
8.3 Stress-corrosion Cracking of

Stainless Steels

lntoduction

For the purpose of this section, stainless steels will be assumed to cover the
group of alloys which rely mainly on the addition of chromium to iron to
impart corrosion resistance. Even within this restricted group there are many
alloy types with very different microstructures and mechanical properties
and a wide range of susceptibility to stress-corrosion cracking. It is conve-
nient to subdivide these stainless steels into groups under the general head-
ings: martensitic, ferritic, duplex and austenitic, although there are some
high-strength grades produced by precipitation hardening heat treatments
that could be considered as an additional group. Other groupings are
possible, but the above is convenient for discussing resistance to stress-
corrosion cracking.

The phenomenon of stress-corrosion cracking can be defined as the occur-
rence of macroscopic brittle fracture of a normally ductile metal due to the
combined action of stress and some specific environment. The environment
need not be chemically aggressive in that high general dissolution rates are not
required and the phenomenon is complicated by the fact that many different
mechanisms can give rise to such cracking. It is often difficult to differentiate
between the roles of anodic dissolution and hydrogen absorption on cracking.
Also, microstructural changes such as the creation of martensite in the region
of the crack tip, and the effect on crack propagation of quite small alternating
stresses superimposed on a mean stress, further complicate attempts at com-
plete understanding of stress-corrosion cracking. These aspects are covered in
Section 8.1. In this section, the effects of gaseous hydrogen and of deliberate
cathodic charging with hydrogen will not be discussed.

Even excluding such instances of hydrogen-assisted cracking, the litera-
ture on stress-corrosion cracking of stainless steels is very extensive. A com-
puter search using the key words stress-corrosion cracking, (SCC) and
stainless steels generated more than two thousand references in the English
language from a single database for the period 1985 to 1990. Fortunately,
there have been some excellent reviews published in recent years and the pre-
sent chapter draws heavily on those as well as on data presented in several
recently published books on corrosion of stainless steels.



The good general corrosion resistance of stainless steels is derived from the
nature of the oxide generated on iron-chromium alloys containing more
than about 12% chromium. Stress-corrosion cracking can occur in these
alloys by intergranular cracking, transgranular cracking or as a mixture of
both. Intergranular cracking is often promoted by the precipitation of car-
bides in the grain boundaries of the steel. Carbon diffuses more rapidly
through the iron lattice than chromium because of the differences in size of
the atoms. Thus, the precipitation of chromium carbide at a grain boundary
site can be associated with local denudation of chromium in the adjacent
matrix so that preferential corrosion can occur along the low-chromium con-
tent grain boundaries (Section 3.3). In contrast, transgranular cracking
occurs quite readily in austenitic stainless steels because they tend to have low
stacking fault energies so that planar slip is common (Section 20.4). The
large slip steps formed at the metal surface can break the protective oxide
layer and expose bare metal to the environment. Dissolution occurs rapidly
in this region because a small anode is created there that is surrounded by
a large cathodic region and dissolution is encouraged to penetrate along the
slip planes. Passivation of the flanks of the propagating crack can generate
overall crack-like geometry and stress intensification at the crack tip can
maintain the creation of bare metal there to sustain the rapid dissolution rate
needed for fast crack growth.

The above simple concepts need to be modified and expanded to allow dis-
cussion of stress-corrosion cracking of stainless steels in general, especially
as the role of hydrogen in assisting crack growth must be accounted for.

Martensitic Stainless Steels

As an approximate guide, the martensitic grades of stainless steels can
be defined as those alloys of iron and chromium in which %Cr — 17 x
%C < 12.5, but which still contain more than 11.5% Cr to give adequate
corrosion resistance. On quenching such alloys from high temperatures they
will traverse the y loop in the iron-carbon equilibrium diagram and marten-
site will be formed to an extent that depends upon the carbon content of
the steel. Carbon contents for such steels range from 0.15 to 1.2%, depend-
ing upon the strength requirement for the steel. As their name implies, they
are used in the quenched and tempered condition for components such as
turbine blades, bolts, springs, valve components, cutlery etc. and in the
steam generating and chemical industries for many components.

Tempering in the range 400-65O0C can be detrimental to the mechani-
cal properties and corrosion resistance (Fig. 8.23)1. The latter is considered
to occur because of depletion of chromium from the matrix adjacent to
the precipitated carbides2. In a review of instances of stress-corrosion
cracking reported to a supplier of stainless steels for various clients, Truman
cites 15 instances of cracking that were all for high hardness material, i.e.
350-650 Hv for quenched and tempered, and 380-430 Hv for precipitation-
hardened martensitic types of steel3. Typical of this group of stainless steels
are the 13Cr turbine blade steels that combine high hardenability, good
damping properties, good thermal shock resistance, fatigue resistance and
resistance against hot pressurised molecular hydrogen4.
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Fig. 8.23 Effect of tempering on the mechanical properties and corrosion resistance of type
420 stainless steel (after Sedriks5)

The martensitic steels are commonly quoted to the AISI 400 series
specifications although that range of numbers also includes some ferritic
grades5'6. In the as-quenched or as-welded condition the steels are very
susceptible to hydrogen cracking and immediate tempering is advisable,
especially for the higher carbon content steels. In the tempered state to
strength levels typical of many design applications, the steels are suscepti-
ble to both stress-corrosion cracking and to hydrogen-assisted cracking.
Despite the complication that hydrogen can be generated within cracks and
enclaves in acidic solutions and that hydrogen may enter the metal and con-
tribute to the crack propagation mechanism, it is convenient to separate the
response of the steel into two categories: (1) cracking under anodic dissolu-
tion control and (2) cracking under cathodic charging conditions. The reason
for this is that if the anodic dissolution reaction is removed for situations
where it is the rate-controlling process then no more hydrogen can be
generated within the crack. Also, if anodic dissolution at the crack tip is
occurring then some part, if not all, of the crack growth must arise from
removal of atoms from the crack tip by corrosion, even if an additional
mechanism is needed to account for the observed crack growth rates or to
explain the morphology of the fracture surfaces produced. Type 410 (UNS
S41000) stainless steel is very susceptible to cracking in 70% NaOH solution
and in aqueous chloride solutions4. At 141OMPa yield strength level a USS
12Cr-Mo-V steel cracked in marine and in semi-industrial environments
when loaded to 15% of yield7. Cathodic polarization decelerates stress-
corrosion cracking in NaCl solutions but accelerates it in NH4Cl solutions,
whereas anodic polarisation always accelerates stress-corrosion cracking in
all chloride solutions4.

It would seem easy in principle to separate cracking that proceeds by
anodic dissolution from hydrogen-assisted cracking by investigating the
effects of polarisation on the crack growth rate, time to failure or some
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other parameter convenient for assessing susceptibility to stress-corrosion
cracking. Making the potential more anodic might be expected to increase
susceptibility if cracking were under anodic dissolution control whereas
cathodic polarisation should decrease susceptibility. The opposite should be
the case for systems under hydrogen-assisted cracking control. The impor-
tance of these comments to practical problems is that it would be unwise
to apply cathodic protection for corrosion control to a system that is known
to be liable to exhibit hydrogen-assisted cracking. Some systems exhibit
both types of cracking within different ranges of potential whereas for others
there is a virtual overlap, e.g. martensitic steels in boiling NH4Cl solutions
at pH 5.14 where it is considered that increased anodic dissolution gene-
rates hydrogen that is absorbed into the steel to cause enhanced cracking. It
is presumably for this reason that Spaehn adopts the terminologies anodic
stress-corrosion cracking and cathodic stress-corrosion cracking so that the
mechanism of cracking is not necessarily implied by the description of the
cracking.

Tempering of martensitic stainless steels is performed to improve their
toughness, but the tempering causes precipitation of carbides at the grain
boundaries which has two main effects on the material. First, it can denude
the grain boundary regions of chromium making them less resistant to corro-
sion. This effect can be exacerbated by local galvanic cell conditions set up
at the grain boundaries. Second, precipitation at the grain boundaries will
alter the mechanical properties of the grain boundaries relative to that of the
matrix. Annealing at 50O0C gives continuous grain boundary precipitates
rather than discrete precipitates and the former are very deleterious and
cause intergranular cracking8.

There are numerous quoted examples of intergranular stress-corrosion
cracking in tempered martensitic stainless steels9"13 and abundant work
relating this to the generation of non-equilibrium solute content profiles at
the grain boundaries due to intergranular precipitation14'18. Thus, for a
Super 12Cr-Mo-V stainless steel tested in a boiling 0.01 M NaOH plus 0.1 M
NaCl solution, susceptibility was worst when a continuous chromium-
depleted concentration profile was produced at the grain boundaries by
tempering19. Further heat treatment that caused coarsening of the M23C6
precipitates generated overlapping diffusion fields that removed the con-
tinuous chromium-depletion zones and removed susceptibility to cracking.

Temperature, electrode potential and solution pH are also important.
For a Type 403 stainless steel tested in 0.01 M Na2SO4, Bavarian etal.
have shown that at a potential chosen to lie within the potential range for
cracking at 10O0C, cracking was also obtained at 750C but not at 250C or
5O0C20.

A large amount of stress-corrosion testing has been performed on pre-
cracked specimens (Section 8.9). Crack growth rates of almost 10~4m/s
have been recorded for a martensitic stainless steel tempered at 4750C21 and
tested in distilled water (K = 5OMPaVm) but the crack growth rate decreased
for material tempered at higher temperatures. For a Type 431 steel it was
found that Klscc increased and the crack growth rates decreased by several
orders of magnitude, depending upon the applied stress level, when the
as-quenched steel was tempered at 65O0C (Fig. 8.24)22. Spaehn4 suggests
that as the favoured industrial tempering temperature range for such steels
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Fig. 8.24 Influence of heat-treatment conditions on the sub-critical stress corrosion growth
rate of a nickel-bearing SS as a function of stress intensity. In the as-quenched condition, the

steel shows much faster crack grown rates (after Spaehn4)

is 700-75O0C, much higher Klscc values than the value of about
2OMPaVm quoted by Speidel and much lower crack growth rates than
10~8m/s should be expected even at high K values for properly tempered
material.

The occurrence of stress-corrosion cracking in the martensitic steels is
very sensitive to the magnitude of the applied stress4. For instance, a 13%
chromium martensitic steel tested in boiling 35% magnesium chloride solu-
tion (125.50C) indicated times to failure that decreased abruptly from more
than 2500 h to less than 0.1 h as the applied stress was increased from
62OMPa to about 65OMPa (Fig. 8.25). However, the effects of stress on
time to failure are not always so dramatic. For instance, in the same set of
experiments times to failure for a 17Cr-2Ni martensitic steel gradually
decreased from more than 80Oh to about 8h as the applied stress was
increased from 50OMPa to 80OMPa.

Thus, the dominant parameter controlling the anodic stress-corrosion
cracking resistance of martensitic stainless steels is the tempering tempera-
ture subsequent to quenching. However, because tempering causes precipita-
tion of carbides and concentration profiles at the grain boundaries which
induce intergranular cracking, the susceptibility to stress-corrosion cracking
is not simply related to the hardness attained by the steel. The allowable
hardness to give freedom from cracking depends upon the type of marten-
sitic steel and the environment to which it is exposed. For instance, a hard-
ness of 350//v or less is considered safe for operation in boiler feed water,
condensing steam or boiler water, but the maximum allowable hardness may
be different in other environments4. Indeed, work by Doig etal. has shown
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Fig. 8.25 Long-time constant-load tests demonstrating a distinct stress-corrosion cracking
threshold stress in the case of a straight 13Cr martensitic SS as opposed to a nickel-bearing SS

(after Spaehn4)

that the allowable hardness of a 12Cr-Mo-V martensitic steel is a function
of the tempering temperature for the four-point bend tests they performed
in a 0.01 M NaOH/0.1 M NaCl solution at a stress level equal to 90% of
yield19. Some variation in allowable hardness existed at each tempering
temperature, being greater for heat treatments that generated narrow con-
centration profiles than those that generated wide concentration profiles,
although the differences decreased with increasing tempering temperature.

It is not surprising that hardness is important because the mechanical
toughness can be expected to decrease with increasing hardness, and the
level of residual stress present will also depend on the hardness of the
steel, especially for welded components. Thus, the important role of the
microstructure in influencing susceptibility to stress-corrosion cracking is
consistent with the observation that hardness levels are a good guide to
stress-corrosion resistance, but they should not be used universally without
due consideration of the specific alloy and the environment in which it is to
be used.

Cathodic (Sulphide) Stress-corrosion Cracking

The terminology cathodic (sulphide) stress-corrosion cracking is borrowed
from Spaehn's review4 for the reasons previously mentioned. Generally,
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cracking of martensitic stainless steels under cathodic conditions will be
hydrogen-induced and sulphur or sulphur species, and various other hydro-
gen recombination poisons, enhance the take-up of hydrogen into the metal,
thereby increasing the susceptibility to cracking. Typical of such cracking is
that of a pump shaft used in a soot water circuit where the environment was
saturated with H2S and contained solid soot particles4. The material was
Type 410 stainless steel and had a hardness of >350//v. Similarly, a Super
12Cr (X-20Cr-Mo-V 12.1) German steel, which is similar to Type 422
stainless steel but without tungsten present, used in the manufacture of a
start-up heater in an ammonia plant failed by hydrogen cracking that was
caused by condensing water on the outer tube surface. The crack was in the
heat affected zone (HAZ) of a weld where the hardness was >310//v.

There is a need for care in welding procedures to prevent hydrogen crack-
ing. The martensitic steels must be allowed to cool to about 8O0C after
welding to ensure complete transformation to martensite, a mandatory
requirement for gaining the necessary toughness on subsequent tempering
at 75O0C. In the as-quenched state the steel is very susceptible to cathodic
stress-corrosion cracking if condensation is allowed to occur on the surface of
the steel. Indeed, microsections taken from a similar steel have been known
to crack during metallographic observation. Thus, it is extremely important
to perform the tempering immediately after the weld has cooled to a suffi-
ciently low temperature to ensure adequate toughness after tempering. The
welding and tempering schedule must be well enough defined to avoid both
inadequate cooling, and/or excessive delay, prior to tempering. To mitigate
the generation of excessively high hardness in welded components, modifica-
tions in welding procedures have been developed, such as:

1. austenitic welding by applying preheat to maintain temperatures of
about 40O0C during welding;

2. martensitic welding with a preheat in the range 100-20O0C;
3. partial martensitic welding with a preheat to maintain the temperature

in the range 250-40O0C during welding.

An alternative to the above is to use more weldable varieties of martensitic
steels, such as the low-carbon nickel martensites. These have 12-17% Cr,
3-6% Ni and about 0.05% C. The low-carbon gives better weldability and
the high-nickel prevents the formation of delta-ferrite. The development
of these steels has been described by Irvine etal.23'24. These steels are also
susceptible to hydrogen cracking, for example in the petrochemical and gas
industries where H2S in chloride-containing environments may be very
damaging. A NACE standard procedure exists that can be used to assess
such steels when proposed for operation in very aggressive conditions25.
Data for a range of steels, including a low-carbon nickel martensitic steel,
tested by the NACE procedure indicated no correlation between perfor-
mance and hardness level4. Perhaps of more importance and concern,
however, is the observation that cracking occurred at very low stress levels
in some cases, e.g. at about 70 MPa sustained stress level in the NACE test.
However, if no relevant test data for a specific application are available, it
is probable that a choice of the lowest hardness that can be allowed for a
particular design situation is likely to provide the greatest resistance to
cracking25"27.



Another aspect of the presence of H2S in working solutions is that it can
reduce the pitting resistance of the steel28. The acid conditions within the
pits can generate hydrogen. Double tempering treatments are used for some
steels but the effects produced are complicated. Whereas resistance to
sulphide stress cracking can be increased, the fracture mode changing from
intergranular to transgranular, the double tempering impairs pitting resis-
tance and cracks can be initiated at the pits via chloride stress-corrosion
cracking.

Ferritic Stainless Steels

The ferritic stainless steels have Cr% — 17 x C% > 12.5, so that in cooling
from high temperatures they remain completely ferritic, although the forma-
tion of austenite is possible in some grades. The main disadvantage of a
totally ferritic structure stems from the fact that bcc metals exhibit a ductile
to brittle transition with decreasing temperature. The value of the ductile-
brittle transition temperature, TC9 is very dependent on the ferrite grain
size29'30. In welding ferritic stainless steels it is difficult to prevent excessive
grain growth in the HAZ adjacent to the welds, and unacceptable low tough-
ness regions can be generated. The ferritic 400 series of alloys tend to have
high ductile-brittle transition temperatures31, i.e. well above room temper-
ature, even before welding. Tc increases with increasing chromium content
so that improving the corrosion resistance by increasing the chromium con-
tent brings a penalty of increased brittleness32. The ferrite grain size alters
Tc because the length of a dislocation pile-up possible at a grain boundary
increases with increasing grain size. Tc is also dependent upon the flow
stress of the material.

Interstitial alloying elements such as carbon and nitrogen will increase
the flow stress by locking and by the generation of precipitates. Thus, low
carbon and nitrogen levels are advantageous for improving toughness.
However, as well as the effect of carbon and nitrogen on toughness, the
precipitation of carbides and nitrides in the steels can give sensitization to
stress-corrosion cracking because of local depletion of chromium in the
matrix adjacent to the precipitates. As precipitation is easier if hetero-
geneous nucleation is possible, for instance at grain boundaries, the latter
can become more prone to chemical attack if they are decorated with
precipitates33"35. The degree of sensitisation can be reduced by the addition
of stabilising elements such as Ti and Nb, but heat treatment at about 80O0C
is required for complete removal36 (see Section 1.3).

The advent of vacuum melting and argon-oxygen decarburisation techni-
ques have allowed the production of low-interstitial ferritic stainless steels
in recent years. To achieve low ductile-brittle transition temperatures,
C + N is kept to less than 100 ppm or to less than 400 ppm if Ti or Nb are
present as stabilising elements. The improved mechanical properties are
accompanied by better resistance to intergranular corrosion37. The low-
interstitial Cr-Mo and Cr-Ni-Mo ferritic stainless steels are very resistant to
chloride cracking and are used for the manufacture of heat exchangers in the
chemical industry4. Data exists indicating that the high-strength 18Cr-2Mo
steels are resistant to high chloride content oxygenated river water at



temperatures up to 13O0C4. However, cracking in 42% LiCl + thiourea has
been reported for high temperature annealed 26Cr-IMo stainless steel at an
applied stress equal to 90% of yield38. For material so heat treated, the
open circuit potential moved in the active direction relative to mill-annealed
material during the test. A prestrain of 5% prior to loading enhanced
cracking. The work indicated that susceptibility to stress-corrosion cracking
depended upon the inherent corrosion and repassivation rates of the alloy,
which could be altered by thermal and by mechanical treatments.

Tests in boiling magnesium chloride solutions have shown that 17Cr
ferritic stainless steels exhibit cracking if copper, nickel and/or cobalt are
present at greater than certain amounts, and Schmidt and Jarleborg39 sug-
gest that the total nickel + copper content of 17Cr steels be kept below
0.5%. Small amounts of Ni and Cu can be tolerated by low interstitial
ferritic grades in both MgCl2 and CaCl2 solutions, which are both very
severe test environments. The data indicate that up to 0.17% Cu and up to
0.6% Ni do not cause susceptibility to cracking in these environments.
Between 0.6% Ni and 0.8% Ni the allowable Cu decreases to almost zero
for tests in MgCl2 at 14O0C but a little Cu can be tolerated and up to 1.2%
Ni without cracking occurring in CaCl2 solutions at 13O0C40. However, as
has been pointed out by Staehle41, misleading indications can sometimes
occur from tests in such aggressive environments. The example quoted by
Staehle relates to cracking of alloy 600 in high-temperature water, but
similar caution is wise with other materials and other environments. Bond
and Dundas' data on the effects of nickel, copper and molybdenum on the
stress-corrosion cracking of a large series of alloys indicated that cracking
occurs when (Ni% + 3 X Cu%) > 1.1%. Molybdenum accentuates the
effect of nickel in promoting stress-corrosion cracking. Alloys with up to
5% Mo, but free of nickel, copper or cobalt were highly resistant to stress-
corrosion cracking40'42.

Although cracking can be induced in some ferritic alloys in aggressive
solutions, the ferritic grades of stainless steel tend to be more resistant to
cracking than the martensitic grades tested in the same solutions. Despite the
fact that, as has been already mentioned above, the cracking in Bond and
Dundas' work was transgranular in nature, too much emphasis should not
be placed on the mode of cracking. For instance, they also refer to work by
Streicher indicating that commercial type 430 and 466 stainless steels heat
treated at 10950C then water quenched cracked mainly in a transgranular
mode in a MgCl2 solution, but in an intergranular mode in a NaCl solution.
The heat treatment had sensitised the steels to intergranular corrosion.
Dundas also performed tests on similarly annealed and on welded ferritic
steels which indicated susceptibility to intergranular corrosion and cracking
at high stress levels in boiling artificial sea water. Annealing at 8150C made
the steels immune to cracking.

In any alloy system the four important factors controlling stress-corrosion
cracking are: (1) alloy susceptibility; (2) stress level; (3) environment; and
(4) electrode potential. The importance of electrode potential should not
be overlooked. For instance, Newburg and Uhlig43 have shown that the
susceptibility to cracking of 18Cr alloys of various nickel contents in MgCl2
at 13O0C can be altered by polarising the specimen. Cracking was induced
by anodic polarisation, the degree of polarisation required depending on



the nickel content of the alloy, but the minimum potential for cracking did
not vary systematically with increasing nickel content. The experimentally
determined minimum potentials for stress-corrosion cracking were more
negative than the free corrosion potential for those alloys that cracked under
open circuit conditions. An 18Cr-1.5Ni alloy was made to crack in 42%
MgCl2 solution at both anodic and cathodic applied potentials, but was
immune to cracking in the potential range —650 to 25OmV SHE44.
Shimoda et al. have demonstrated the adverse effects of increasing the nickel
content of a ferritic alloy in the range up to 4% Ni when tested in 42%
MgCl2 solution. Thus it was demonstrated that the range of alloys inves-
tigated underwent hydrogen cracking after cathodic charging at 250C and
that the cracking of a 1.75Ni alloy could be prevented in slow-strain-rate
tests in deaerated 42% MgCl2 at 14O0C by cathodic polarisation. Uhlig and
coworkers have also demonstrated the susceptibility of ferritic stainless steels
to cracking under hydrogen charging conditions43'46'47, with transgranular
cracking being the dominant fracture mode,

As has been mentioned previously, deliberate hydrogen charging will
not be discussed in this section. The difficulties associated with the inter-
pretation of data when hydrogen cracking versus anodic dissolution are
discussed have already been mentioned and are probably of little interest
to the practising engineer, although in the fulness of time a detailed under-
standing of the mechanisms of fracture should assist in alloy development
programmes.

The ferritic stainless steels tend to have quite good resistance to pitting.
Pits can give stress concentration effects and acidic environments that gene-
rate hydrogen as well as the localised corrosion that might in itself be a
precursor to cracking by the linking together of pits to form a trench, tunnel
etc. If pitting does not occur, some other crack initiation mechanism is
required. One possibility is slip step-induced cracking, and for this to occur,
the slip step must be large enough to fracture the oxide layer on the steel
surface and thereby expose bare metal to the environment. If this is achieved,
cracking is likely to be controlled by the magnitude of the local dissolu-
tion current density at the exposed bare metal relative to the repassivation
rate for the alloy at that location. Locci etal.™ have obtained slip-step
height and stress-corrosion data for a low-interstitial (E-Brite) and a high-
interstitial 26Cr-IMo steel. Slip step heights were similar for both steels but
varied significantly with heat treatment and by introducing cold work. The
heat-treated states that generated the largest slip-step heights induced greater
susceptibility to stress-corrosion cracking. The difference in susceptibility of
the two alloys was therefore due to the difference in corrosion and repassiva-
tion rates that arose from the different chemical compositions, rather than
due to the difference in slip-step heights.

The local dissolution rate, passivation rate, film thickness and mechanical
properties of the oxide are obviously important factors when crack initia-
tion is generated by localised plastic deformation. Film-induced cleavage
may or may not be an important contributor to the growth of the crack48

but the nature of the passive film is certain to be of some importance. The
increased corrosion resistance of the passive films formed on ferritic stain-
less steels caused by increasing the chromium content in the alloy arises
because there is an increased enhancement of chromium in the film and the



films are thinner and more protective. In Ceislak and Duquette's work49,
passivation treatments caused Cr enrichment in the films. At 26O0C, thicker
films were formed than at lower temperatures. It was observed that chloride
ions were not incorporated into the films and it was postulated that the
thicker films formed at 26O0C might be more defective than those formed
at lower temperatures and that chloride ions might attack such defective
regions in the film. The thickness of the film might be important if cracking
is initiated by localised plastic flow, evidence for which exists for austenitic
stainless steels in high temperature water50'51.

Another aspect concerning the use of ferritic stainless steels that should be
remembered relates to the form of the equilibrium diagram for Fe-Cr alloys
and the effect of low temperature annealing treatments (Fig. 8.26). Sigma-
phase embrittlement can occur, especially with the higher chromium content
alloys. Prolonged use at temperatures greater than 28O0C may cause the
often referred to 4750C embrittlement, which is due to the decomposition of
ferrite into the low Cr a. and high Cr a' forms. Providing that such condi-
tioning factors are accounted for, Spaehn4 claims that the immunity of the
low-interstitial Cr-Mo steel to hot chloride and caustic solutions has been
proven, as has the immunity of nickel-bearing 'superferritic' steels in indus-
trially important concentrated chloride solutions.

Binary Fe-Cr Alloys<*-,«'- and <*-Phase Domains

Chromium in Weight-percent

Fig. 8.26 Binary constitution diagram for Fe-Cr alloys (after Spaehn4)

T
em

pe
ra

tu
re

 in
 0
C

magnetic
transformation



Duplex Stainless Steels

The development of duplex stainless steels arose from the desire in the
chemical industry for alloys with both higher strengths than available
with austenitic grades and good corrosion resistance. The alloys developed
do have these properties as well as good pitting resistance and high thres-
hold stress values for stress-corrosion cracking. The alloys usually contain
between 30 and 70% ferrite. Low ferrite alloys contain 17-21970 Cr and
5-12% Ni, whereas the higher ferrite content alloys contain 18.5-26% Cr
and 4.5-7% Ni. The proportions of ferrite and austenite present can be
altered by heat treatment as well as by changing the chemical composition
of the alloy. Moreover, diffusion rates for alloying elements are much higher
in ferrite than in austenite. At 70O0C, chromium diffuses about 100 times
faster in ferrite than in austenite and interstitial alloying elements also diffuse
faster in the less close packed bcc lattice than in the close packed austenite.
Thus, during heat treatments and during welding, significant partitioning of
alloying elements can occur53. Below 1 00O0C carbides form in the ferrite-
austenite grain boundaries and there is a difference in chromium in solid
solution for the two phases, the higher chromium content being in the fer-
rite phase. M23C6 carbides nucleate in the high-chromium ferrite phase
and in growing they denude the adjacent area of chromium causing it to
transform to austenite. With carbon contents less than 0.03%, there are
insufficient carbides precipitated to decorate all of the austenite-ferrite grain
boundaries.

Typical alloy compositions are reported by Hochmann etal. (Table
8.2)52. Molybdenum or copper is added to some of the alloys.

Edeleanu (54) was the first to record the good stress corrosion resistance
of 17Cr ferritic stainless steel compared with that of austenitic stainless
steels. He also noted that a duplex stainless steel performed better than an
austenitic steel when tested in 42% MgCl2 solution and that cracking of the
austenitic stainless steel could be prevented by coupling it to a 17Cr or 20Cr
ferritic steel. This was due to the ferritic steel cathodically protecting the
austenitic steel. The resistance of duplex steels to stress-corrosion cracking
in 20O0C water containing 87.5 ppm NaCl increases with increasing ferrite
content up to about 40% ferrite55'56.

The relative merits of duplex steels vis-a-vis austenitic steels depend
somewhat upon the test solution. In some cases, little difference exists for
tests performed in very concentrated solutions of chlorides, but the duplex
stainless steels are generally better than the austenitic grades in more dilute
solutions. Data due to Suzuki etal.51 confirm the maximum resistance to
cracking in 42% MgCl2 solution for alloys with about 40% ferrite as does
the data of Shimodaira etal.45. The data due to the latter authors clearly
indicate the relative roles of stress and of the corrosion resistance of the
ferrite and austenite phases in stress-corrosion cracking. Austenite grains
deform at lower stress levels than ferrite grains. However, as austenite is
cathodically protected by the adjacent ferrite, cracks cannot initiate at the
slip steps formed in the austenite grains. At higher stress levels, strain incom-
patibility at the austenite-ferrite grain boundaries can encourage cracks to
propagate along those interfaces. At high stress levels, transgranular cracks
can propagate through both the ferrite and austenite grains. The plastic



Table 8.2 Typical chemical compositions for duplex stainless steels (after Hochmann et at.52)

% ferrite in
the normal use

condition
CuMoCrNiMnSiC

20-35

0-30
0-30
-30

30-35

65-70

-70

-60
-50

1.5

3.0

3.0

2.5

2.1

2.0

2.0
1.5
2.7

1.5
1.5

20.5

17-12
18-21
21
21

26

26
26
18.5
26
26
25

7.5

8-12
8-11
5.3
6.0

5.5

5.5
5.0
4.7
6.5
4.5
7.0

0.5

1.5
1.5

<0.8
<0.8

<1.0

0.5

1.5
0.5
1.0
1.0

0.5

2.0
2.0

<0.8
<0.8

<1.0

0.5

1.7
0.5
0.5
0.5

Alloys which are predominantly austenitic:
URANUS 50 (Creusot-Loire) <0.05

(AFNOR Z 5 CNDU 21-8)
CF 3A (A C I) 0.03
CF 8A (A C I) 0.08
O x 21 HST(GOST) <0.08
O x 21 H6M2T (GOST) <0.08

Alloys which are predominantly ferritic
CD-4MCu(ACI) <0.04
URANUS 55 (Creusot-Loire)

(Z 5 CNUD 26-6) <0.05
453 S (Avesta-SIS 2324) 0.09
3 RE 60 (Sandvik) <0.03
I N 744 X (INCO) <0.06
Remanit 2604 Mo (DEW) 0. 1
Remanit 2604 Mo S (DEW) < 0.06



deformation of the ferrite phase is quite sensitive to temperature; the yield
strength increases markedly with decreasing temperature and twins form
more readily the lower the temperature. Twin nucleation requires the for-
mation of partial dislocations which are favoured by low stacking fault
energy58'59 (Section 20.4), so both alloying additions and strain rate can be
expected to affect the deformation of the ferrite phase.

In constant-load tests4 a 22Cr-5Ni-3Mo stainless steel was prevented
from cracking by applying a cathodic potential of — 13OmV SHE, but the
environment for the tests was not specified. Similarly, an 18Cr-1.5Ni steel
was prevented from cracking by applying potentials of about —250 mV SHE
or less, down to -65OmV, for tests in 42% MgCl2 at 1430C.

As with all stainless steels, precipitation of carbides is likely to impair
stress-corrosion resistance. Sigma phase formation by extended heat treat-
ments at 80O0C lowered the threshold stress for stress-corrosion cracking
of a 22Cr-5Ni-3Mo steel4 and Spaehn claims that inadequate welding pro-
cedures may generate an even greater deterioration in resistance. TIG weld-
ing causes a larger reduction in threshold stress than MMA, presumably
because of the large difference in heat input for the two processes. The higher
heat input for MMA will allow retransformation of delta ferrite into
austenite during cooling. Residual stresses, caused either by welding or by
subsequent grinding, are also likely to impair resistance to stress-corrosion
cracking. However, providing that the welding is performed carefully and
the sections are not too large, the resistance to stress-corrosion cracking can
be maintained.

Duplex stainless steels can undergo sulphide stress-corrosion cracking,
especially if sigma phase is formed and if carbides and/or nitrides are
nucleated in the ferrite-austenite grain boundaries. The effect of nitrogen
content is complex. Whereas very low nitrogen contents are beneficial,
intermediate nitrogen contents cause Cr2N to precipitate, which can denude
the surrounding region of chromium. High-nitrogen steels with about
1.4% nitrogen have good resistance to cracking60, and this appears to result
from an increased resistance of the austenite phase containing dissolved
nitrogen.

The resistance to cracking of duplex stainless steels varies with temper-
ature, being less at 60-9O0C than at RT or at 15O0C4. The detailed mech-
anism of cracking is complex because it involves an interaction between
the different mechanical and electrochemical responses of the ferrite and
the austenite phases. The relative roles of chloride and hydrogen in crack-
ing are also not yet completely clear61, although a chloride induced stress-
corrosion cracking mechanism for the cracking of a duplex stainless steel in
H2S-saturated NaCl (4.3M) at temperatures from ambient to 6O0C seems
to be favoured61. However, hydrogen cracking of the ferrite may occur in
acid solutions at negative potentials at temperatures not too far removed
from room temperature. At elevated temperatures, a critical H2S level
exists above which cracking will occur. No cracking occurred in a 25 Cr
duplex stainless steel stressed at 90-95% of yield after 1 000 h exposure to
0.04% H2S at temperatures up to 2040C. With 1% H2S present, cracking
only occurred at 26O0C, whereas cracking occurred in the temperature range
25-2040C with 10% H2S present, although the specimens exposed at 9O0C,
2320C and 26O0C did not crack.



The basic guidelines for preventing cracking would seem to be to operate
at minimum stress levels, at as low an H2S concentration as possible and to
make sure that welding procedures are adequately specified and followed.
Furthermore, extensive periods of operation at temperatures that might
cause sigma phase formation should be avoided.

Austenitic Stainless Steels

The austenitic grades of stainless steel of chemical compositions compa-
rable with the AISI 300 series alloys are probably the most extensively used
stainless steels. They were originally based on an 18Cr-SNi alloy which
corresponds to the cheapest Cr-Ni alloy that will be almost completely
austenitic, nickel being a more expensive metal than chromiumn. This com-
position corresponds to the upper end of the 301 and the lower end of the
304 specifications. Additional alloying can be made to improve corrosion
resistance, mechanical properties, weldability etc (Section 3.3). An excellent
summary of the possibilities available is given in Fig. 8.27, due to Sedriks5.
The Schaeffler diagram62'63 (Fig. 8.28), though sometimes criticised with
respect to its accuracy and general applicability because it was developed for

Fig. 8.27 Some compositional modifications of 18/8 austenitic stainless steel to produce
special properties. Dashed lines show compositional links to other alloy systems (after

Sedriks5)

303.303, selenium

Add sulphur orselenium for machinability(corrosion resistance, reduced)

Duplexstainlesssteels (329)
Increase chromiumlower nickelfor specialproperties

Add copper, titaniuraaluminium
lower nickel for precipitation

hardening (corrosionresistance reduced)

Precipitation
hardening
stainlesssteels

Add manganese andnitrogen, lowernickel for higherstrength (corrosionresistance reduced)

Austeniticiron, nickel,manganese,nitrogen,
stainlesssteels

Add nickel, molybdenum,
copper, niobiumfor corrosion

resistance inreducingenvironments

317

Add more molybdenumfor pining resistance

316

Add molybdenum
for pitting resistance

304
(18/8)

Add chromium and nickel
for strength and

oxidation resistance /

309,310,
314, 330

Add nickel for
corrosion resistance in hightemperature environments

Nickel, chromium,
iron alloys

347

Add niobium & tantalum
to reduce

sensitisation

Add titaniumto reducesensitisation321

Lower carbonto reduce -sensitisation,

304L
316L
317L

Nickel, chromium,iron (molybdenum,copper, niobium)alloys



Chromium equivolent. %Cr «• %Mo * l.5(%Si) *0.5(%Cb)

Fig. 8.28 Schaeffler diagram (after Schaeffler62 and Schneider63 and Page64)

use in relation to weld metal, is another good guide to the range of stainless
steels available; a modified diagram is available to account for the effect of
nitrogen.

The austenitic alloys have high ductilities owing to their fee structure and
low stacking fault energy and good mechanical properties when used for
cryogenic applications. As well as delaying the onset of necking by pro-
moting a high work hardening rate, the low stacking fault energy of many
of the alloys encourages large slip step generation where the planar slip
planes intersect a surface. As corrosion resistance depends upon the exis-
tence of a thin, high-chromium content passive oxide layer on the surface of
the metal, the large slip step heights formed by plastic deformation are a
disadvantage because they disrupt the passive layer.

Two other aspects of the metallurgy of the austenitic stainless steels are
important. First, some of the alloys can be unstable when cold worked and
transformation from austenite to martensite can occur, though the extent to
which this occurs varies from alloy to alloy. Second, chromium is a strong
carbide former. Thus, low temperature annealing can cause carbides to pre-
cipitate in the matrix and in the grain boundaries. As has been mentioned
above, heterogeneous nucleation is easier than homogeneous nucleation, so
grain boundaries are the more favoured sites for precipitation. The asso-
ciated depletion of chromium in the grain boundary regions can be extensive
enough to lower the local chromium content to less than the 12% needed to
provide good corrosion resistance. Molybdenum can be added to the 18-8
alloy to improve resistance to pitting and general corrosion in halide-
containing environments, giving the extensively used type 316 grade of
steel.
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The carbide precipitation that leads to 'sensitised' grain boundary regions
can be minimised by reducing the carbon to 0.03% or less but this increases
the cost and reduces the strength. The alternative is to add stabilising
elements such as titanium or niobium, which are stronger carbide formers
than chromium. There are numerous texts that describe the metallurgy of
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Fig. 8.29 Causes of failure and failure types investigated by a large chemical company in the
USA (after Page65)



the austenitic stainless steels that the reader may consult for a more detailed
description of these steels.

With respect to their propensity to stress-corrosion cracking, a useful
introduction to the various problems that can arise is given in the monograph
by Page64 and in a subsequent paper65 on the handling and fabrication of
304 and 316 stainless steels for use in the food industry. Figure 8.29, taken
from Reference 65, highlights the regular occurrence of stress-corrosion
cracking in such applications.

The fracture mode of stress-corrosion cracks in austenitic stainless steels
can be transgranular, intergranular or a mixture of both. One of the earliest
environments found to cause problems was solutions containing chlorides
or other halides and the data due to Copson (Fig. 8.30) is very informa-
tive. The test solution for that data was magnesium chloride at 1540C; the
alloys contained 18-20% chromium with various amounts of nickel and the
results shown in Fig. 8.30 indicate that the cheapest alloy with a composi-
tion of approximately 18Cr-SNi has the least resistance to cracking in this
environment.

It is impossible in this chapter to do justice to the extensive amount of
research that has been performed on the stress corrosion of stainless steels,
and probably more papers have been written concerning the austenitic grades
than on all of the other grades together. Numerous reviews have been pub-
lished in recent years some of which are listed in references 66-71, but other
equally useful reviews are available.

CRACKING

NO CRACKING

MINIMUM TIME
TO CRACKING

NICKEL CONTENT, WT.%

Fig. 8.30 Effect of nickel content on the susceptibility to stress-corrosion cracking of stainless
steel wires containing 18-20% chromium in a magnesium chloride solution boiling at 1540C

(after Copson72)
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Austenitic stainless steels will exhibit stress-corrosion cracking in hot
aqueous chloride solutions, in acid chloride containing solutions at room
temperature, in hot caustic solutions and in high-temperature high-pressure
oxygenated water.

Copson72 studied the effect of adding various major alloying elements
to a basic 18Cr-SNi alloy and showed that increased Cr (above 15%) and
Mn (from 2 to 4%) were deleterious whereas Ni and Si were beneficial
with respect to time to failure in boiling magnesium chloride. The effects
of these major alloying elements correlates reasonably well with the way
they affect the stacking fault energy73, which has a minimum at about 18Cr
for any given nickel content. However, silicon improves resistance to crack-
ing even though it reduces the stacking fault energy. Silicon is considered to
improve resistance by forming a magnesium silicate on the surface of the
specimen69, but there is evidence that silicon is only beneficial with steels
containing more than about 0.04% carbon. The effectiveness of silicon
disappears if carbide precipitation occurred. Silicon is a ferrite stabiliser, so
3.5-5.5% silicon in an 18-8 steel generates a duplex structure with the
improved resistance to stress corrosion for these steels that has been dis-
cussed previously74. Increasing Cr and Ni give improved resistance to
stress-corrosion cracking in caustic solutions75. For greater resistance to
caustic cracking it is necessary to employ the higher nickel content alloys or
even pure nickel76, but Inconel 600 can be more susceptible than type 316
stainless steel in dilute caustic solutions77.

Thus, it is difficult, as always, in discussing stress-corrosion cracking,
to try to generalise responses. Sedriks66 has examined the effect of many
different alloying elements on the susceptibility of austenitic stainless steels
to cracking in chloride-containing solutions (Fig. 8.31) but as is explained in
some detail by Hanninen69, the effects of minor additions are complex and
very system dependent. The effect of an alloying addition can vary within the
composition range considered and with the environment used for the test.
For instance, although molybdenum at the level of 2-4% is generally added
to improve pitting and corrosion resistance to chlorides, small additions of
molybdenum in the range up to 0.26% markedly reduce the time to failure
for U-bend specimens of an 18-8 steel tested in boiling MgCl2 solutions.
Also, low phosphorus and nitrogen contents appear beneficial. However,
alloys with low nitrogen and low carbon contents cracked in MgCl2 solu-
tions, and the susceptibility to cracking was removed by adding more carbon
to the alloy. The no-cracking domain on a log(nitrogen %) versus log
(carbon %) plot lay above a line extending from about 0.002% N/0.008%
C to about 0.2% N/0.2% C. Of course high-carbon alloys will be more easily
sensitised, so the response of the alloys will also depend upon their heat
treatment. However, giving a heat treatment in the sensitising temperature
range does not necessarily imply increased susceptibility to stress-corrosion
cracking. For instance, the resistance of Inconel 600 in caustic solutions
was increased by such heat treatments77'78.

The effects of minor alloying elements such as phosphorus and nitrogen
are also complex. Generally, additions of P and N increase susceptibility
to stress-corrosion cracking and their effect can be increased by low-
temperature ageing79. The presence of the alloying elements can influence
slip planarity via their effect on stacking fault energy or on short range



Fig. 8.31 Effect of element shown on resistance of austenitic stainless steels to stress-corrosion
cracking in chloride solutions (after Sedriks5)

order80, as well as influencing the anodic and cathodic reaction rates in a
given solution81. Alloying elements present in greater quantities, such as
molybdenum, can be beneficial or deleterious depending on the amount
present. As has already been stated, Mo is deleterious at the lower composi-
tion range in MgCIf and promotes intergranular stress-corrosion crack-
ing82, but Mo contents greater than 2% have been found to increase the
stress-corrosion cracking resistance of a 20Cr-20Ni steel83. The stabilising
elements Ti and Nb can also decrease resistance to stress-corrosion crack-
ing84. Platinum additions have been reported to enhance stress-corrosion
cracking, presumably due to enhanced reduction kinetics of hydrogen85'86.
The effect of sulphur in the steel is exaggerated if it is present as sulphide-
containing inclusions because, on their dissolution, S~, H2S and poly-
thionic acid etc. may be formed with ensuing dramatic changes in local
chemistry.

The behaviour of austenitic stainless steels in caustic solutions has received
less attention than cracking in chloride environments. Transgranular crack-
ing has been reported for low-carbon (< 0.05%) steels in caustic solutions,
whereas higher carbon content alloys cracked intergranularly87. Wilson and
Aspen showed that resistance to cracking was not decreased by sensitisation
heat treatments78. Type 316 stainless steel has been shown to be more
susceptible to cracking in caustic than type 30488.

It is clear from the above comments that no general conclusions can be
drawn concerning the effects on stress-corrosion cracking of various alloy-
ing elements added to the steels. Thus, specific data relating to the actual

SEGMENT OF THE PERIODIC TABLE OF ELEMENTS

NO EFFECTVARIABLEBENEFICIAL

DETRIMENTAL NOT INVESTIGATED



alloy and the environment in which it will be used is almost certainly
required in the long term irrespective of which rapid sorting experiments
are initially used in the alloy proving and selection stage of design. Never-
theless, some general recommendations have been made in the reviews men-
tioned above68'69. For instance, it has been suggested that alloying elements
such as N, P, S, Sb and Sn be minimised, presumably because they tend to
segregate to the grain boundaries, and that low-carbon grades will be bene-
ficial for stress-corrosion cracking resistance. Cr concentrations near to 18%
should be avoided if possible and if Mo is present the percentage of Cr to
be avoided should be reduced by an amount equal to the Mo percentage
contained in the alloy. Ni appears beneficial in the range 10-65%, though
the high-Ni alloys are not really stainless steels as defined in the context of
this section. Si at greater than 4% and Ti at greater than 2% also seem
beneficial.

In addition to the alloy compositions being of importance with regard
to susceptibility to stress-corrosion cracking, the resistance of the alloy can
be altered by microstructural factors. Hanninen has reviewed the available
literature quite thoroughly69 and has concluded that a fine grain size is
likely to be beneficial. Strain imposed prior to use tends to be deleterious
because deformed material usually acts anodic with respect to unstrained
material and because the introduction of plastic deformation may also
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Fig. 8.32 Effect of prestrain on the time to failure of type 310 stainless steel exposed to a
magnesium chloride solution boiling at 1540C and stressed at 90% of the yield stress (after

Sedriks5)



TIME TO FAILURE, HOURS

Fig. 8.33 Effect of cold work (%) on the susceptibility to cracking of type 321 stainless steel
in boiling magnesium chloride and calcium chloride solutions (after Sedriks5)

The mode of deformation is important in that dislocation cell structures
are less prone to initiate cracks than pile-ups associated with planar slip.
Additionally, the tendency for martensite to be formed during deformation
affects resistance to stress-corrosion cracking, and this has been used to
explain the greater resistance of Type 304 compared with Type 316 steel at
prestrains greater than 20%. However, material transformed to martensite
can dissolve selectively and a potential difference of about 100 mV has been
recorded between martensite and austenite in 1 N H2SO4 solution90. The
selective corrosion can inhibit stress-corrosion cracking because sharp crack
morphologies are prevented from forming and such selective dissolution can
occur in the absence of tensile stress. Indeed, such selective dissolution has
been recorded under compressive loading conditions.

Times to failure for various stainless steels tested in MgCl2 have been
shown to increase with increasing proportions of martensite present91'92.
Perhaps the role of martensite under anodic dissolution conditions is com-
parable to that of ferrite in duplex stainless steels where the enhanced
dissolution of one phase prevents crack initiation in the other. There is, of
course, another aspect of martensitic transformation that should be men-
tioned, i.e. the transformation of austenite to martensite either in the bulk
material or at a growing crack tip that can give increased susceptibility to

introduce high residual stress levels. Cochran and Staehle89 have shown
that the resistance to stress-corrosion cracking of Type 310 stainless steel
in MgCl2 at 1540C is least when the material is prestrained about 10% and
somewhat similar data exist for Type 321 stainless steel5 and 316 steel69

(Figs 8.32 and 8.33). For 316, Hanninen points out that even small strains
can be very dangerous because cracks of about 0.1 mm deep were observed
in all of the prestrained specimens that he tested in MgCl2 and because the
low dislocation densities associated with small levels of strain favour crack
propagation.
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hydrogen-assisted cracking93. It appears probable that the susceptibility to
cracking in such cases is related to the ease of forming martensite, i.e. the
stability of the austenite.

It has also been noticed94 that thicker corrosion films form on the mar-
tensite phase in cold worked steels than on the untransformed matrix, and
thicker films can be more brittle and aid crack initiation50'51'94.

Sensitisation

The largest change in microstructure experienced in austenitic stainless steels
is that caused by chromium carbide precipitation in the grain boundaries
and the associated chromium depletion in that region giving rise to sensitisa-
tion of the steel. This produces both mechanical and electrochemical differ-
ences between the matrix and the grain boundaries. The mechanical effect of
the carbides is clearly illustrated during low-temperature (less than about
15O0C) fracture of sensitised austenitic steels in inert environments when
grain boundary separation by microvoid coalescence can be observed. The
electrochemical effects are highlighted by the almost featureless intergranu-
lar facets formed by intergranular stress corrosion (Fig. 8.34). Significant
degrees of chromium depletion occur at the grain boundaries and quantita-
tive models have been developed to estimate the magnitude of the deple-
tion95 as well as various procedures for experimentally estimating the extent
of sensitisation96"98.

There are four possible contributions to intergranular fracture that can
arise from sensitisation. In addition to the previously mentioned effect on

Fig. 8.34 Intergranular cracking of sensitised type 316 stainless steel tested in air-saturated
water at 750C containing 5 ppm chloride



mechanical properties of the grain boundaries compared with the matrix,
there are the possibilities that the carbides may be noble with respect to the
surrounding material, that the denuded chromium region will be preferen-
tially attacked and that the ageing that caused the carbide precipitation also
generated segregation of other impurities to the grain boundaries which may
or may not have been incorporated into the precipitates. The situation is
further complicated by the fact that steels with discontinuous grain boun-
dary carbides can behave very differently from those with a continuous car-
bide layer at the grain boundary and also because the chromium depletion
at the grain boundary can be partially rectified by extended thermal
treatments. This is the basis of the commercially accepted thermal stabiliza-
tion treatment that was developed for alloy 600 steam generator tubes".

Cold work prior to sensitisation heat treatments can enhance the extent of
grain boundary corrosion in a given solution although large levels of pre-
deformation can induce intragranular precipitation and a corresponding
reduction of attack at the grain boundaries. It is important to realise that
although an alloy may be sensitised enough to exhibit enhanced grain boun-
dary corrosion in the absence of stress, it may still fail by transgranular
cracking in hot chloride solutions69. The cracking morphology is influenced
by the electrode potential of the metal environment system or by an applied
potential.

In addition to the sensitisation that occurs in the temperature range 5250C
to 85O0C in many stainless steels, it is also possible for sensitisation to
develop after long periods of use at lower temperatures. Such low tempera-
ture sensitisation is thought to be promoted by pre-seeding of the grain
boundaries100. Thus, the initial annealing procedure applied to a compo-
nent may be very important with respect to its service life.

Sensitised structures can undergo intergranular (IG) corrosion in the
absence of stress and/or stress-corrosion cracking, and tests aimed at assess-
ing IG attack do not necessarily give a guide to cracking resistance. This is
not too surprising considering the important role of stress in stress-corrosion
cracking. The effects of carbide precipitation are complicated both by the
morphologies of carbides that can be generated and also by the effects due
to trace impurities such as phosphorus. Such impurities can be removed
from the grain boundaries by dissolution in the carbide101. The specific heat
treatment schedule or operating temperature can therefore have a major
influence on corrosion resistance and stress-corrosion cracking because of
partitioning effects and the precise chemical compositions of the inclusions
and precipitates present.

Cracking in High Temperature Water

Much of the recent research on stress-corrosion cracking of austenitic
stainless steels has been stimulated by their use in nuclear reactor coolant cir-
cuits. The occurrence of stress-corrosion cracking in boiling water reactors
(BWR) has been documented by Fox102. A major cause for concern was the
pipe cracking that occurred in the sensitised HAZ of the Type 304 pipework,
which is reported to have been responsible for about 3% of all outages of
more than 10Oh from the period January 1971 to June 1977.



The problem of pipe cracking in high temperature water was soon estab-
lished as being due to the presence of oxygen in the water which raises the
open circuit electrode potential of the steel quite rapidly in the range of dis-
solved oxygen contents from 10 to 500 ppb103. As BWRs typically operate
with about 200 ppb oxygen to achieve adequate corrosion control, it was
possible for the rest potential of the stainless steel to be high enough to
induce cracking. Experimental studies soon demonstrated that high oxygen
contents in high-temperature water produced cracking in the sensitised
HAZs and that experimentally there was an equivalence between dissolved
oxygen in high-temperature water and applied potential for low-oxygen con-
tent water in slow-strain-rate tests.

Cracking can be initiated or arrested by appropriate electrochemical
potential control as well as by adjusting the level of dissolved oxygen in
the water104'105. The research has led to some changes in water chemistry
control in reactor circuits and to the establishment of potential monitoring
so that recorded potentials of less than 0.23 V SHE can be maintained during
working, wherever this is possible. The cracking of austenitic stainless steels
in high-temperature water has been comprehensively reviewed by Szklarska-
Smialowska and Cragnolino106.

The main concern is the intergranular stress-corrosion cracking that
occurs in sensitised material, but transgranular cracking can also occur.
For example, Type 304 stainless steel which has been cold worked more
than 30% cracks transgranularly in oxygenated water at 2880C107 and in
acid sulphate solutions at anodic polarisation potentials108'109. Cold work in
the range 5-20% prior to sensitisation heat treatment enhanced suscepti-
bility107'110'111 whereas deformation in the range 20-30% increased the time
to failure.

Various techniques are available for assessing susceptibility to stress-
corrosion cracking, e.g. methods based on constant deflection, constant
load, cyclic load, continuously increasing load and continuously increas-
ing strain. Each type of test has certain advantages and disadvantages that
relate mainly to specimen size and shape requirements and to the time
necessary for the test. Times for constant-load and for constant-deflection
tests can be very long because cracks need to initiate, and the process is
lengthy and characterised by a lot of scatter in the results. The various test
methods available do not necessarily give identical rankings for different
materials or exactly the same conclusions112. For constant-load tests, the
yield strength may have to be exceeded by up to 50% or more to achieve
acceptably short incubation times for cracking so that the usefulness of the
data for life prediction estimates is sometimes debatable.

Similarly, although the slow-strain-rate procedure is now extensively used
to investigate stress-corrosion cracking because of the relatively short test
times involved and the relative ease of controlling both the environment
and the electrode potential during the test, the fact that very large strains
are imposed also brings difficulties of interpretation and limits the useful-
ness of the data for life prediction purposes. The large strains imposed are
particularly inconvenient when testing austenitic stainless steels that deform
by planar slip because large slip steps form on the specimen surface and
mechanically-induced short transgranular cracks are initiated at the slip
bands. Such cracks can be distinguished from those involving environment-



Applied Potential, V SHE

Fig. 8.35 Reduction in area versus applied potential for 316 stainless steel, in 5 ppm chloride
content water at 25O0C. Horizontal arrows indicate RA% for tests in argon gas; open-annealed,
filled-sensitised. Vertical downward pointing arrows on the annealed curve indicate cracking-
non-cracking boundaries. Full downward pointing arrow on the sensitised curve indicates com-
mencement of cracking. Open upward pointing arrow on the sensitised curve indicates transi-

tion from transgranular to intergranular cracking

assisted cracking, but even the environment-assisted cracks can sometimes
be quite short and may only be initiated at quite large strains.

The complicated nature of the response of Type 316 stainless steel to
applied potential is illustrated by the data shown in Figs 8.35 and 8.36,
which refer to tests on annealed and on sensitised 316 steel in 5 ppm chloride
content water having less than 5 ppb dissolved oxygen but with various
applied potentials50'51. Figures 8.35 and 8.36 show that the reductions in
area for the annealed material were greater at any given potential than for
sensitised material. The cracking in the annealed material was transgranu-
lar at all potentials but ranges of potential exist where no cracking was
observed. The short transgranular cracks that formed at the intermediate
potentials required large strains to initiate them and were generated by frac-
ture of the thick oxide layer formed at those potentials. The sensitised
material exhibited short transgranular cracking at low potentials, intergran-
ular cracking at high potentials and mixed mode cracking at intermediate
potentials.

The strains needed to initiate cracks in both the annealed and the sensi-
tised materials were obtained using tapered slow-strain-rate specimens
and the data are given in Fig. 8.36. As can be seen, there is little tempera-
ture dependence of the strain needed to initiate cracks in sensitised mate-
rial whereas the annealed material was most susceptible to cracking at
about 25O0C. These results indicate the complicated response of Type 316
stainless steel to applied potential and demonstrate that, even though
environmentally-assisted cracking may be generated by severe test methods,
in this case the slow-strain-rate test, the results obtained must be used with
care. For instance, the cracking of the annealed material at low potentials
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Fig. 8.36 Minimum strains for initiating stress-corrosion cracks in annealed and in sensitised
316 during slow strain rate tests in 5 ppm chloride content water

(implying cracking in very low oxygen content water) only occurs after very
large strains are imposed and such large strains will not be experienced by
components in high-temperature water systems. Also, the very high poten-
tials used for some of the tests are more positive than the corrosion potentials
likely to be achieved in the oxygenated waters experienced by industrial
systems. Nevertheless, it is clear that the surface condition of the steel is
important in relation to its susceptibility to stress-corrosion cracking.

Steels with thick oxide layers on top of a heavily sensitised surface micro-
structure have been shown to be very susceptible to cracking in oxygenated
water even in the temperature range 50-10O0C113. The effect of an oxide
film promoting easy crack initiation was reported by Berry et a/.114 and
rough surfaces or inclusions emerging perpendicular to the surface also
facilitate easy crack initiation. Figure 8.37 shows cracking which has
initiated in the threaded end of a slow-strain-rate specimen of Type 304L
(low-carbon) steel when tested in low-oxygen high-temperature water but
under applied potential control. Cracks initiated and grew in the threaded
region rather than in the narrower gauge length because sulphur-containing
inclusions outcropped at the machined threads for specimens cut with their
long axis parallel to the rolling direction. Obviously, dissolution of the inclu-
sion created a crevice and generated a locally very aggressive environment.
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Fig. 8.37 Cracks originating at sulphide-containing inclusions that outcrop in threaded end of
a slow strain rate specimen tested at 25O0C at O mV SHE, in lithiated low oxygen content water

doped with 100 ppm chloride

Practical Solutions to Stress Corrosion Problems

The requirements for stress-corrosion cracking to occur are a susceptible
alloy, the presence of stress, an appropriate environment and a particular
range of potentials. Cracking can be prevented by altering one or more of
these. The general comments made by Hines115 are still valid and worth
reiterating with some minor supplementation in the light of more recent
data.

For aggressive conditions it may be advantageous to use one of the many
high-nickel alloys available. The high cost of such alloys may be economic-
ally beneficial although some of the alloys are subject to stress-corrosion
cracking, but in a more restricted range of environments than the lower
nickel alloys that they would replace.

The easiest approach to a solution is likely to be that of altering the
environment or to reduce the residual stress levels in the component by
appropriate heat treatment providing the latter does not induce deleterious
changes in microstructure (sensitisation). However, the aggressive environ-
ment may have arisen from a concentration mechanism, and in such cases
small changes in the bulk environment are unlikely to be an effective solu-
tion to the problem. Care should be taken with welding procedures, or new
welding procedures should be devised. An example of the latter is the heat-
sink welding that has been successfully applied to 304 tubing in BWR cooling
circuits.



As previously mentioned by Hines115, two points deserve particular men-
tion. First, local concentrations are most likely at 'hot spots' at which the
heat transfer conditions are particularly severe, as in blind crevices or gaps
in scale in heat exchangers. Excessive scaling is undesirable as partial or com-
plete blockage of tube can lead to particularly severe conditions. The prob-
ability of cracking is also reduced by reducing the temperature, particularly
if the maximum attainable temperature is reduced. Failures are relatively
rare below about 6O0C although recent instances of cracking of Type 304 and
Type 316 steels in indoor swimming pools have occurred116, indicating that
the 6O0C lower limit cannot be universally applied. Also chloride cracking
can occur in ambient coastal environments117'118, with strong indications of
the deleterious effect of surface contamination by iron with stress-corrosion
cracks initiating at rust spots, although other reasons for crack initiation are
possible119. This observation leads directly to Hines' second set of general
comments, discussed below.

Accidental contamination during erection or repair of steam or hot water
systems is potentially dangerous, and careful flushing is desirable. It is also
desirable that lagged pipelines be waterproofed if there is any danger of their
being wetted by atmospheric moisture or by spillage. Where spillage is a
possibility, vessels should not rest directly on concrete. In the last two cases,
the use of 'pure' materials for insulation of concrete may reduce the risk of
failure, but this precaution is of little value if spillage of process liquors con-
taining chlorides or caustic is possible. It is important to recognise, however,
that methods of controlling stress-corrosion cracking that depend on main-
taining precise environmental conditions (concentration of chloride, caustic,
oxygen or inhibitors, or temperature or pressure) are inherently dangerous,
since cracks may be formed very rapidly if control is lost; it is essential
therefore to ensure that the control system is effective.

On fully softened material, the time to failure may be considerably
increased by a reduction in stress. However, unless a stress relieving or
softening treatment is the last stage in fabrication it is probably impossible,
to avoid the occurrence of some regions where local stresses of yield point
magnitude exist, and also of some regions which were cold worked during
fabrication, the two classes of region not being necessarily coincident. Such
regions occur near welds and in regions where hot or cold forming was
necessary; they also arise through accidental dents, stamped identification
marks or sheared edges, or through grinding to remove surface defects.
Failures have resulted from all these causes. These areas constitute weak
spots, which may be particularly dangerous if they coincide with local hot
spots, as at the tube/tube-plate joints at the hot end of a heat exchanger.

Stress relief is of little practical value as a means of preventing stress-
corrosion cracking in austenitic steels, as cracking occurs at quite low stress
levels even in fully softened material and it is difficult to ensure that stresses
are reduced to a safe level in a real structure. The technique can however be
useful in small items but, even in this case, phase changes which reduce
stress-corrosion resistance or have other deleterious effects can occur at the
stress relieving temperature.

Cathodic protection has been successfully used in favourable circum-
stances, but is difficult to apply effectively to complex structures as crack-
ing tends to occur at those points where it is most difficult to ensure that a



protective potential is maintained. Anodic protection has been used effec-
tively in low-chloride environments, and this appears a sounder approach if
it is certain that pitting conditions will not occur.

J. CONGLETON
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