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Stress-corrosion cracking of sensitized Type 304 steel in low tem-
perature borated water has been observed. The probable role of low
levels of chloride ions or sulfur-containing ions is described, in-
cluding the relationship of the phenomenon to polythionic acid crack-
ing. The mechanism of the sulfur-induced cracking and its usefulness
as a test for sensitization are outlined.

Introduction

The incidence in the nuclear industry of low temperature stress-
corrosion cracking (SCC) of sensitized austenitic stainless steels has
been low, but remains a cause of concern. In pressurized water reactor
(PWR) systems, the sites of the cracking incidents (1) have enabled
some correlations to be made with actual or likely impurities present
in borated water. A number of laboratories have performed SCC tests on
furnace sensitized medium-to-high carbon Type 304 steel using room tem-
perature* borated water with added impurities.

Earlier work in this laboratory (2) has shown that a small in-leak-
age of sodium thiosulfate (used in some building containment sprays to
react with radioactive iodine) could be responsible for instances of
severe SCC in boric acid solutions at ambient temperatures. SCC oc-
curred in constant extension rate (CER) tests for concentrations of
Na2S203 as low as 10~5M. The other contaminant most probably
implicated in the service failures is the chloride ion; boric acid
solutions with additions of 15 ppm Cl~ caused some cracking provided
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that a thick oxide was grown by heating the specimen in air prior to
testing (3). The latter observation is consistent with the presence of
a scale on the initiation surface of the service failure described by
Jones et al. (4). These authors showed that, while the fracture sur-
face of the cracked pipe carried a sulfur-containing deposit, the SCC
fractures obtained in the laboratory using 15 ppm (4 x 10"4M) Cl"
additions were sulfur-free. Only heavily filmed surfaces were suscep-
tible to crack initiation. Fluoride ions have not been implicated
despite their effectiveness in causing SCC at very low concentrations
(5).

Recently Dhawale et al. (6) have studied the dependence on electro-
chemical potential of thiosulfate SCC in borated solutions. They con-
cluded that an anodic dissolution mechanism was operating. We have
examined the mechanism in detail using pure thiosulfate solutions (7,8)
and some of the conclusions are discussed below.

Role of Sulfur Compounds in Low Temperature SCC

As we have indicated elsewhere (7,8), and as discussed by Dhawale
et al. (6), there is no essential distinction between thiosulfate
solutions and "polythionic acid" as SCC environments for sensitized
stainless steels. Polythionic acid cracking has been known for many
year following its occurrence in catalytic reformers in the petrochem-
ical industry (9); it was shown that the concentration of H2S4O6
required to cause cracking can be as low as 5 x 10~4M. Subsequently
it was found that neutral solutions of sodium tetrathionate were ef-
fective at similar concentrations (10). From the most recent evidence
it appears that, if the various sulfur compounds are ranked in order of
severity according to their lower limit of molarity required to cause
SCC^ the ranking is: S 20 3
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Figure 1 is a pseudo-equilibrium potential-pH diagram which is very
helpful in rationalizing the effects of metastable sulfur compounds.
The diagram is obtained by superimposing the metastable S-H2O equili-
bria in the absence of sulfate ions (11, 12) and the stable Fe-h^O
equilibria (1?7« Ft" is necessary to introduce an additional stability
field for FeS. The potential range of severe polythionic acid cracking
(13) lies within a stability field of (Fe2+ + S), as does that of
thiosulfate cracking (6-8) for a crack tip pH of about 3< As discussed
elsewhere (8) acidification to about this value by metal ion hydrolysis
is highly probable, while further acidification is hindered by a par-
tial buffering action of the sulfite ion produced in the decomposition
of the thiosulfate. The severity of the SCC in low concentrations of
sodium sulfide reported by Isaacs et ?1. (2) may well result from oxi-
dation of sulfide to thiosulfate on the passive steel surface at the
solution pH of %9, and open circuit potential £+100 mVH followed by
the maintenance of the same conditions inside the crack as prevail
during the thiosulfate cracking. The role of the elemental sulfur is



undoubtedly to delay or prevent repassivation of the chromium depleted
grain boundary material by contact adsorption in preference to water or
0H~; cracking may then proceed by anodic dissolution assisted by the
continuing strain, or hydrogen may be absorbed with the assistance of
th sulfur layer. Our current view (8) is that, although mechanical
grain boundary parting can occur under severe conditions of strain
and/or strain rate, hydrogen absorption is probably not necessary for
this to occur and anodic dissolution is principally responsible for the
cracking.

It is notable that the minimum times to failure reported by Dhawale
et a l . (6) for CER tests in borated thiosulfate solutions were about a
factor of ten higher than those found in this laboratory (2, 7), so
that the propensity of the material to intermittent mechanical grain
boundary failure during SCC by anodic dissolution may be a sensitive
function of the carbon and impurity content of the steel, or i ts sen-
sitization treatment. Examination of various authors' photographs of
ductile overload fractures in sensitized high-carbon Type 304 steel (2,
4, 6) shows that i t is by no means uncommon to encounter limited inter-
granular separation with no aggressive environment present during the
necking preceding fracture; however, Briant (14) found no evidence of
this in a steel with 0.08% carbon. Further work on the origin of this
intrinsic grain boundary weakness, including the role of strair. gen-
erated martensite and impurity elements such as phosphorus, sulfur and
silicon, seems necessary in order to understand the extremely high
crack velocities measured in thiosulfate SCC (7, 8).

Relationship of Ambient Temperature SCC
to SCC in High Temperature Water

Few authors have addressed the l ikely nature of the environment
within a stress-corrosion crack in a sensitized steel in high tempera-
ture (>100°C) water. The presence of thermodyriamjcally unstable sulfur
anions such as S2O32" may be considered unlikely owing to their
probable rapid disproportionate at these temperatures; thus:

S2032~-*^S + S03
2~

However, this is not proven, and dissolution of suifide inclusions
may well produce, at least transiently, a range of ions such as
S2O32- and S40g2-. Evidence that there is a continuum of
SCC behavior in pure water down to ambient temperatures has been
obtained in this laboratory (3). A consistent interpretation is that,
at the potentials prevailing in oxygenated water where the cracking
occurs, sulfur present in the metal is chiefly oxidized to its thermo-
dynamically stable state (SO42-) but may retain a lower oxidation
state at the advancing crack tip which helps to hinder repassivation.
If crack propagation is to occur as the result of metal dissolution a
source of anions is, of course, necessary owing to the very low solu-
bility products of Fe(0H)2, Ni(0H)2 etc.



Effects of Surface State on Crack Initiation

This area is one in which almost no experimental data are avail-
able. However, the specificity of the room temperature chloride SCC to
pre-oxidized specimens (3, 4) is indicative of its importance. The
oxidation could have several functions:

( i ) Preferential oxidation of chromium from the already chromium
depleted grain boundary regions leaving, in effect, an iron-
nickel alloy as the initiation s i te .

( i i ) Alteration of the open circuit potential of the steel (pre-
sumably in the anodic direction), promoting cracking.

( i i i ) Fracture of the oxide film during straining leading to long-
lived crevices In which chloride accumulation can occur.

Most probably the "crevice" effect is the most Important, particularly
as crevices are known to accelerate the SCC of sensitized steels in
high temperature water (15). A significant analogy is with the pitting
corrosion of stainless steels In chloride solutions, where a high de-
gree of mechanical Integrity in the surface oxide film promotes pitting
by allowing retention of the film over the growing pit in i ts earliest
stages (16). From the practical point of view, 1t seems that surface
treatment counter-measures against the chloride cracking are likely to
be more successful than against thiosulfate cracking.

Effect of Inert Ion Additions

Implicit in the results of Isaacs et a l . (2) for bo rated and non-
borated thiosulfate solutions was the effect of an inert ion addition.
The boric add solution with 13000 ppm H3BO3, with a pH % 5, con-
tains ^ 10-5M borate anions, which by preferential electramigration
into the crack were able to inhibit cracking at the lowest S2O32-
concentration of 6 x 10"'M but not at the next highest of 6 x 10"6 M.
Recently we have shown that sulfate additions of >10 times the thiosul-
fate concentration are necessary to inhibit SCC in 6 x 10~4M thiosul-
fate solution. Such data are Important, as they Indicate the degree of
enrichment of the aggressive anion within a crack which is necessary to
sustain cracking. With [SO42-] = I O X C S ^ 2 - ] cracking was
st i l l rather severe although we estimate that the thiosulfate concen-
tration could not build up to higher than about 0.1M within the crack.
A further doubling of the sulfate concentration inhibited crack
propagation altogether within the resolution of our technique. Similar
considerations cannot yet be applied to the chloride SCC (4) but de-
serve consideration; the concentrations at which SCC occurred allowed
migration of Cl" in preference to borate anions.



Utility of Thiosulfate SCC as a Test Procedure

The polythionic acid test for SCC of sensitized steels and nickel
alloys has been standardized (17). The test electrolyte is prepared by
bubbling HoS and SO2 through water. Current evidence suggests that
a dilute (^10"3M), aerated solution of sodium thiosulfate is an
equally severe (and more convenient and cheap) testing medium than
either polythionic acid or the neutral sodium tetrathionate solution
used by some French workers (18). Comparison of these environments is
in progress. We have found severe SCC in a specimen of Inconel 600
sensitized at 650°C for 24h and strained at 10~6 s"1 in an aerated
6xlO~4M sodium thiosulfate solution, indicating that the polythionic
acid and thiosulfate SCC are probably equivalent for this material.

Conclusions

1. Thiosulfate is strongly implicated in some cases of low temperature
SCC of sensitized Type 304 steel in borated water, although other in-
stances could be due to chloride ion contamination.

2. Thiosulfate SCC is unlikely to differ from polythionic acid crack-
ing in its basic mechanism. Both are interpretable using potential-pH
diagrams.

3. Thiosulfate SCC does not require a high enrichment of aggressive
ions within a crack.

4. Efforts should be made to replace the polythionic acid SCC test
with one based on a dilute sodium thiosulfate solution.
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Figure 1 Potential-pH diagram for Fe-S-H?O at 298 K, not consider-
o»

ing SO^ . All equilibria involving dissolved species are drawn
for unit activity; equilibria involving HnS are for 1 atm. gaseous
H2S. y° (FeS) = -97.7 kJ mol"1; all other values from Pourbaix
"Atlas". Severe SCC ranges are indicated by *(ref. 13), 0 (ref. 6)
and x (ref. 8), assuming a crack tip pH of 3.0 for refs. 6 and 8.


