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Stress Corrosion Cracking of SUS316 Stainless Steel in
High Temperature Watert

Toshio KURODA *, Yasushi KIKUCHI**, Yun Mo YEON*#* and Toshio ENJO****

Abstract

Effects of solution treatment temperature and sensitization time on stress corrosion cracking (SCC) have been
studied on SUS316 stainless steel in high temperature water at 562K containing dissolved oxygen of 8ppm using a slow
strain rate testing (SSRT) technique at 4.17 X 107%s™* and 8.35 X 10~"s™'. The Strauss test (ASTM A262E) and the
oxalic acid etching test (ASTM A262A) were used to determine the degree of sensitization and Huey test (ASTM A262C)
and anode polarization test were used to determine the influence of step solution treatment on segregation of impurities
at grain boundary. .

In the case of the specimens solution-treated at 1373K, M,, C, and Laves phases were many precipitated than tha
of the specimen solution-treated at 1573K. For the width of attacked grain boundaries, this trend was coincident. In high
temperature water, intergranular corrosion was occurred owing to Cr depletion resulting from the precipitation of M, C,
and Laves phase at grain boundaries of sensitized specimens and then IGSCC was occurred at these attacked grain
boundaries at the small amount of strain and load. IGSCC was propagated to TGSCC according to the increase of strain.
It was considered that IGSCC hardly occurred owing to the decrease of Cr-depleted zone at grain boundaries resulting

from the precipitation of Laves phases.
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1. Introduction

Stress corrosion cracking of sensitized SUS304 stainless
steel in high temperature water has been investigated com-
paring with intergranular corrosion, especially Cr deple-
tion at the grain boundary’ ™. It is well known that
SUS316 stainless steel has good resistance to corrosion
comparing with SUS304 stainless steel, because of the Mo
addition®). M,3Cs and Mo compounds precipitate at the
grain boundary for the sensitized SUS316 stainless steel®.
However, the precipitation of these compounds has not
been discussed comparing with SCC in high temperature
water.

In this study, it was investigated that effects of solu-
tion treatment temperature and Mo on the precipitation
behavior of M,3C¢ and SCC susceptibilities in high
temperature water.

2. Experimental Procedures

Chemical compositions of SUS316 stainless steel are

shown in Table 1. Samples were solution-treated at 1373K
and 1573K in vacuum for 3.6ks, and then water-
quenched. Solution-treated samples were sensitized at
973K for various times.

Table 1 - Chemical composition of SUS316 stainless steel
(mass%).
Material| C Si | Mn P S Ni Cr | Mo | Fe

SUS 316|006 0.63 |0.97 |0033]0007{10.13 |17.05{ 216 | Bal.

Autoclave system and specimen size were as same as
those of the previous report7’8). SCC tests were carried
out at crosshead speeds of 4.17 X 107%s™ and 8.35
X 107757 in high temperature water containing dissolved
oxygen of 8 ppm at 562K under 8MPa. The dissoled
oxygen content in water was automatically controlled by
introducing N, and O, gas. The fracture surfaces of speci-
mens were examined using scanning electron microscopy.

SCC susceptibility was evaluated by fracture strain and
reduction in area (R.A.). Transmission electron micro-
scopy was used to observe the carbides and Mo com-
pounds. The degree of sensitization was ealuated using
10% oxalic acid test (ASTM A262A), Strauss test (ASTM
A262E), Huey test (ASTM A262C) and pitting potential
in 3.5% NaCl solution.

3. Results and Discussion

3.1 Effect of solution treatment temperature on precipi-
tation of M,3 C,; and Laves phase.

Figure 1 shows microstructures of sensitized specimens
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Fig. 1 Integranular corrosion in A262A test for specimens
which were solutionized for 3.6ks at 1373K(a) and
1573K (b), and subsequently sensitized at 973K for
72ks.

after 10% oxalic acid test. In case of the specimen heat-
treated at 1373K, grain boundaries were greatly attacked
comparing with the specimen heat-treated at 1573K.
However, the precipitates were not observed for the solu-
tion-treated specimen. ‘

Figure 2 shows a transmission electron micrograph of
the grain boundary precipitates for the specimens sensi-
tized for 72ks. The grain boundary precipitates were
identified to M,3C¢ and Laves phase. Laves phase is
composing of Fe-Mo compounds.

Figure 3 shows transmission electron micrographs of
the grain boundary precipitates for the specimen sensi-
tized for 1015ks. Laves phases for the specimens heat-
treated at 1373K were larger than those of the specimens
heat-treated at 1573K.

Figure 4 shows a transmission electron micrograph of
the precipitates in grain. The precipitates were identified
as Laves phase. From these results, the precipitates in the
photographs shown in Fig. 1 were M,3Cs and Laves
phases. Also, it means that M3 C¢ and Laves phase for the
specimens heat-treated at 1373K precipitated more com-
paring with those of 1573K. It is considered that the pre-
cipitation of My3Cs is decreased by the precipitation of
Laves phases.
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Fig. 2

Fig. 3
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Grain boundary precipitates in the specimen which was
sensitized at 973K for 72ks after the solution treatment
at 1373K for 3.6ks,

(a): TEM micrograph (b), (c) Diffraction patterns

Grain boundary precipitates in specimens which was
sensitized at 973K for 1015ks after the solution treat-
ment at 1373K (a) (b) (c) and 1573K (d).

(), (c), (d): TEM micrograph (b): Diffraction pattern
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Fig. 4 Precipitates in a specimen sensitized at 973K for 1015ks
after the solution treatment at 1573K,

3.2 Relation between precipitation behavior of M,;Cg,
Laves phase and intergranular corrosion,

Figure S shows a relation between a degree of sensitiza-
tion by means of A262A test and sensitization time®).
The degree of sensitization increased with increasing
sensitization time. The degree of sensitization for the
specimens heat-treated at 1373K is larger than those for
the specimens heat-treated at 1573K. It is considered that
the degree of sensitization is correlated with the precipita-
tion of M,3Cs and Laves phase. Cr depleted zones
adjacent ot My3C¢ and Mo depleted zones adjacent to
Laves phase were investigated.

Figure 6 shows the result of Strauss test. The widths of
attacked grain boundaries increased with increasing sensi-
tization time. It is considered that the growth of Laves
phase is corelated with the drastic increase of widths of
attacked grain boundaries. Because the Laves phase is Mo
compounds containing 11%Cr-38%Fe, it is considered that
Mo depleted zone affects intergranular corrosion suscep-
tibility. Also, the widths of attacked grain boundary for
the specimens heat-treated at 1373K were broader com-
paring with those of the specimens heat-treated at 1573K.
It seems that these results are concerned with the attack
of the regions adjacent to M,3Cy and Laves phase. The
precipitation of M,3Cs and Laves phase for SUS316
stainless steel during sensitization treatment was similar to
those of SUS304 stainless steel. It is considered that the
change of precipitation by the solution treatment temper-
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Fig. 6 Effect of sensitization time on the width of attacked
region at grain boundaries in the Strauss test.

Fig. 7 Morphology of solutionized specimens after the Huey
test.
“(2), (¢): 1573K, 3.6ks W.Q.
(b), (d): 1573, 3.6ks + 1373K, 72ks W.Q.

ature is correlated with the segregation of impurity at the
grain boundary.

Figure 7 shows the surface appearance after Huey test
for the solution-treated specimen. The grain boundary of
the specimens held at 1373K for 72ks were greatly
attacked comparing with these of the specimens heat-
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treated at 1573K. It is considered that the intergranular
attack increased owing to the segregation of impurity at
the grain boundary.

Figure 8 shows the effect of holding time at 1373K on
corrosion rate by Huey test. At any case of solution-
treated specimens and sensitized specimens, the corrosion
rate increased with increasing holding time at 1373K.
Also, in case of the sensitized specimens, corrosion rate is
10 times larger than those of solution-treated specimens.
It is considered that this increase of corrosion rate is cor-
related with the segregation of impurity and the precipi-
tation of M3 C4 . Laves phase resulting from sensitization.

Figure 9 shows the effect of holding time at 1373K on
pitting potential in 3.5%NaCl solution. At any case of
solution-treated specimens and sensitized specimens, pit-
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Fig. 8 Effect of holding time at 1373K on corrosion rate in the
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Fig. 9 Effect of holding time at 1373K on pitting potential.
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ting potential decreases with increasing holding time at
1373K. In case of the solution-treated specimens, the
decrease of pitting potential was correlated with the
segregation of impurity at the grain boundary. In case of
the sensitized specimens, the pitting potential is about
100mVgcg low at any holding time. These tendency is
similar to that of corrosion rate in Huey test.

Figure 10 shows transmission electron micrographs of
the grain boundary carbides for sensitized specimens. The
grain boundary carbides of the specimen held at 1373K
were larger than those of the specimen held at 1573K.
From this result, it is considered that the impurity
element segregated at the grain boundary accelerate the
growth of M,3Ce and Laves phase during sensitization.

3.3 Effects of solution treatment temperature and
sensitization time on SCC susceptibility.

Figure 11 shows effects of solution treatment temper-
ature and sensitization time on SCC susceptibility at the
strain rate of 8.35 X 1077s™! in high temperature water.
The reduction in area (R.A.) of sensitized specimens
decreases with increasing sensitization time. However,
R.A. increased at long time. That is, SCC did not occur at
long time. This tendency was similar to the result of
fracture strain. Also, SCC fraction and IGSCC fraction are
correspondent with R.A. and fracture strain. However,
SCC susceptibility of specimen heat-treated at 1373K is
higher than that of specimen heat-treated at 1573K. It is

Fig, 10 Transmission electron micrographs of sensitized speci-
mens solution-treated at 1573K for 1.8ks(a) and held at
1373K for 72ks after the solution treatment (b).
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considered that the SCC susceptibility of SUS316 stain-
less steel is lower comparing with SUS304 stainless steel
owing to the precipitation of Laves phase at the grain
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Fig. 11 Effect of sensitization time on SCC susceptibilities.

Fig. 12 Micrographs of longitudinal sections after SCC test for
specimens sensitized at 973K for 72ks after the solution
treatment at 1373K for 3.6ks(a), 1573K for 3.6ks(b).

boundary. That is, the precipitation of M;3Cs is sup-
pressed by the precipitation of Laves phase. Also, SCC
susceptibility decreases at long sensitization time. It is
considered that the decrease of SCC susceptibility is
correlated with the healing of Cr in the Cr depleted zone
and the decrease of precipitation of M3 C¢ resulting from
the precipitation of Laves phase.

Figure 12 shows the SCC crack of sensitized specimens.
In case of the specimens heat-treated at 1373K, it means
that SCC crack ‘initiated at the grain boundary and pro-
pagated along the grain boundary. However, in case of the
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Fig. 13 Effect of solutionizing temperature on load-strain curves
of specimens sensitized at 973K for 72ks after the solu-
tion treatment at 1373K (a) and 1573K (b) for 3.6ks.

Fig. 14 Integranular corrosion of sensitized specimen immersed
in water at 562K for 240ks.



(104)

specimens heat-treated at 1573K, it seems that the SCC
crack initiated at the grain boundary and propagated into
the grain. This tendency of the crack initiation and pro-
pagation of SUS316 stainless steel was similar to that of
SUS304 stainless steel. It is considered that the initiation
behavior of SCC crack is concerned with load-strain curve.

Fig. 15 Initiation and propagation of crack in SCC test for
specimen sensitized at 973K for 3.6ks after the solution
treatment at 1373K for 3.6ks.

Solutionized Sensitized

(a) (b)  ,M3Cg] (c)
-P -~ Laves 8 ~MasCe
chxves <
]
N O
(d) Dimple |(e) IGSCC (f) IG-TG,D

R

Crack profile |Microstructure

Fig. 16 Schematic diagram illustrating the microstructure and
crack profile in SCC test.

Transactions of JWRI

104

Vol. 18 No. 1 1989

Figure 13 shows the load-strain curves of sensitized
specimens during SCC test in high temperature water. In
case of the specimens heat-treated at 1373K, load
decreases at the lower strain comparing with the speci-
mens heat-treated at 1573K. It is considered that IGSCC
initiates at the low strain, It was investigated on the speci-
men surface attacked in high temperature water in order
to observe SCC initiation.

Figure 14 shows scanning electron micrographs of the
specimen surfaces attacked in high temperature water.
Corrosion products were observed at the grain boundary,
but not pits. Consequently, SCC did not occur from the
pits. It is considered that the pits hardly occur owing to
Mo.

Figure 15 shows scanning electron micrographs of the
typical fracture surface after SCC test. SCC was initiated
at the grain boundary near the specimen surface and pro-
pagated into grain with fan-shaped pattern. At last, the
specimens was fractured mechanically. From this fracture
surface, it is considered that this intergranular fracture
pattern are coincident with the decrease of the load as
shown in Fig. 13.

Figure 16 shows schematic illustration of the precipi-
tation of M,3Ce. Laves phase and SCC crack. In case of
the solution-treated specimens, SCC did not occur owing
to nothing of Cr depleted zone. However, in case of the
sensitized specimens, SCC initiated and propagated along
the grain boundary owing to Cr and Mo depleted zones
resulting from the precipitation of M,3Cs and Laves
phase. Also, in case of the long time sensitized specimens,
SCC initiated at grain boundary. But, its cracks propa-
gated to grain not to grain boundary. It is considered that
the decrease of SCC susceptibility is concerned with the
decrease of Cr depleted zone resulting from Cr healing.

4. Conclusion

In this study, it was investigated that the effects of
solution treatment temperature and sensitization at 973K
on SCC susceptibility of SUS316 stainless steel in high
temperature water. Also, the precipitation behavior of
M,3Cs and Laves phase was compared with intergranular
corrosion test. The results obtained in this study are sum-
marized as follows.
1)In case of the sensitized specimens, Laves phase

precipitated with My3Cs. In case of the specimens

heat-treated at 1373K, M,3C4 and Laves phase precipi-
tated more comparing with the specimens heat-treated
at 1573K.

2) The width of attacked grain boundary increased with
increasing sensitization time. Also, the width of speci-
mens heat-treated at 1373K was broader comparing
with that of the specimens heat-treated at 1573K.
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3) In case of the step-solution treated specimens, the
width of attacked grain boundary in the Huey test
increased with increasing holding time at 1373K. It
means that this increase of width of attacked grain
boundary is concerned with the segregation of
impurity at the grain boundary.

4) The precipitation of M;3Ce and Laves phase increased
with increasing holding time at 1373K. It is considered
that the impurities segregated at the grain boundary
accelerate the growth of M,3Cy4 and Laves phase during
sensitization treatment.

5) In case of the specimens heat-treated at 1373K, SCC
susceptibility was higher than that of the specimens
heat-treated at 1573K. This susceptibility was coinci-
dent with the precipitation behavior of My;Cs and
Laves phase at the grain boundary and integranular
corrosion susceptibility. From these results, it is con-
sidered that the precipitation of Laves phase at the
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grain boundary suppress the precipitation of M,;Cq
and SCC susceptibility decreases owing to the decrease
of Cr depleted zone.
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