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A. THE DISCOVERY OF STAINLESS STEELS

Harry Brearly was the first not only to recognize the superior corrosion resistance of an iron-base
alloy containing chromium, but also to put this property to use for making "rustless" cutlery from a
12.8% Cr alloy [1-4]. Brearly's independent discovery in 1912, which included the application of a
heat treatment to harden the alloy, was the result of the successful exploitation of a chance
observation. He had been trying to prevent erosion and fouling in rifle barrels when he alloyed iron
with chromium and observed during metallographic work that these steels resisted attack by
etchants. Later he gave these ferritic, Fe-Cr alloys the name "stainless steel" [I].

This name was then also applied to the austenitic, Fe-Cr-Ni, compositions that were being
developed into commercial products at about the same time in Germany [3, 4]. Here, too, it was a
chance observation which led to the discovery of the corrosion resistance of the austenitic, Fe-Cr
alloys with about 8% Ni. In 1912, Maurer [5-8] noticed that some alloys that Strauss had made were
impervious to attack after months of exposure to acid fumes in his laboratory. These alloys had been
set aside because they could not be worked without cracking. From previous experience on the
metallurgy of Fe-Cr-Ni alloys, he devised an annealing heat treatment with a water quench that put
the large amount of chromium carbide precipitate into solution and made the alloys ductile [8].

Strauss was the head of the physics section of the research laboratory of the Friedrich A. Krupp
Works at Essen, which was founded in 1883. Maurer joined this laboratory in 1909 as its first
metallurgist. Patents were immediately applied for in Germany and elsewhere by Strauss and
commercial development and production were initiated. By 1914, rapidly increasing quantities of
their V2A steel, 20% Cr-7% Ni-0.25%C, were being supplied to the Badische Anilin und
Sodafabrik in Ludwigshafen. For Fritz Haber's ammonia synthesis plant, these alloys were the right
materials at the right time [8]. Even though the patents for the compositions of austenitic alloys are in
the name of Strauss, Maurer's chance observation and heat treatment are recognized [3-10] as the
starting points for the industrial application of austenitic stainless steels in chemical plants.

Advances in production and fabrication techniques led to large-scale applications of both ferritic
(17% Cr) and austenitic (18 Cr-8 Ni) stainless steels for ammonia and nitric acid plants in England

*Adapted from "Stainless Steel 77", Robert Q. Barr (Ed.), Climax Molybdenum Company.
**Chance discoveries also led to the introduction of X-rays (1895), radioactivity (1896), age hardening aluminum alloys (1906),
penicillin (1928), nuclear fission (1939), and the argon-oxygen refining process (1954). See also Appendix A.
t Consultant, formerly at Du Pont Experimental Station, Wilmington, DE and at the University of Delaware, Newark, DE.
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and the United States as well as in Germany during the years from 1925-1935 [11, 12]. Eventually,
the volume of production of the austenitic greatly exceeded that of the ferritic alloys, by a factor of
two to one in recent years in the United States. By far the greatest effort in research and development
has been concentrated on the austenitic grades until recently. As described below, since 1967 there
has again been intense activity in the development and commercialization of new ferritic stainless
steels.

B. THE PASSIVE STATE

The first practical applications of a stainless steel originated in England, and so did the most
commonly accepted explanation of the mechanism responsible for the superior corrosion resistance
of these alloys. On the basis of experiments with iron exposed to nitric acid, Faraday explained what
was termed the passive state in 1836 by the Swiss investigator, Schonbein [13]. Faraday attributed
the resistance of iron in concentrated nitric acid to a protective iron oxide film that forms on the
surface of the metal by reaction between the metal and the passivating environment. Once formed, its
slow dissolution in this environment then determines the corrosion rate of the metal. From
observations [14, 15] made on passive stainless steels exposed to boiling 50% sulfuric acid with
ferric sulfate inhibitor, it is apparent that the passive state is not an inert or static state, but a dynamic
condition in which there is continuous dissolution and repair of the passive film at discrete points in
the surface. A similar view of the passive state has also been evolved by Tomashov [16].

Because the techniques for peeling oxide films from passive metals had not been developed in
Faraday's time, the invisible protective films could not be detected and identified directly. As a result,
their existence was widely disputed even as late as 1908 [13]. In 1930, Evans [17] provided direct
evidence of their existence by means of a simple, electrochemical technique that made it possible to
peel the film from a passive surface and view it under a microscope.

The factors leading to passivity in various Fe-Cr alloys were first investigated systematically by
Monnartz [18] in his doctoral research. He used low-carbon ferrochrome made by the Goldschmidt
process for his research and became the originator, not only of a number of methods for enhancing
the passivity of these alloys, but also of concepts for understanding this condition. The following is a
partial list of his findings of 1911.

Iron-chromium alloys with 12.5% or more chromium are resistant at room temperature to nitric
acid at all concentrations. With 14% Cr or more, Fe-Cr alloys resist such solutions at
temperatures up to boiling.

In reducing acids, additions of chromium to iron increase the rate of corrosion.
Molybdenum additions increase resistance of Fe-Cr alloys in nitric acid containing chloride

salts.
Passivity depends on a source of oxygen, either from a compound in solution or from dissolved

oxygen gas.
In solutions in which a given Fe-Cr alloy is not passive, for example, nitric acid containing a

chloride salt, passivity can be induced by contacting the specimen with a platinum wire,
adding platinum as an alloying element, or making the Fe-Cr alloy an anode by means of a
cathode and an external electromotive force (emf) (anodic protection). All of these
procedures change the potential of the alloy in the noble direction.

With his thesis advisor, Borchers, Monnartz patented a 30-40% Cr alloy with 2-3% Mo. Despite the
fact that they used low-carbon chromium derived from the Goldschmidt process, this alloy proved to
be too brittle for fabrication. The implications of much of this extensive investigation in 1911 were
recognized only much later, even though Monnartz pointed out that the chromium-bearing alloys
deserved attention by the chemical industry [8].



C. THE ROLE OFALLOYING ELEMENTS

1. General Corrosion in Acids

Ll. Chromium When a series of alloys with increasing concentrations of chromium are tested in
an acid of constant temperature and concentration, there is frequently a sharp change from high to
low corrosion rates within a narrow range of concentration of chromium. The minimum
concentration of chromium required for passivity is a function of the type of acid, its concentration,
and temperature [19]. Thus, there is no fixed ratio of iron to chromium concentration in Fe-Cr
alloys that characterizes the passive state for various concentrations, temperatures, and acid
compositions [2O]. Nor would this be expected if the rate determining process in the passive state is
the rate of dissolution of the protective oxide film in the acid solution. Chemical analysis of oxide
films have shown that the ratios of metals are different in the film than in the metal, that is, the rate
at which the various metals form hydrated oxides varies [21].

In practice, it has been found that an alloy with 14-18% Cr provides resistance in a number of
acid environments, and this has led to a well-established, commercial alloy, AISI Type 430 (S43000)
stainless steel (Table 1). Increases in the concentration of chromium above that required to produce
passivity can provide significant further reductions in corrosion rates. This had led to the use of an
Fe-24 to 27% Cr alloy, Type 446 (S44600), for some environments. Originally, this alloy was
intended to resist high-temperature oxidation.

The effect of the concentration of chromium in iron on corrosion in an oxidizing environment is
shown in Figure 1. In the boiling 50% sulfuric acid solution with ferric sulfate, the passive rate is
reduced by 99.44% as the chromium content is increased from 12 to 25%. Alloys with <12% Cr are
active in this solution and dissolve at rates greatly in excess of 600 mm/year. The ferric sulfate in this
solution, when present in excess of a certain minimum concentration, which varies with the
chromium content of the alloy [14], makes stainless steels passive. The corrosion potential is
changed from — 0.6 to +0.6 V versus a saturated calomel electrode (SCE) (Table 2). Even though
the rates of corrosion are relatively high and readily measurable, there is no hydrogen evolution and
the cathodic reaction consists of the reduction of ferric ions:

Fe3+±f;Fe2+

This reaction is electrochemically equivalent to the anodic dissolution of iron, chromium, and
nickel:

Fel -
Cr I Zl^+ +Cr2++Ni2+

NiJ

When the available ferric ions are consumed in the cathodic reaction, there is a sudden shift to the
active state and, in the case of the boiling 50% sulfuric acid solution, an almost explosive production
of hydrogen gas [14].

Corrosion in the passive state in sulfuric acid solution with ferric sulfate is a function of the acid
concentration and of the alloy content of the steel. Large variations in corrosion rates can be obtained
by varying the acid concentration (Fig. 2) without significantly changing the corrosion potentials,
which are near +0.6 V vs. SCE.

The large variation in corrosion rates as a function of chromium content (Fig. 1) makes this
solution a sensitive tool for detecting the formation of chromium-depleted zones around chromium
carbide and nitride precipitates at grain boundaries of stainless steels. These problems are discussed
in the section on intergranular corrosion.



TABLE 1. Composition of Stainless Steels and Related Alloys

OtherNitrogenCarbon

Elements, %

MolybdenumNickelChromiumTypeUNSNo.

Mn-2.0 max; Si- 1.0 max
Mn-2.0 max; Si-I. O max
Si- 1.50 max
Mn- 1.0 max; Si- 1.0 max
Mn- 1.50 max; Si- 1.0 max
Mn-2.0 max; Si- 1.0 max
Mn-2.0 max; Si- 1.0 max
Ti = 5x%C min
Cb= 10x%Cmin
Cb + Ta = 8x%C
Cu-3.00-4.00
Fe-5.5; W-4; Co-2.5

0.25 max

0.08 max
0.03 max
0.25 max
0.12 max
0.20 max
0.08 max
0.03 max
0.08 max
0.08 max
0.06 max

0.08 max

2.00-3.00
2.00-3.00

2.00-3.00

15.0-17.0

8.0-12.0
8.0-12.0

19.0-22.0

10.0-14.0
10.0-14.0
9.0-12.0
9.0-13.0

32.5-35.0

~54

18.0-20.0
18.0-20.0
24.0-26.0
14.0-18.0
23.0-27.0
16.0-18.0
16.0-18.0
17.0-19.0
17.0-19.0
19.0-21.0

14.5-16.5

304
304L
310
430
446
316
316L
321
347

Carpenter 20 Cb-3

Hastelloy Alloy C

S30400
S30403
S3 1000
S43000
S44600
S31600
S31603
S32100
S34700
N08020

N10002



Chromium, wt.%

Ferric Sulfate-50% Sulfuric Acid, + 0,60V vs. SCE
5% Sulfuric Acid, - 0.60 V vs. SCE

FIGURE 1. General corrosion of Fe-Cr and Fe-10% Ni-Cr alloys in sulfuric acid solutions [33]. Ferric
sulfate-boiling 50% sulfuric acid with 25g/600mL ferric sulfate. 24 h. Sulfuric acid-boiling 5%. 15 min.

TABLE 2. Corrosion Potentials of Stainless Steels in boiling Acids
and in chloride Solutions

Nitric acid, 65% (0.75-1.0 Vduring test)

Ferric sulfate-sulfuric acid
(Ferric Chloride)
(Potassium Permanganate-Sodium Chloride))

Copper sulfate-sulfuric acid

Copper sulfate-sulfuric acid with
metallic copper

5% Sulfuric acid
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(15 min)



Concentration of Sulfuric Acid, % by weight

FIGURE 2. Effect of concentration of sulfuric acid on corrosion rate of Type 304 stainless steel in the passive
state. Boiling solutions with 15g/600mL ferric sulfate. Boiling points: 10%-102°C (2150F); 50%-123°C
(2650F); 60%-14O0C (2850F).

Figure 1 also shows the results of tests in the active state with hydrogen evolution and a corrosion
potential of -0.6V vs. SCE. The same series of Fe-Cr alloys was exposed to boiling 5% sulfuric
acid without ferric sulfate. Only by greatly reducing the acid concentration could tests be made under
controlled conditions because of the rapid rate of hydrogen evolution. In agreement with the results
of Monnartz [18], it was found that during active corrosion in reducing acids, increasing the
concentration of chromium in the alloy increases the rate of corrosion. Increasing the chromium
content from 10 to 35% increases the dissolution rate by a factor of 3.

The effect of chromium on corrosion by-boiling acids is also shown in Table 3. For comparison
with data on commercial Types 430 and 446 alloys, rates are given for carbon steel (0.2% C) and for
a low-carbon, low-nitrogen 35% Cr alloy. This high-purity composition was previously investigated
by Steigerwald [22]. Even in boiling 65% nitric acid, addition of 16% Cr results in a remarkable
decrease in corrosion rate. In acetic acid there is also a decrease in corrosion rate with addition of
chromium, leading to complete resistance for the 25% Cr alloy. In all of the other acids, addition of
16% chromium increases the rate of corrosion. Increasing chromium to 25% produces a further
increase in rate in sulfuric and hydrochloric acids but decreases the rate in formic acid and in sodium
bisulfate. The rates on the 35% Cr alloy add support to the appearance of a maximum in corrosion
rate in the range of 16 to 25% Cr in most of the acids. Passivity in the high-purity alloy may be
associated with its low carbon content.

1.2. Nickel In the Fe 16-25% Cr alloys, the combination of a body-centered (ferritic) structure
and of their normal carbon contents of ~ 0.1% contributes to a relatively low ductility, which
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TABLE 3. General Corrosion in Boiling Acids

Corrosion Rate (mm per year)*'*

Hydrochloric
(1%)

Sulfuric
(10%)

Sodium
Bisulfate

(10%)
Acetic
(20%)

Oxalic
(10%)

Formic
(45%)

50% Sulfuric
Acid

with Ferric
Sulfate

Nitric
(65%)AlloyUNSNo.

430
1500
1900
1500

81
71

OO

03
5.6

850
0.7 d

(2000)
Q.ld

(1600)
OO
Q.2d

(550)
02

1300
6400
6900

QAd

(5000)
400

22

LL

04
160

2400
3400

3200

0.2
1300

O2

1000
2300
1600

Q.2d

(2700)
70
4.3

03

0.2
6.4

930
0.0d

(1800)
0.0rf

(1500)
OO
Q.2d

(500)
OQ

170
80
0.0C

0.0 c

Olc

or

Olc

o.oc

o.oc

o.oc

o.oc

o.oc

o.oc

o.oc

o.oc

62
160
180

0.0^
(800)

15
2.4

02

02
24

250
Q.2d

(550)
O.r*

(350)
0.1
03

Ol

630
2200
250

0.2^
(1100)

44
13

0.2C

Ol c

22
10
Ol

Ol

Ol
Ol

OJ.

1.9d

0.9d

0.2d

Q.6d

Q.6d

0.2d

6.ld

5.9d

[4.1]**
QAd

03d

Q.3d

0.2d

0.2d

4500
0.5 c

0.2 c

0.2C

0.2C

0.3 c

0.2 c

11.4C

0.3 c

[5.8]*'
Olc

Olc

0.2C

Ol c

Olc

Carbon Steel (AISI 1020)
Type 430 (16% Cr)
Type 446 (25% Cr)
Fe-35% Cr (high purity)

Type 304 (18 Cr-8 Ni)
Type 316 (18 Cr-IO Ni-2.5 Mo)
Carpenter 20 Cb-3
(20Cr-34 Ni-2.5 Mo-3.5 Cu)
Hastelloy Alloy C
(16Cr-54 Ni-16 Mo-4 W)
Titanium
Fe-18 Cr-2 Mo (Ti)
Fe-26 Cr-I Mo (ffigh Purity)

Fe-26Cr-l Mo (Ti)

Fe-28 Cr-2 Mo-4 Ni (Nb)
Fe-29 Cr-4 Mo

Fe-29 Cr-4 Mo-2 Ni

G10200
S43000
S44600

S30400
S3 1600
N08020

N10002

S44400
S44627

S44700

S44800

a Acid concentrations in percent by weight. Test specimens, 25 x 25 mm (1x1 in.); 60OmL of solution. The length of testing time varied from 5 min for high rates to 10 days for low rates.
b O. 10 mm = 4.0 mils (thousandths of an inch) per year.
c Cannot be activated with an iron rod.
d Specimen is passive when immersed, but not self-repassivating when activated by contact with an iron rod while exposed to the solution. Number in parentheses is the rate in the active state.

Underlined rates — self-repassivating after activation with an iron rod.
' Severe intergranular attack.



Nickel in Stainless Steel, % by weight

FIGURE 3. The influence of nickel on corrosion in the active state [14]. Boiling acids 10% by weight.
(HSO3NH2 is sulfamic acid.)

complicates forming operations. These alloys also have a high-notch sensitivity, that is, a high
transition temperature below which ductile fracture is transformed to brittle fracture. Addition of
enough nickel to change the body-centered structure to a face-centered, austenitic, nonmagnetic
structure makes the alloy more ductile and provides high impact strengths even at very low
temperatures. In the case of the 18% Cr alloy, 8% nickel produces a completely austenitic structure
(AISI Type 304 (S30400)) and with 25% Cr, an addition of 20% Ni makes it fully austenitic, Type
310 (S31000).

Both in oxidizing and in reducing acids, nickel additions may actually increase the corrosion rate
of Fe-Cr alloys. An example of this in a reducing acid is shown in Figure 1. A comparison of the two
plots for corrosion in boiling 5% sulfuric acid shows that the 10% Ni alloys with < 16% Cr have
higher rates of corrosion than those of the same chromium content without nickel. Only when the
chromium content exceeds 16% is there a rapid reduction in corrosion. Thus, in the presence of 10%
Ni, increasing the concentration of chromium > 16% reverses the deleterious effect of chromium,
indicating that at these concentrations there is a synergistic effect on the rate of hydrogen evolution
corrosion (active state) between chromium and nickel. This is also shown in Table 3 by the data on
corrosion in boiling reducing acids, sulfuric, oxalic and formic, and in sodium bisulfate. In each of
these acids, the corrosion rate of the 18% Cr-8% Ni (Type 304) alloy is appreciably lower than that
of both the 16% Cr (Type 430) and even the 25% Cr (Type 446) alloys. Figure 3 shows that the first
2% of nickel is more effective in reducing hydrogen evolution corrosion than additions in excess of
this concentration.

In oxidizing acids, the effect of nickel additions also depends on the chromium content. Pilling
and Ackerman [20] found that concentrations of nickel up to 30% in alloys with > 15% Cr increased
the corrosion rate in 5% nitric acid. Only when nickel was added in amounts > 30% was there a
reduction in corrosion rate.

1.3. Molybdenum As mentioned above, Monnartz [18] discovered that molybdenum enhances
the passivity of stainless steels in chloride environments. Comparison of the data in Table 3 on
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TVpes 304 (S30400) and 316 (S31600) provides an indication of the effect of ~ 2.5% Mo on
corrosion in acids. Because molybdenum is a ferrite former, the nickel content is increased by ~3%
over that of Type 304 in order to maintain the austenitic structure. This increase in nickel may also
contribute to the resistance of Type 316 when compared with Type 304. Just 2.5% molybdenum
significantly reduces hydrogen evolution corrosion in most of the reducing acids, but has no
significant effect on corrosion in the two oxidizing solutions. It is shown below in connection with
the new ferritic alloys that, like nickel, molybdenum converts chromium into a beneficial alloying
element in reducing acids. The role of molybdenum in imparting resistance to chloride pitting and
crevice corrosion is discussed below in the section on this topic.

The corrosion rates in Table 3 for Types 430,446, 304, and 316 in reducing acids merely provide
an indication of the effects of various alloying elements. With only three exceptions in acetic acid,
the rates are much too high to permit use of these alloys at the temperatures and concentrations
shown.

1.4. Cr-Ni-Mo-Cu (Alloy 20 (N08020) To provide resistance in broader ranges of concentrations
and temperatures of sulfuric acid solutions, the nickel content of Type 316 steel was increased from
11 to 20%, and 2.2% Cu was added in an alloy developed and standardized in 1932 in Germany
[23]. Fontana initiated a similar alloy for castings at Du Pont in 1935 [24] with 20% Cr-29% Ni-
2.25% Mo-3.25% Cu. Molybdenum enhances resistance at sulfuric acid concentrations between 20
and 70%, while copper contributes to resistance at concentrations < 20% and > 70%. Increasing the
nickel content contributes to resistance over the entire range up to 75% acid [25]. By 1947,
improved melting techniques made it possible to produce wrought products from this alloy, and in
1948 niobium was added to combine with carbon and thereby minimize chromium carbide
precipitation and susceptibility to intergranular attack [26].

However, in 1960, it was found that this alloy was subject to a unique form of stress corrosion
cracking in sulfuric acid solutions in the range of 20 to 80% [27,28]. Grafen [23] attributed this form
of cracking to the cathodic action of copper, which after dissolving from the alloy is redeposited on
the surface and there accelerates anodic dissolution on adjacent surfaces. This problem was
overcome in 1965 by increasing the nickel content from 29 to 34% [25,29] in the Carpenter 20 Cb-3
alloy, Table 1.

Data in Table 3 show that this alloy does indeed have superior resistance in reducing acids
without any decrease in resistance to oxidizing solutions. In fact, the rates for this alloy are low
enough to make it usable in all of the environments of Table 3. The high nickel content also provides
enhanced resistance to chloride stress corrosion cracking, but not to chloride crevice attack.
However, these increases in alloy content have substantially increased the price.

The resistance of the nickel-base Hastelloy alloy C(N 10002) in reducing acids is similar to that of
Carpenter 20 Cb-3. Its poor performance in the oxidizing solutions is primarily a result of its high
(16%) molybdenum content and lower chromium, 16%, as compared with 18% in Type 304. Data on
general corrosion of this alloy are given in Table 3 for comparison because its resistance to chloride
stress corrosion, pitting, and crevice corrosion are superior to all of the stainless steels and to the
Carpenter 20 Cb-3 alloy.

2. Intergranular Corrosion

2.1. The Effect of Precipitates

2.1.1. Chromium Carbide and Nitride. A loss in mechanical strength was observed on some of the
first stainless steels in use for chemical equipment. It was soon found that corrosion was the cause
of this loss. The carbon content of the early austenitic stainless steels was ~ 0.15%. In the very first
investigations of this problem by Strauss, Schottky and Hinnuber [30] and Aborn and Bain[31], it
was found that the carbon combines with chromium during exposures of the steel in the range of



FIGURE 4. Initial attack in ferric sulfate/50% sulfuric acid on sensitized Type 446 (25 Cr) steel [33] (500 X).
Steel: Heated 1 h at 115O0C (210O0F). Exposure: 14 h in boiling solution. Structure: Intergranular attack, but not
on austenite—austenite boundaries. Austenite islands in ferrite matrix. Grains dislodged.

425 to 8750C. Such exposures are involved during welding and, in some cases, during fabrication.
A precipitate of chromium carbide, (Fe, CrfeCe, if formed preferentially at the grain boundaries.
The high chromium concentration in the precipitate causes depletion of chromium in the metal
adjacent to the precipitate. As a result, there is intergranular attack by those environments in which
a decrease in chromium content leads to an increase in corrosion rate.

An example of this is shown in Figure 4. The specimen of Type 446 (25% Cr) steel was heat
treated to precipitate chromium carbides at the grain boundaries. Because this commercial alloy also
contains a deliberate addition of 0.2% nitrogen, an austenite former, for control of grain size, ~50%
of the structure is austenite. In Fe-Cr alloys, nitrogen also reacts with chromium and forms
P — Cr2N [32] at the grain boundaries. As might be expected from Figure 1, there is intergranular
attack in the oxidizing ferric sulfate-sulfuric acid solution. In contrast, on an identical specimen
(Fig. 5) exposed in reducing 5% sulfuric acid, there is no intergranular attack, because in this
solution (Fig. 1), the corrosion rate of Fe-Cr alloys actually decreases as the chromium content is
decreased. The "steps" between the austenite and ferrite grains are a result of higher rates of
corrosion on austenite grains in which the concentration of carbon and nitrogen in solid solution is
higher than in the ferrite grains [33]. Similarly, Figure 1 shows that decreasing the chromium content
of iron alloys containing 10% Ni increases the corrosion rate in 5% sulfuric acid. Therefore, on a
sensitized, 18Cr-IONi alloy (Type 304, Fig. 6) there is preferential attack at chromium-depleted
zones and intergranular corrosion.

The shapes, sizes, and sites of chromium carbide precipitates were determined by Mania and
Nielsen [34] in 1951 by dissolving austenitic stainless steels containing carbide precipitates in a
solution of bromine in methanol. This process leaves behind the fine carbide particles that were then
examined in the electron microscope. This technique was applied to a specimen which was cooled
slowly through the precipitation range to form a large precipitate, Figure 7 [15]. The carbide particles
nucleate at grain boundaries and grow into the metal grains on parallel crystallographic planes.



FIGURE 5. Initial attack in boiling 5% sulfuric acid on sensitized Type 446 steel [33] (500 X). Steel: Heated
Ih at 115O0C (210O0F). Exposure: 30s. Structure: No intergranular attack, preferential corrosion on austenite.

FIGURE 6. Initial attack in boiling 5% sulfuric acid on sensitized Type 304 stainless steel [33] (250 X). Steel:
Heated Ih at 6750C (125O0F). Exposure: 5min. Structure: Intergranular attack, grains dislodged.



FIGURE 7. Precipitation of chromium carbides, (a) Polished 18 Cr-8Ni-0.05%C stainless steel was heated
24 h at 200O0F, furnace cooled to room temperature, and etched electrolytically in oxalic acid. Depressions with
dendritic patterns remain where large chromium carbides were dislodged, (b) Electron photomicrograph of
dendritic carbide isolated from specimen described in (a) by dissolution in a solution of bromine in methanol
(5000 X).



The original investigations of intergranular corrosion also provided various remedies for this
problem.

2.1.2. Heat Treatments. For austenitic, Fe-Cr-Ni alloys, annealing treatments at temperatures
> 1050°C dissolve carbides and put carbon in solid solution. By rapid quenching through the
precipitation range of 875 to 4250C, precipitation of carbides is prevented. Because of the large
solubility of nitrogen in austenite, chromium nitides do not readily form in the austenitic stainless steels.

In the ferritic alloys, the diffusion rates of carbon and nitrogen are much greater than in the
austenitic compositions. As a result, even when these alloys are water quenched from temperatures
above ~800°C, precipitation of chromium carbides and nitrides cannot be prevented. The
temperature range of most rapid precipitation is 540-60O0C. However, because the diffusion rate of
chromium is also much higher in ferritic than in austenitic alloys, the chromium depletion zone
around the precipitates can be replenished by relatively short heat treatments at 80O0C. Thus, in the
ferritic alloys, grain boundaries may be immune to intergranular attack even though they contain
chromium carbide and nitride precipitates.

2. L 3. Low Carbon. Reduction of the carbon content to such low concentrations that no
precipitates are formed during welding and stress relieving operations has largely solved the
chromium carbide problem in 18 Cr-8 Ni austenitic stainless steels. The maximum carbon content
that can be tolerated depends on the heat input during welding and the thickness of the object being
welded, that is, on the cooling rate. The solubility of carbon is only 0.007% at 70O0C in 18 Cr-8 Ni
steel [35] when determined by heating for 5 weeks at 70O0C. For practical purposes, a carbon
content of 0.02 to 0.03%, such as provided in extra-low carbon grades of Type 304 and 316 steels,
meets most requirements. Such grades, 304L (S30403) and 316L (S31603), were introduced about
1947 as a result of improvements in the reduction of carbon made possible by blowing oxygen
through the melt.

Since 1970 further important improvements, a) in reduction of the carbon content to 0.01%, b) the
reproducibility of the composition and, c) in the cost of production, have been made possible by the
introduction of the argon-oxygen decarburization process developed by Krivsky [36]. In this
process the starting materials are first melted as usual in an electric arc furnace. The molten metal is
then poured into a vessel in which both oxygen and argon are blown into the melt from the bottom.
Carbon is removed by reaction with oxygen. By mixing increasing amounts of argon with the
oxygen, ever greater amounts of carbon can be removed. The presence of argon reduces the partial
pressure of carbon monoxide, which controls the concentrations of carbon in the melt. Even though
this process is based on well-known principles of physical chemistry, its discovery was a result of a
chance observation. Its industrial success was facilitated by a concurrent drop in the price of argon
[36]. This refining process is particularly useful for reducing the carbon content of the new ferritic
stainless steels.

Reduction of the carbon content lowers the strength of the 18 Cr-8 Ni alloys and, in some cases,
necessitates the design of heavier and more costly sections. To avoid this expense, stabilized steels,
Types 321 (Ti) (S32100) and 347 (Nb) (S34700), can sometimes be used.

2.1.4. Use of Stabilizers. Before methods had been developed for reducing the carbon content of
commercial melts to low concentrations, titanium [37] and niobium [38] were added to combine
with (stabilize) carbon. To prevent the formation of chromium carbides, the mill forms, sheet, tube,
and bars must first be heated to ~ 1100° C to dissolve all carbides in the austenitic structure, and
then cooled to 90O0C and held for several hours to permit titanium or niboium to react with carbon.
As a result, no carbon is available to form chromium carbides during subsequent exposure in the
chromium carbide precipitation range of 425-8750C. Stabilized steels were introduced during the
early 1930s, and for many years titanium (Type 321) was the preferred element in Europe, while in
the United States Type 347 with niobium has been the most frequently used alloy. Recently,
titanium has also been added to Type 430 steel [39].



FIGURE 8. Weld decay and methods for its prevention. The four different panels were joined by welding and
then exposed to a hot solution of nitric/hydrofluoric acids. Weld decay, parallel, but not adjacent to the weld
metal, such as shown in the Type 304 stainless steel, is prevented by reduction of the carbon content (Type 304L)
or stabilization with titanium (Type 321) or niobium (Type 347).

Three of these methods for overcoming susceptibility to intergranular attack are illustrated in
Figure 8. Four panels were joined by welding and then exposed to a solution that causes intergranular
attack on grain boundaries containing chromium-depleted zones surrounding chromium carbide
precipitates. In the high carbon Type 304 steel, heat from the liquid weld metal resulted in
precipitation of chromium carbides in a zone parallel, but not adjacent, to the weld metal.

The question of the concentration of nickel in 18% Cr alloys required to convert precipitation of
chromium carbides from the ferritic (Type 430) to the austenitic (Type 304) pattern was investigated
by Upp et al. [4O]. As expected, Type 304 was made susceptible to intergranular attack when heated
in the range of 650 to 76O0C. On Type 430, this same heat treatment imparts resistance to
intergranular corrosion by diffusing chromium into the depleted zones surrounding chromium
carbide and nitride precipitates. Quenching from > 104O0C provides optimum resistance to Type 304
but makes Type 430 susceptible to intergranular attack. Additions of only 3.0% nickel to Type 430
transformed its response to heat treatments to that of Type 304 (18 Cr-8 Ni) steel.



2.7.5. Sigma Phase. Heating the molybdenum-bearing (2.5% Mo) Type 316 stainless steel in the
range of 540 to 100O0C can result in the formation of another precipitate at grain boundaries, an
intermetallic compound, sigma phase. It has a tetragonal structure [41] and is rich in molybdenum
and chromium [42]. Unlike chromium carbide precipitates, which cause susceptibility to
intergranular attack in a large variety of oxidizing and reducing acids, sigma phase only impairs
resistance in the highly oxidizing nitric acid environments [43, 44]. This may be a result of the high
molybdenum content of sigma phase, which leads to direct attack on these particles rather than on
the molybdenum-depleted zones surrounding them. The corrosion potential in boiling 65% HNOs
is about + 1.0 V vs. SCE. In the less oxidizing sulfuric acid-ferric sulfate solution, the corrosion
potential is +0.6V vs. SCE and sigma phase in molybdenum-bearing alloys does not lead to
intergranular attack [15].

In certain Type 316 stainless steels with a very low (e.g., 0.01%) carbon content, it was found that
heating for 1 or 2 h at 6770C (125O0F) has no effect on the microstructure (i.e., there were no carbide
or visible sigma phase precipitates at the grain boundaries). Nevertheless, high rates of intergranular
attack were observed in nitric acid [15, 43-45]. Because prolonged heating of such alloys at 70O0C
results in readily visible sigma phase precipitate and solution annealing at 106O0C with water
quenching removes the susceptibility to intergranular attack, it appears that a submicroscopic,
preprecipitation form of sigma phase is responsible for the intergranular attack on these alloys. This
phenomenon is discussed further below in connection with data in Table 4.

Sigma phase also may form in Type 310 and in 16 and 25% Cr (Types 430 and 446) stainless
steels. However, its rate of formation is so slow that it is of importance only when these alloys are
actually used in the temperature range in which sigma phase is found.

2.2. Evaluation Tests

2.2.1. Copper Sulfate. The fact that both the ferritic and austenitic stainless steels could under
certain circumstances become subject to rapid intergranular attack made it necessary to evaluate
alloys and thereby prevent the use of damaged materials on plants. Tests were proposed in solutions
to which these alloys were to be exposed in service. The widely used copper sulfate -sulfuric acid
test was derived in 1926 by Hatfield [46] from observation of intergranular attack on austenitic
stainless steels in a sulfuric acid pickling tank containing copper sulfate.* Austenitic steels
containing chromium carbide that precipitate at the grain boundaries are "sensitized" and,
therefore, subject to preferential attack in the boiling solution, while at the grain faces there is only
a relatively low rate of attack. The severity of the test is a function of the concentration of sulfuric
acid, ~8% in the original composition of Hatfield. This has been increased to 16% [47] and to 50%

TABLE 4. Effect of Chromium Carbide and Sigma Phase on Intergranular Corrosion0

Ratios of Corrosion Rates *

Alloy

AISI

304
304
316L
316L
316

C(%)

0.063
0.031
0.022C

0.020
0.046

Ferric Sulfate-50%
Sulfuric Acid

(12Oh)

11.8
2.1
1.0
1.4
7.8

65% Nitric Acid
(24Oh)

12.8
2.0

133.0
35.6
19.0

Oxalic Acid
Etch Structure

(Sensitized
Specimen)

Ditch
Ditch
Step
Step
Ditch

a See [15].
b Rate of sensitized specimen -j- rate of solution annealed specimen. Sensitizing heat treatment: 1 h at 6750C (125O0F).
c Sensitized 1 h at 7050C (130O0F).

*See note in Appendix B.



[48] in more recent modifications. The corrosion potential in these solutions is near to +0.35 V vs.
SCE. This value is decreased to H-0.1V vs. SCE by immersing metallic copper (sheet or shot) in the
test flask along with the stainless steel specimen, as proposed by Rocha [49]. Immersion of metallic
copper greatly increases the rate of attack [15]. Sigma phase at grain boundaries of Type 316 and
316L steels does not cause intergranular attack in these copper sulfate tests [48].

Hatfield's test solution provided the first quality control method for preventing industrial use of
sensitized stainless steels. It was also put to immediate use as a research tool in investigations of
intergranular corrosion and for the development of methods for preventing intergranular attack by
heat treatments and by addition of alloying (Ti, Nb) additions. Depending on the concentration of the
sulfuric acid in the test solution and the alloy content of the steel, evaluation is either by visual
examination for fissures on a specimen bent after testing or for grains undermined and dislodged or,
in the 50% I^SC^ solution, by weight loss determinations.

2.2.2. Nitric Acid. In connection with the use of iron-chromium alloys for nitric acid plants, Huey
[50] described a test procedure in 1930 to determine reproducible corrosion rates and thereby to
distinguish differences in the quality of various heats of the new Fe-Cr stainless steels. He
proposed five 48-h test periods in boiling 65% nitric acid solution in glass apparatus. The 65% acid
concentrations was selected for rapid (240-h) results and to facilitate temperature control because it
is near the constant boiling concentration of 68.5%. It was soon found that this test could also be
used to detect susceptibility to intergranular attack in Fe-Cr and Fe-Cr-Ni stainless steels.

In numerous comparisons made on identical specimens of various "sensitized" stainless steels in
both the nitric acid and the copper sulfate-sulfuric acid tests, it was established that the nitric acid
solution detects susceptibility to sensitization caused not only by chromium carbide but also by
sigma phase precipitates such as found in Types 316, 347, and 321 stainless steels [43-45, 48, 51].
The corrosion potential in this highly oxidizing solution is about +1.0 V vs. SCE. Moreover, this test
solution is also unique in that the corrosion products affect the dissolution rate. DeLong [52] reported
that as little as 0.004% dissolved chromium appreciably increases the corrosion rate.

Later investigators [53-55] showed that acceleration is due to the action of chromium in the
hexavalent state. When chromium dissolves in acids, it enters the solution as divalent, blue ions,
which are rapidly converted to the trivalent state, green. These ions are then oxidized more gradually
in boiling 65% nitric acid to the hexavalent state, orange. Hexavalent chromium not only increases
the rate of general or grain face corrosion and of intergranular corrosion of sensitized stainless steels,
but also causes intergranular attack on solution-annealed material, which is free of any precipitates at
grain boundaries [15]. Therefore, it is essential to limit the accumulation of corrosion products in the
nitric acid test, either by changing the test solution frequently (every 48 h) or by distillation designs
for test vessels, such as proposed by DeLong [52]. However, not all aspects of this phenomenon can
be controlled. Nitric acid dissolves certain nonmetallic inclusions and, in the case of titanium-
stabilized steel, the relatively large concentration of titanium carbide and nitride particles. The pits
left behind when these particles have been dissolved limit the movement of dissolved corrosion
products and serve to accumulate hexavalent chromium. A self-accelerating dissolution process is
initiated, which causes rapid growth of the pit by general and intergranular attack. Thus, the
interpretation of high corrosion rates in nitric acid tests may be very complex and of limited
applicability to other environments.

Only when the high rates in the nitric acid test are a result of a chromium carbide precipitate are
the results of more general applicability. The copper sulfate test and several other new methods
provide unambiguous ways for detecting susceptibility associated with chromium carbides.
Therefore, the nitric acid test is primarily useful as a simulated service test for materials that are to
be used for environments involving nitric acid. This is a return to its original purpose. It is
somewhat ironic that in the case of Fe-Cr alloys (Types 430 and 446), which do not form sigma
phase readily, the newer tests described below are much more effective in detecting susceptibility
to intergranular attack in the presence of chromium carbides and nitrides than is the nitric acid
test, Figure 9.



Temperature, 0F

FIGURE 9. Effect of heat treatment on corrosion of Type 446 stainless steel in boiling acid solutions [33]. Heat
treatment: 1 h, water quenched. Acid solutions: 65% nitric; ferric sulfate/50% sulfuric acid; copper sulfate/50%
sulfuric with metallic copper.

2.2.3. Oxalic Acid Etch. If intergranular attack in all environments other than nitric acid is
associated only with chromium carbide and nitride precipitates (in 304, 304L, 316, and 316L), then
the problem of detecting susceptibility to this form of corrosion is reduced to determining the
presence of these precipitates. For practical application in quality control by nonspecialists and for
unambiguous assessment of results, standardized procedures, and simple evaluation criteria are
required. To meet these needs the electrolytic oxalic etch test [56] and the boiling ferric sulf ate -
50% sulfuric acid test [15, 57] were devised. In the oxalic acid etch test, standardized electrolytic
etching coditions are specified along with "acceptable" and "unacceptable" etch structures.
Specimens having "acceptable" etch structures [Figs. 10(a) and (b)] are immune to intergranular
attack and the material they represent can, therefore, be released for service on the basis of this
rapid test method. Only ~15min are required to polish, etch, and examine the etch structure.
"Unacceptable" etch structures [Fig. 10(c)] indicate that the specimen may be subject to
intergranular attack. In order to determine the degree of susceptibility on a quantitative basis, the
specimen is then tested in one of the boiling acid tests. A weight loss is measured and then
converted to a corrosion rate. Acceptance is determined by its relation to a maximum permissible
rate. This rate depends on the test solution, the alloy composition and any prior "sensitizing" heat
treatments. Such heat treatments are applied to alloys to be welded during fabrication or to be stress
relieved by heat treatments to assess their response to thermal exposure in the sensitizing range of
temperature.
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FIGURE 10. Oxalic acid etch test structures [56]. Etched anodically in 10% Oxalic acid at 1.0 amp/cm2 for
1.5 min. (a) Step structure, solution anealed (500 X), steps between grains, (b) Dual structure, sensitized, ditches
at grain boundaries, but not completely surrounding any one grain (250 X). (c) Ditch structure, sensitized, ditches
at boundaries surrounding grains (500 X), one grain or more completely surrounded by ditches.



Thus, the oxalic acid etch test is now applied as a rapid screening method for austenitic stainless
steels in conjunction with various acid intergranular corrosion evaluation tests [58], copper sulf ate -
sulfuric acid, nitric acid, and ferric sulfate-sulfuric acid, as specified in ASTM A 262 [47]. The
oxalic acid etch test is not applicable to either the old (Fe-Cr) or the new (Fe-Cr-Mo) ferritic stain
less steels because the response of sensitized grain boundaries to available etching techniques does
not as yet provide structures that can be routinely classified for screening purposes.

2.2.4. Ferric Sulf ate. The ferric sulf ate-50% sulfuric acid test provides results in 120 h, one half of
the time required for the nitric acid test. It is unaffected by corrosion products, and, therefore,
several specimens can be tested simultaneously. Most importantly, it is sensitive only to suscep-
tibility associated with chromium carbide precipitates in Types 304, 304L, 316, and 316L stainless
steels. It does not detect sigma phase in Type 316 and 316L stainless steels. However, in some heats
of Type 321 (18 Cr-8 Ni-Ti) sigma phase is also formed, and this can increase somewhat the rate
of corrosion in the ferric sulfate test [48].

The ratios listed in Table 4 illustrate the differences between the 120-h ferric sulfate and the 240-h
nitric acid tests. For the two heats of Type 304 steel, the ratios of the sensitized to the solution
annealed (carbide-free) specimens are essentially the same in both tests. However, for the 316 and
316L steels, there are large differences. The ratios of ~ 1.0 in the ferric sulfate test for the two 316L
heats show that the rates of the solution annealed and of the sensitized specimens are essentially the
same. There is no intergranular attack on the specimens heated at 677 and 8710C. However, for both
of these steels, the ratios in nitric acid are very high, even though the microstructures of the sensitized
specimens showed no carbide or sigma phase particles at the grain boundaries. They had a "step
structure" (Fig. 10) in the oxalic acid etch test. This illustrates the properties of submicroscopic or
invisible "sigma phase." It can be removed or dissolved by annealing the steel at 107O0C and water
quenching. Finally, it is apparent from the ratios in the two tests that the Type 316 steel of Table 4
contains both carbide and sigma phase precipitates.

Both the oxalic acid etch test and the ferric sulfate-sulfuric acid test are merely methods for
detecting and measuring susceptibility to intergranular attack associated with chromium carbide
precipitates. Sensitized materials should not be used in environments that are known from service
performance or long-time plant tests to cause intergranular attack in the presence of carbides. Results
of extensive long-time tests have been published by AuId [59], Warren [44], and the Welding
Research Council [6O]. These reports contain extensive lists of environments in which carbides do
and do not cause susceptibility to intergranular attack. A major problem in the use of sensitized
material even for environments in which data show no intergranular attack is that it is difficult to
foresee whether there will be changes in process conditions, solution composition, and temperatures,
during the lifetime of the stainless steel equipment that will change this from a "safe" to an
"unsafe" environment. For environments for which such data are not available, prudence requires
that the stainless steel be used in the optimum condition (i.e., free of chromium carbide precipitates).

Extensive use of evaluation tests for detecting susceptibility to intergranular attack in stainless
steels by purchasers of these alloys has contributed not only toward assuring optimum conditions for
their use in chemical and other plants, but also toward continuing improvements in their
compositions (low carbon grades) and mill processing. When applied for research, they have served
as tools for the study of the mechanism of intergranular corrosion and for alloy development. In the
United States, the Du Pont Company has been a leader for more than 45 years in the development of
these test methods and their continuing application as acceptance tests for quality control [15,21,24,
32-34, 44, 48, 50-52, 56-59].

3. Pitting and Crevice Corrosion

As mentioned above, Monnartz [18] observed that chloride salts impair the passive state of iron-
chromium alloys and that molybdenum additions increase the resistance in such environments. The
molybdenum in Type 316 stainless steel, in addition to improving resistance in (organic) reducing



acids, also makes this alloy somewhat superior to Type 304 steel in chloride pitting and crevice
corrosion environments. Further increases in pitting resistance have been obtained by addition of
~2% silicon to Type 316 steel [61, 62] and by addition of ~0.2% nitrogen to 23% Cr-4% Ni [63]
and 18% Cr-8% Ni [64] steels.

Pitting may be divided into two distinct steps: (a) pit initiation or breakdown of the protective
film, and (b) pit growth in depth and volume. This division of the pitting process serves as an aid
in the analysis of the influence of alloy composition and structure and of the composition and
temperature of the environment. Once a pit has been initiated, its growth is a result of an
electrochemical process in which the small anode, the pit, is linked electrochemically to a very large
cathode, the unpitted area surrounding the pit. The electrolyte is the corroding solution. The
corrosion process is self-accelerating because chloride ions migrate into the pit and decrease the pH.
Crevices may be viewed as "artificial" pits.

Pit initiation can be studied by anodic polarization of steel specimens in chloride (or other) pitting
environments. In a study [65] in which specimens were progressively polarized up to a current
density of 3 ma/cm2 and the number of pits formed per square centimeter was counted, it was found
in 18 Cr-8 Ni steels that pit initiation is reduced by decreasing the carbon content, by adding 2%
silicon and 0.2% nitrogen (Table 5). Surprisingly, addition of 2.5% molybdenum had no effect in pit
initiation of pickled specimens. However, it greatly affects the response to passivation. Prior
passivation of the surface in a hot nitric acid-dichromate solution greatly reduces the incidence of
pitting. This phenomenon is also shown in Figure 11. Type 304 steel requires much larger
concentrations of sodium nitrate inhibitor to prevent pitting by 10% ferric chloride solution than does
Type 316 steel.

Lowering the carbon content (Type 316 vs. 316L) of passivated steels reduces the incidence of pit
initiation even further, Table 5. In contrast, silicon, which reduces pit initiation, actually promotes pit
growth, and, therefore, does not enhance the response to passivation. These findings were
incorporated in an alloy composition, SP-2, a Type 316L steel with 2.5% Si and 0.23% N. Only when
all four factors were incorporated (silicon, molybdenum, low carbon, and 0.23% N) was there a
significant improvement in pitting and crevice corrosion resistance over Types 304 and 316 (Fig. 12).

Even at room temperature, the combination of oxidizing ferric ions, high concentration of
chloride ions, and a low pH of 1.6 make the ferric chloride solution a severe pitting medium. For
example, the only difference between Types 304 and 316 in this test is the length of time before
pitting begins, a difference of ~ 48 h, which is not significant in a 7-month exposure, such as shown
in Figures 11 and 12. Increasing the temperature of the ferric chloride solution results in pitting of the
SP-2 alloy in long-time exposures with crevices of the type shown below. These limitations in pitting
resistance of even the most resistant, modified 18 Cr-IO Ni stainless steels, along with then-
susceptibility to chloride stress corrosion cracking, provided some of the incentives for the
development of new alloys.

Measurements of critical pitting potentials (CPP) are frequently used to determine resistance to
pitting. The specimen is polarized anodically (e.g., in sodium chloride solution) to determine the
potential at which there is a precipitous increase in current. The potential at which this occurs, the
CPP, can be used to compare alloys. However, such relatively rapid measurements are not reliable
guides for predicting immunity to pitting in long-time service in the given environment. Pitting
attack has been observed in long-time exposures at potentials below the CPP [65a].

4. Chloride Stress Corrosion Cracking

Beginning ~1936, structural failures by cracking were observed in the austenitic stainless steels
under tensile stresses. By 1940, Hodge and Miller [66] clearly distinguished this type of failure
from intergranular corrosion and identified it as stress corrosion cracking (SCC) associated
with environments containing chlorides. They also estabilished that cracking can be transgranular
and that it can take place in the absence of chromium carbide precipitate. In 1942, Rocha [67]
confirmed these findings and by 1944 extensive studies had been carried out showing that aqueous



TABLE 5. Pit Initiation in Stainless Steels Exposed to Q.1N NaCl at 250C (750F) fl

Element (%)

Alloy

304
304L
302
302B
316
316L
SP-2

Cr

18.45
18.30
18.37
17.30
17.93
17.71
18.79

Ni

8.90
11.02
8.71
8.62

13.50
11.17
9.24

Mo

2.47
2.44
2.40

C

0.063
0.020
0.10
0.14
0.031
0.020
0.039

N

0.033

0.032
0.23

Si

0.58
0.37
2.49
2.71
0.31

2.50

Pits per cm2 b

Pickled c

7.4
4.5
6.3
1.5
7.3
5.0
0.0

Pickled Plus
Passivated d

3.4
1.6
2.8
0.6
0.46
0.17
0.0

Ratio

(Pickled to
Passivated)

2.2
2.8
2.2
2.5

15.8
29.0

a See [65].
b Pits produced by anodic polarization of 50 x 50mm (2x2 in.) specimen to a current density of 3mA/cm2 (19mA/in.2).
c Pickled in HNO3-HF-HCl.
d Passivated in nitric acid with potassium dichromate.

TABLE 5.A. Effect of Condenser Design on Time to Cracking of Type 304 SS in Boiling a MgCl2

Time to Cracking (h)

Solution

Cone.
(wt%)

13
24
28
32
37
42
45
47
50

Temp.
(0C)

105
110
115
120
130
145
155
160
170

Finger

1000
63
61
12
5
\b

1
1.3*
2b

Allihn, Drip-Tip
(Length)

lcm

933
548 b

28 b

6b

\b

1

5cm

1250*
745 b

48 b

10*

Modified Allihn
(Sparging)

(None)

1513
1600*

879
21
1*
1

1.3*
2*

(Oxygen)

47
22
16
2

aU-bend specimens.
b Averages of two specimens, all other data are averages of three specimens. Cracking times of < 1 h were not determined.

solutions of various chlorides can cause cracking of specimens under tensile stresses of all the
common types of austenitic stainless steels. Solutions of concentrated magnesium chloride were
introduced for research on this problem [68, 69]. Scheil [68] found that ferritic alloys, Types 405
(S40500) (13% Cr) and 430, resist cracking except when they contain some (1.85%) nickel.
Nevertheless, even in 1944-1945 it was still thought that the necessary conditions for SCC are not
too common and that, while it is an interesting phenomenon, it is not a serious problem from the
practical standpoint.

The intriguing scientific aspects and an increasing number of SCC plant failures stimulated a
large number of investigations of cracking in austenitic stainless steels. However, 25 years later,
Staehle [70], chairman of an international conference on SCC, was forced to conclude that "there
presently is no reliable fundamental theory of SCC in any alloy-environment system that can be used
to predict the performance of equipment even in environments where conditions are readily defined.
There was an almost uniform conclusion that no unifying mechanisms of stress corrosion cracking
exists", This conclusion of 1969 is still applicable today.

From a practical standpoint, the most important finding since 1945 is that increasing the nickel
content above or decreasing it below 8% Fe- 18% Cr alloys increases the resistance of (austenitic)



FIGURE 11. Inhibition of pitting corrosion.

alloys to stress corrosion cracking and that the 8% Ni alloy actually happens to be the composition
that is least resistant [7Ia] [Fig. 12A]. It is shown below (Table 6) that the 34% Ni in Carpenter 20
Cb-3 alloy increases the time of failure of this alloy in the magnesium chloride test over that of Type
304 and 316 stainless steels. Most importantly, this high nickel content makes the alloy immune to
cracking in certain sodium chloride environments.

FIGURE 12. The effect of composition on resistance to pitting.



NICKEL CONTENT, WT%

FIGURE 12A. Copson curve: Effect of Ni content on the susceptibility of SCC of stainless steel wires
containing 18% to 20% Cr in a MgCl2 solution boiling at 1540C [71].

By apparently ignoring the early findings to Scheil [68] it was assumed for many years that
stainless steels that have an austenitic structure are subject to chloride SCC, but that ferritic alloys,
because of their structure, are inherently immune to chloride cracking. In 1968 Bond and Dundas
[72] clearly established that a 17% Cr ferritic alloy with 1.5% Ni is subject to transgranular cracking
in magnesium chloride solution. They concluded that ferritic alloys containing >1% Ni or 0.5% Cu
are subject to this type of chloride cracking and that this is not associated with retained austenite or
hydrogen embrittlement.

Furthermore, Renshaw [73] reported that welded Type 430 is subject to cracking in boiling
solutions of sodium chloride containing only 50ppm Cl. This led to a more detailed investi-
gation [74] on the effect of sensitization in Type 430 and 446 steels on their resistance to chloride
SCC. These alloys are resistant to cracking when they are free of chromium-depleted zones
around chromium carbide precipitates (when chromium is rediffused into the depleted zones
during heating) or when carbon is in solid solution. However, when the carbide particles are
surrounded by zones depleted in chromium (i.e., severely sensitized), they are subject to SCC—both
in the magnesium chloride test and in sodium chloride solution with only 50ppm Cl. As might
be expected, in sodium chloride, cracking is intergranular (Fig. 13). But, surprisingly, in the
magnesium chloride solution, cracking is transgranular (Fig. 14). Because of the 0.2% nitrogen in
this alloy, there is a major amount of austenite in the structure. Note that contrary to some
expectations, the transgranular crack path is confined to the ferrite phase and avoids the austenite
grains.

From the above, it may be concluded that susceptibility to chloride cracking in stainless steels is
not a function of the crystal structure of ferrite or of austenite, but of the compositions of these phases
and the presence of chromium-depleted zones around precipitates in ferritic alloys.

In the work on the new Fe-Cr-Mo ferritic stainless steels discussed below, it is reported [74, 75]
that there are important differences in stress corrosion of these alloys depending on the type of
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TABLE 6. Comparison of SCC in 45% MgCl2 and various NaCl Tests0

Stress Corrosion Tests

Autoclave Tests b

in 26% NACl^
Aerated

26% NaCl b
NaCl Wick

Testc
MgCl2
Test*

20O0C (39O0F)1550C (31O0F)1020C (2150F)10O0C (2120F)1550C (31O0F)Alloy

Cracked
(between 48 and 72 h)

Cracked
«23h)

No cracking
(655 h)

No cracking
(655 h)

No cracking h

(655 h)
No cracking

(42Oh)

Cracked
(25Oh)

Cracked
«19h)

Cracked
«19h)

No cracking
(487 h)

Cracked
(72 h)

Cracked
(552 h)

No cracking^
(2544 h)

No cracking/

(2528 h)

Cracked
«72h)

No cracking e

(864 h)
No cracking

(864 h)
Cracked

(72 h)
No cracking

(336Oh)
No cracking

(864 h)
No cracking

(216Oh)

No cracking
(144Oh)

Cracked
«3h)

Cracked
«17h)
Cracked
«40h)

No cracking
(240Oh)
Cracked
«15h)
Cracked

(3h)
Cracked
«15h)
Cracked
(432 h)

No cracking
(2544 h)
Cracked
(432 h)

18 Cr-8 Ni

25 Cr Sensitized 1 h
at 115O0C (210O0F)

33 Ni-20 Cr
2.3 Mo-3.3 Cu-Cb
29.7 Cr-3.9 Mo

C-IOO ppm, N-56ppm
28.5 Cr-4.2 Mo
C-210ppm, N-18ppm
29.7 Cr-3.9 Mo-2.0 Ni

C-90ppm, N-46ppm
28.5 Cr-7.0 Mo
C-20ppm, N-41ppm
28.5 Cr-4.2 Mo'

with 0.60 Cu
with 0.15 Ni + 0.15 Cu

with 0. 15 Ni + 0.20 Cu

AISI 304

AISI 446

Carpenter 20
Cb-3
W/29/4

745
Sensitized 8

W/29/4/2

775
(high Mo)
29/4

a See [74] and [75].
*U-bend specimen, 19 x 76mm (0.75 in 3 in.).
cU-bend specimen, 51 x 78mm with 25mm radius (2 x 7 in. with 1-in. radius); Test solution: 1500 ppm Cl as NaCl.
d Air atmosphere in autoclave.
e A welded specimen was also tested, with the same results.
fpH of MgCl2 test is 4.0 and of NaCl test 7.3. When HCl was added to NaCl test to make pH = 4.0, there also was no cracking in 2328 h.
8 Specimens were sensitized by heating Ih at 54O0C (100O0F). They were subject to severe intergranular attack in the ferric sulfate/sulfuric acid test.
''Two specimens were tested.
1 Welded U-bend specimens.



FIGURE 13. Stress corrosion cracking of sensitized Type 446 stainless steel in boiling sodium chloride
solution (250 X). Steel: Heated 1 h at 120O0C (219O0F), water quenched. Solution: 50ppm Cl as NaCl, 10O0C
(2120F). Exposure: 161Oh as a U-bend. Structure: Intergranular cracking between austenite and ferrite grains
(oxalic acid etch).

FIGURE 14. Stress corrosion cracking of sensitized Type 446 stainless steel in boiling 45% magnesium
chloride solution (500 X). Steel: Heated Ih at 120O0C (219O0F), water quenched. Solution: 1550C (31O0F).
Exposure: 17.5 h as a U-bend. Structure: Transgranular cracking in ferrite grains only (oxalic acid etch).



FIGURE 15. Wick test arrangement (76, 77). Solution: ISOOppm Cl as NaCl.

chloride, MgCIi or NaCl, used for testing. These differences are important because the sodium
chloride test environments approximate service conditions much more closely than the concentrated
magnesium chloride solution.

The wick test, Table 6, was originally developed at Du Pont [76, 77] to simulate a hot stainless
steel pipe covered with insulation and exposed to rain water. In this process, chlorides in the
insulation are leached to the hot stainless steel surface and are concentrated there as water is
evaporated. The laboratory apparatus for this simulated service test is shown in Figure 15. Its original
purpose was to evaluate insulation materials for their tendency to cause SCC of stainless steels. To
evaluate alloys, Warren [78] replaced the insulation by glasswool and added chlorides to the water. A
relatively large, 17x5 cm, U-bend specimen is heated to 10O0C by passing an electrical current
through it while it is in contact with the glasswool, which is partially immersed in the chloride
solution. The wicking action of the glasswool draws the chloride solution to the hot specimen where
it is evaporated. Type 304 stainless steel which cracks in < 3 h in the MgCIi test and within < 3 days
in the wick test (Table 6).

The tests is boiling, saturated (26%) solution of sodium chloride were made on small,
2.0 x 7.5 cm, U-bend specimens to determine whether these simple immersion tests could be used
in place of the more complex wick test. To eliminate the effect of the difference in temperatures
between the MgCl2 (1550C and the NaCl tests (1020C), U-bend specimens were also tested in
autoclaves with 26% NaCl at 155 and 20O0C. As expected, type 304 steel cracks in all of these NaCl
tests, as does the sensitized ferritic, Type 446 steel. However, the high nickel Carpenter 20 Cb-3
alloy, which cracks in 40 h in the MgCl2 test, is resistant in all of the NaCl tests of Table 6. The
natural pH of the MgCl2 solution is 4 and that of the 26% NaCl solution is 7.3. To eliminate this
difference as a cause of the resistance in NaCl solutions, HCl was added to the NaCl solution to bring
the pH to 4.0. Again, there was no cracking on Carpenter 20 Cb-3, Table 6. These results provided a
basis for evaluating the stress corrosion resistance of various new ferritic alloys, ASTM G-126-96 [78a].

The concentration of MgCl2 solutions that boil at 1550C, the test temperature given above, is
45.0% MgCl2 [79]. These test conditions were proposed in connection with the development of a test



FIGURE 16. Assembly of glass apparatus for long-time tests in boiling 45% magnesium chloride solution [8O].
U-bend stress corrosion specimen. The trap contains a 25% MgCl2 solution and prevents loss of water vapor
from the test solutions. To prevent sudden generation of steam when cold condensate drops into the boiling
[1550C (31O0F)] solution, the drip tip of the condenser has been replaced by a design that provides an even flow
of condensate down the wall of the flask. The result is a continuous flow of preheated condensate into the
solution.

apparatus [80] designed to maintain this concentration over long (100-day) test periods (Fig. 16).
Small losses of water vapor result in a rapid increase of the concentration of MgCl2 and,
consequently, also of the boiling temperature. Both the test condition and the apparatus have been
incorporated in a ASTM Recommended Practice, G-36 [81].

The even flow of condensate in a large, thin film from the condenser into the boiling (1550C) 45%
magnesium chloride solution preheats it and thereby expells dissolved air (oxygen) before it reaches
the boiling solution. This is in marked contrast to the dripping of condensate from the tips of Allihn
and finger condensers [Fig. 16(A)]. Preheating is minimized when cold condensate drops fall directly
into the solution. Data in Table 5-A (see page 621) show that in 42 to 45% magnesium chloride
solution there is no condenser effect or effect of sparging the boiling solution with oxygen on stress
corrosion of Type 304 stainless steel. However, below this concentration and boiling temperature
there is a progressively greater effect of condenser design and sparging [8Ia]. Even the length of the
drip tip, 1 vs. 5 cm, affects the time to cracking because the longer drip tip results in more preheating
of the condensate in the hot vapor space than the shorter drip tip. Similar results have been obtained
on Carpenter 20 Cb-3 alloy.

In 26% NaCl solution Type 304 fails by stress corrosion in 144h with a finger condenser and in
248 h with the modified condenser when sparged with oxygen. However, without sparging this alloy
does not crack even after 1500 h with the modified condenser. Various types of condensers also affect
corrosion rates of stainless steels in 65% nitric acid [8Ib] and in reducing acids [8Ic].

MOOiFiED



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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