary to prevent an "orange-peel" appearance, can be
reduced in size by these additions.
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APPENDICES

A. The Discovery of Chromium and Its Alloys

Brearly's and Maurer's chance observations in 1912 of the superior corrosion resistance of alloys
containing chromium and the reduction to commercial practice of their findings came more than 100
years after the discovery of chromium. According to Schroeter's [1] account, chromium was
discovered in 1797 when the German chemist Klaproth and the French analyst, Vauguelin, both
analyzed a bright red mineral (crocoite) that had been found in the Ural mountains. Klaproth
concluded that it contained a hitherto unknown metal. Because his supply of the mineral was
insufficient to permit further investigation, he drew attention to Vauquelin, who, he knew, had also
begun to study crocoite at this time. He was the first to isolate the new element. During the isolation
and reduction of the new metal from the red mineral, which also contained 64% lead, all of the
compounds were more or less colored. In response to a suggestion by the crystallographer Haiiy,
Vauquelin named the element "chrome," which was derived from the Greek word for color. In 1798,
chromium was also discovered in a sample of iron ore from the northern Urals by the German
chemist, Lowitz, who served as apothecary at the Imperial Court at St. Petersburg. His ore was
chromite (FeG^CU), the only commercial source of chromium to this day.

In 1821, the French mineralogist Berthier was apparently the first to investigate alloys of
chromium and iron. He found that ferrochromium alloys are resistant even in aqua regia [2]. Faraday
[3] made a 3% Cr steel in 1822 and noted that "the beauty was heightened by heating the metal in a
way to exhibit all the colours caused by oxidation, from pale straw to blue • • •." And, anticipating
Brearly, even suggested that "the blade of a sabre, or some such instrument made from this alloy, and
(heat) treated in this way, would assuredly be beautiful, whatever its other properties might be; for of
the value of the chrome alloy for edge-tools we are not prepared to speak, not having made trial of its
cutting powers. The sabre blade, thus coloured, would amount to a proof of its being well tempered;
the blue back would indicate the temper of a watchspring, while the straw colour towards the edge
would announce the requisite degree of hardness."

As discussed in [2, 4], still other investigators noted the resistance of iron-chromium alloys to
rusting in water (Mallet, 1838), to corrosion by concentrated acids (Fremy, 1857), and the adverse
effect of high carbon contents. Hadfield [5] reported in 1892 on Fe-Cr alloys with chromium up to
16%, but did not discover the type of acid (oxidizing) in which they have superior corrosion
resistance. For his experiments, like Faraday and Stodart before him, he used sulfuric acid in which
chromium actually increases the rate of dissolution of iron.

Carbon, always present in these early alloys in concentratios up to ~1%, also promoted
passivity in oxidizing acids and increased corrosion rates in reducing acids [6] by galvanic action.
These apparently contradictory effects of chromium and carbon delayed the more general
recognition of the outstanding properties of iron-chromium alloys. The beginning of clarity in this
situation came with the availability in 1897 of relatively large quantities of low-carbon chromium by
reduction of chromium oxide with aluminum powder in the Goldschmidt process [7]. It made
possible extensive studies of passivity of pure chromium, such as those of Hittorf [8], who, however,
concluded that passivity is not the result of an oxide film. Nevertheless, his observations of anodic
protection by means of an external emf and by coupling of chromium with platinum influenced the
investigations on iron-chromium alloys of Monnartz [6] 12 years later. His work too depended on a
supply of low-carbon (<0.03%) ferrochrome made by the Goldschmidt process.

This was also the case for the extensive metallurgical investigations of Guillet in France during
the years 1904-1906. He made many ferritic and austenitic alloys, some of whose compositions
were like those that later became industrial products. Like others before him, he noted that strong
acids were required to etch his metallographic specimens, but he surprisingly concluded that, except
for the great hardness of these alloys, chromium does not impart any properties of particular interest
[9]. In 1911, Dantsizen made an iron-chromium (14-16%) alloy at the General Electric Company



for use as lead-in wires for electric bulbs [10, 11], apparenlty without recognizing their potential for
service in corrosive environments.

The origin of stainless steels has been studied in detail by Zapffe [12], whose book on stainless
steels of 1949 [11] contains photographs of a number of the earliest discoverers and investigators.
Hadfield's article of 1892 [5] includes an extended survey of the earliest work on Fe-Cr alloys. At
the time of the fiftieth anniversary of stainless steels in 1962, Krainer [13] contributed a history that
contains interesting details on the early German work. A chronology of developments was published
in [10] and an entire issue of the Ciba Review was devoted to chromium and stainless steels [2].

B. Copper SuIfate-SuIfuric Acid Test

One of the first investigators to use this test was Strauss, who is frequently thought to be the
originator of this so-called " Strauss test." However, in his own publication [14] he mentioned the
fact that this test solution was first used by Hatfield in England. Hatfield's claim [15] as its originator
is supported by others [16-18].

REFERENCES

1. J. Schroeter, Ciba Review, No. 101, December 1953, pp. 3620-3624.

2. A. Guyer, Ciba Review, No. 101, December 1953, pp. 3645-3649.

3. M. Faraday, "Experimental Researches in Chemistry and Physics," published by R. Taylor and H. Francis,
London, UK, 1859, p. 79.

4. R. H. Greaves, "Chromium Steels," His Majesty's Stationery Office, London, UK, 1935, p. 4.

5. R. A. Hadfield, J. Iron Steel Inst, 2, 49 (1892).

6. P. Monnartz, Metallurgie, 8, 161, 193 (1911).

7. H. Goldschmidt, Elektrochem. Z., 4, 143 (1897).

8. W. Hittorf, Z. Phys. Chem., 25, 729 (1898) and 30, 481 (1899).

9. L. Guillet, "Etude industrielle des alliages metalliques," (Album de micrographies) 2pt., Paris, 1906, p. 331.

10. Anon. Vancoram Rev., 14, 13 (1959).

11. C. A. Zapffe, "Stainless Steels," The American Society for Metals, Cleveland, OH, 1949.

12. C. A. Zapffe, Iron Age, October 14, 1948.

13. H. Krainer, Tech. Mitt. Krupp-Werkstoffber. 20, 165 (1962).

14. B. Strauss, H. Schottky, and J. Hinnuber, Z. Anorg. Allgem. Chem., 188, 309 (1930).

15. W. H. Hatfield, Discussion of paper by L. B. Pfeil and D. G. Jones, J. Iron Steel Inst., 127, 380 (1933).

16. J. H. G. Moneypenny, "Stainless Iron and Steel," Chapman & Hall, London, UK, 1951.

17. H. Krainer, Berg Huttenmann. Monatsh., 105, 280 (1960).

18. E. G. Rollason, J. Iron Steel Inst., 127, 391 (1933).


	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
	A. The Discovery of Stainless Steels
	B. The Passive State
	C. The Role of Alloying Elements
	D. New Ferritic Stainless Steels
	E. Summary and Conclusions
	F. Acknowledgments
	G. References
	Appendix A: The Discovery of Chromium and Its Alloys
	Appendix B: Copper Sulfate-Sulfuric Acid Test
	References

	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
	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



