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A B S T R A C T

The stress corrosion cracking (SCC) susceptibility of solution-annealed 310S stainless steel (SS) was examined by
means of slow-strain rate test (SSRT) method in hot water (288 °C) with dissolved-hydrogen (DH), and the results
were compared with those of 316L SS. Almost no SCC was observed in 310S SS, while a remarkable SCC was
found in 316L SS showing brittle fracture surfaces and cracks on specimen side surfaces. The SCC observed in
316L SS started as IGSCC while necking, and transferred to TGSCC. It was also shown that sensitization resulted
in the suppression of IGSCC of 316L SS. On the assumption that the SCC in hydrogenated hot water can be
interpreted in terms of hydrogen assisted SCC, the mechanism of the suppression of SCC in 310S SS is related
with a higher nickel content which increases stacking fault energy and facilitates cross slip of dislocations,
resulting in the reduction of hydrogen concentration on a unit area of slip plane.

1. Introduction

The water-cooled ceramic breeder testing blanket module (TBM) is
one of key components of International Thermonuclear Experimental
Reactor and beyond towards nuclear fusion energy. In the design of the
TBM, a reduced activation ferritic/martensitic steel has been selected as
structural material cooled by water similar to the current pressurized
water reactors (PWR). Behind the TBM there is a primary heat transfer
system that is responsible for heat exchange and tritium recovery where
long cooling pipes made of 316L stainless steel (SS) are installed [1–6].
In the blankets, tritium, a fuel of fusion reactor, is produced through
nuclear reactions and it could penetrate into cooling water. With the aid
of radiation, tritium (T) may react with water and forms tritiated water
(such as THO or T2O) and/or TH, T2 as dissolved gaseous species in the
coolant.

Regarding the effect of dissolved hydrogen on stress corrosion
cracking (SCC), current PWRs adopt hydrogen injection to reduce cor-
rosion potential for scavenging corrodants for maintaining structural
integrity. The content of dissolved-H2 (DH) is a key and should be kept
within a certain range to maximize efficiency while not degrading
materials. In order to investigate the effect of hydrogen on SCC, a
number of studies were performed by means of slow strain rate test
(SSRT) and compact tension (CT) test with focusing on the measure-
ment of crack growth rate (CGR) of solution annealed and/or cold
worked SS in simulated PWR primary loop water.

Arioka conducted SSRT on solution-annealed 316 SS at different
temperatures and found a minimum CGR at 15 cc H2/kg H2O in the
temperature range of 320–340 °C and at around 25 cc H2/kg H2O at
310 °C [7]. On cold-worked 316L SS, Fukumura et al. [8] reported a
monotonic increase from 15 to 45 cc H2/kg H2O at 320 °C, which is
supported by Choi et al. tested at 340 °C [9]. However, Meng et al.
found a monotonic CGR decrease from 0 to 50 cc H2/kg H2O [10].
Nonetheless, Zhong et al. found a CGR peak at 15 cc H2/kg H2O at
325 °C [11]. Raquet et al. reported a CGR peak at 30 cc H2/kg H2O at
360 °C on V-shape humped 304L SS [12]. As shown above, although the
effect of hydrogen content is not clear, it is considered that hydrogen
play two roles in suppression of formation of protective film thickness
[13] and in reduction of atomic bond strength of which the balance
determines the total effect of hydrogen on SCC.

The fracture mode of SCC in the water dissolved with hydrogen is
also different among the researchers; transgranular (TG), intergranular
(IG) or mix mode. Meng et al. [10] and Chen et al. [14] revealed IGSCC
for a cold-worked 316NG tested in the water with DH 2.5 ppm at
310 °C. Nono et al. [15], however, reported TGSCC on solution-an-
nealed 316L SS in the water with DH=0.4 ppm at 288 °C. Arioka [7]
found that crack initiated in IG mode and transformed into TG mode in
the water with 30 cc H2/kg H2O at 320 °C. As for nickel base alloys,
several researchers reported that CGR showed a peak [7,8,11] or in-
creased [10] with hydrogen contentment. These above mentioned ex-
perimental results suggests that hydrogen effect also depends on
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material even for iron based austenitic SS.
Austenitic SS also suffer hydrogen embrittlement in a dry hydrogen

gas. Caskey [16] carried out tensile tests at temperature ranging from
77–373 K for several iron-based austenitic stainless steels charged with
deuterium in a deuterium atmosphere (D2) at 69MPa, and he found
that the susceptibility to hydrogen embrittlement of 310S SS is much
less than 304L SS at around 200 K. He also indicated that, in Fe–Cr–Ni
ternary alloy system, the susceptibility reduced as Ni content was as
high as within 15–25 wt%. Han et al. [17] reported the similar results
with him. After the hydrogen or deuterium charging in 1MPa of H2 and
D2 gas, Zhang et al. [18] tested several types of 316 SS with various Ni
content and showed that the susceptibility was reduced with Ni
equivalent content of the austenitic steel.

We consider that 310S SS is more resistant to SCC under HT/T2-
dissolved hot water because 310S SS may behave in a similar manner in
tritiated water as in hydrogen gaseous environment. In this research,
the SCC susceptibility of solution-annealed 310S SS, which is rather
highly resistant to hydrogen embrittlement, was examined by means of
SSRT in hot water with dissolved-hydrogen and the results are com-
pared with that of 316L SS. Furthermore, the effects of sensitization
treatment on the SCC in hydrogenated water was investigated.

2. Experimental

2.1. Materials

The materials used in this study were commercial plate type 316L SS
and 310S SS. Their chemical compositions were listed in Table 1. The
geometry of tensile specimens is shown in Fig. 1, of which the gage
section measures 5mm in length, 1.2mm in width and 0.5mm in
thickness. All the specimens were solution-annealed at 1050 °C for 1 h,
followed by quenching into iced water. A part of these tensile speci-
mens were further heat-treated at 700 °C for 100 h followed by water
quench so as to simulate sensitization caused by post-weld heat treat-
ment after welding. Specimen surface was polished from #1200 to
#4000 with SiC sand papers then buff-polished to 0.25 µm with dia-
mond pastes. After polishing, the specimens were cleaned in ultrasonic
cleaner with demineralized water. The grain microstructure of solution-
annealed specimens were shown in Fig. 2 after the etching in a solution
mixed 10 g oxalic acid with 100ml demineralized water. The averaged
grain sizes were measured by means of intersection method and they
were 26 and 59 µm for 310S and 316L SS, respectively.

2.2. Hot water loop for SSRT

The hot water circulation loop includes a primary loop and a water
chemistry monitoring loop, as shown in Fig. 3. The high purity nitrogen
and hydrogen were injected into a water tank to control dissolved-
oxygen (DO) and dissolved-hydrogen (DH) content. A high pressure
pump sent high purity water into a heat exchanger, pre-heater then to
the autoclave where a SSRT specimen was set. The hot water is chilled
through another heat exchanger and then back to the water tank. SSRT
was conducted in the autoclave at a strain rate of 5× 10−7/s. Testing
temperature and pressure was kept at 288 °C and 7.8MPa with con-
ductivity kept below 0.1 µS/cm. Two different water conditions were
chosen for SSRT: one was of water dissolved with 1.4 ppm of hydrogen
(DH=1.4 ppm) and the other was of deaerated condition (both DO and
DH<0.01 ppm).

After SSRT, fracture surface and side surface were observed by a
scanning electron microscope (SEM). The fracture mode of crack in-
itiation was examined by electron backscattering diffraction (EBSD)
method with the orientation imaging microscopy (OIM) detector
equipped in a field-emission type SEM (Ultra-55, Carl Zeiss Co., Ltd.).

3. Results

3.1. Stress–strain behavior

Fig. 4 shows the stress-strain curves of solution-annealed (SA) 316L
and 310S SS under deaerated and DH=1.4 ppm hot water condition.
Solid lines represent deaerated water condition and dashed lines re-
present DH=1.4 ppm water condition. The ultimate tensile strength
(UTS) and total elongation (TE) of 310S SS are larger than those of 316L
SS. Although the difference is not significant, it appears that the total
elongation is smaller in the case of DH=1.4 ppm water condition than
deaerated water condition. A similar trend was observed for sensitized
specimens, as shown in Fig. 5, where the stress-strain curves of sensi-
tized (SEN) 316L and 310S SS were shown. The presence of dissolved-
hydrogen again reduced the total elongation of 316L and 310S SS. In
other words, the dissolved-hydrogen decreases total elongation irre-
spective of heat treatment conditions. Comparing the total elongations
of both steels between SA and SEN, no remarkable difference was ob-
served between two conditions in the water deaerated and
DH=1.4 ppm. The stress-strain behavior will be discussed again more
in detail after showing fracture behavior.

3.2. Fracture behavior

The fractography of fractured surface and side surface is summar-
ized in Fig. 6 for SA 316L SS/SA 310S SS under (a)/(c) deaerated and
(b)/(d) DH 1.4 ppm water condition, respectively. In each column, the
top represents the overview of fracture surface; the middle represents
the enlarged area squared with white broken line; and the bottom re-
presents side surface near fractured surface. Although the stress-strain
behaviors in Fig. 5 are almost same among the specimens, the fracture
mode is significantly influenced by experimental conditions, such as
material and water chemistry. It is obvious that the fracture mode of
310S SS is almost completely ductile, while that of 316L SS is mostly
brittle. The brittle fracture mode of 316L SS is mainly transgranular
type, exhibiting river patterns, that is, TGSCC. A number of large cracks
are also found on the side surfaces of 316L SS, while small cracks ap-
pear to be formed on 310S SS. It can be said that 310S SS is more
resistant to occurrence of TGSCC than 316L SS. On the enlarged view of
fractured surface of 316L SS under deaerated and DH 1.4 ppm (Fig. 6(a)
and (b)) condition and of 310S SS under deaerated condition (Fig. 6(c)),
some cracks appear to initiate with IGSCC and propagate as TGSCC
with typical river-patterns in 316L SS. But, in 310S SS under DH
1.4 ppm (Fig. 6(d)), fine wavy crack patterns are also found. The cross
sectional view was observed for the fractured specimens using SEM-
EBSD and the results are shown in Fig. 7, indicating that the fracture
mode of crack initiation of SA 316L and SA 310S SS under DH 1.4 ppm
condition is intergranular. However, it is noted that most of crack

Table 1
Chemical compositions of 316L and 310S SS.

wt% C Si P S Cr Ni Mo Mn Co Fe

310S SS 0.02 0.7 0.022 – 24.76 19.17 – 0.8 0.1 bal.
316 L SS 0.01 0.73 0.032 0.004 17.41 12.13 2.05 1.06 – bal.

Fig. 1. The geometries of miniaturized specimens for SSRT.
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initiation sites in SEN steels is transgranular type. Accordingly, it is
considered that both the solution-annealed steels suffer embrittlement
initiating as IGSCC at specimen surface and the cracks mostly penetrate
into grains as TGSCC showing river patterns on the fractured surfaces,
though the susceptibility to SCC is much lower in 310S SS than 316L SS.

A similar trend but smaller effects were observed for sensitized
specimens. The fractography of fractured surface and side surface of
SEN 316L SS/SEN 310S SS under (a)/(c) deaerated and (b)/(d) DH

1.4 ppm water condition is summarized in Fig. 8. In 316L SS, the brittle
fracture ratio (BFR) of DH 1.4 ppm condition is smaller than that of
deaerated condition, and in both the conditions cracks initiates and
propagates as TGSCC. In 310S SS, the brittle fracture and cracks on side
surface are almost unseen under two water conditions. These suggest
that the susceptibility to SCC in hydrogenated water is reduced by
sensitization treatment in both steels.

4. Discussion

4.1. Experimental conditions

In this research, we examined SCC susceptibility by SSRT method
with use of rather small specimens. Compact tension (CT) test with pre-
cracked specimens is suitable for crack growth rate measurement under
an applied stress intensity factor, while SSRT is a convenient test
method to investigate crack initiation process under increasing applied
stress, which is accompanied by cold work. It has been proved by tests
with CT specimens that crack growth rates of prior-deformed 304L SS
and 316NG SS as well as 316L HAZ and 316NG weld metal in high
temperature water decreased significantly after introducing hydrogen
gas in to solution [19–22]. Thus, it was clearly shown by CT tests that
hydrogen suppressed crack growth rate of IGSCC in water with dis-
solved oxygen. We focused on the SCC susceptibility difference through
the investigation of the effect of dissolved hydrogen on the initiation of
SCC by means of SSRT method.

As well known, utilization of miniaturized tensile specimens, espe-
cially thin specimens, sometime resulted in the change in the fracture

Fig. 2. The microstructures of solution-annealed (a) 316L and (b) 310S SS.

Fig. 3. Schematic view of SSRT loop used in this work.

Fig. 4. Stress–strain curves of solution-annealed (SA) 316L and 310S SS tested in hot
water (288 °C, 7.8MPa) at deaerated condition (solid line) and with DH=1.4 ppm (dash
line).

Fig. 5. Stress–strain curves of sensitized (SEN) 316L and 310S SS tested in hot water
(288 °C, 7.8MPa) at deaerated condition (solid line) and with DH=1.4 ppm (dash line).
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mode because of the alternation in stress state. However, in our pre-
vious research, the specimen thickness of our miniaturized specimens
was thick enough to investigate the trend of crack mode change, IG or
TG [23,24] Authors believe that the effect of dissolved hydrogen on
SCC susceptibility evaluated with present miniaturized specimens can
be compared between two steels.

4.2. SCC in hydrogenated hot water

As reported in the previous works on SCC in hydrogenated water,
hydrogen injection into hot water often accelerates the CGR of IGSCC
and/or TGSCC depending on the amount of dissolved hydrogen [8,9],
suggesting that there is an appropriate amount of hydrogen to suppress

Fig. 6. SEM photos of solution-annealed 316L SS under (a) deaerated and (b) DH 1.4 ppm water condition; and 310S SS under (c) deaerated and (d) DH 1.4 ppm water condition. In each
column, from top to bottom represents the overview of fracture surface, the enlarged area squared with white line and the side surface near fractured surface.

Fig. 7. The crack initiation of solution-annealed (a) 316L and (b) 310S SS under DH 1.4 ppm water condition. In both two materials, intergranular crack forms at the surface then
propagates into grains as transgranular cracks.
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the SCC [7], and the CGR of SCC may show a peak at an amount of
dissolved hydrogen [11,12,23,25–28]. With increasing the amount of
dissolved hydrogen in hot water, SCC can be accelerated by thickness
reduction of protective film but a further increase results in the sup-
pression of SCC caused by reduction of corrosion rate that is accom-
panied by the reduction of hydrogen production at a crack nucleation
site.

Although the acceleration mechanism of SCC with increasing dis-
solved hydrogen is not clear, in the present study, we try to explain the
difference in SCC susceptibility between 316L SS and 310S SS in terms
of hydrogen-assisted SCC caused by both the corrosion assisted hy-
drogen production and the reduction of fracture toughness of the
stainless steels.

4.3. Comparison between 310S and 316L SS

The difference in the mechanical properties between 310S and 316L
SS is summarized in Fig. 9. As mentioned before, the stress–strain be-
havior, namely, yield stress (YS), ultimate tensile stress (UTS) and total
elongation (TE) are almost not influenced by dissolved hydrogen con-
tent. However, the fracture relating properties, reduction area (RA),
brittle fracture ratio (BFR), the number of cracks and total length of
cracks on the side surfaces of specimens indicates remarkable difference
between 310S and 316L SS, where RA is defined as the ratio of final-
fractured surface area to original cross-section area, and BFR is defined
as the ratio of brittle-fracture mode area to final-fractured surface area.
It can be said that regardless the existence of hydrogen, in solution-
annealed and sensitized steels, the RA of 310S SS is higher than that of
316L SS, and the BFR of 310S SS is lower than that of 316L SS. At
solution-annealed condition, the BFR of 316L SS is over 30%, while of
310S SS is less than 5%; and, at sensitized condition, the BFR of 316L SS
is over 20%, while 310S SS is almost ductile. Therefore, comparing the
results between 316L SS and 310S SS, the susceptibility to SCC is much
lower in 310S SS than 316L SS, which is in a good agreement with that
of hydrogen embrittlement [16].

The major difference in the chemical compositions between the two
steels are chromium (Cr), nickel (Ni) and molybdenum (Mo)m as shown
in Table 1. Among these elements, Ni is well known as an element

increasing stacking fault energy (SFE) in steels. [29–32] Since higher
the SFE is, the smaller the distance between two partial dislocations, in
310S SS with much higher Ni content, moving dislocations easily cross-
slip, which increases the number of active slip planes. Fig. 10 shows the
examples of typical slip lines on the specimen side surface of SA 316L
and SA 310S SS after SSRT in hot water with DH=1.4 ppm. The slip
lines observed in 316L SS are coarse and straight suggesting that dis-
locations move on the limited slip planes, while those of 310S SS are
fine and wavy that indicates cross-slip occurs frequently and conse-
quently the number of dislocations on a slip plane is small. In Fig. 9, the
total length of cracks is larger in 316L SS than 310S SS, while the
number of cracks is almost same between the two steels. The averaged
distance between slip bands of 316L and 310S SS is measured for
Fig. 10 and estimated to be 2.4 and 1.5 µm, respectively, indicating
more frequent cross-slip in 310S SS than 316L SS. When the number of
active slip plane increases, the number of dislocations on the unit area
of slip plane decreases. Since hydrogen is trapped in the dislocation
core, the content of hydrogen on the slip plane is reduced with de-
creasing dislocation density, and consequently hydrogen effect is re-
duced. It is considered that at deaerated and DH=1.4 ppm conditions,
a lower potential causes suppression of the formation of protective
surface oxide film and hydrogen reduces cohesive force of lattice atoms,
which results in SCC.

4.4. Effect of sensitization heat treatment

In general, the IGSCC in hot water with dissolved oxygen is en-
hanced by so-called sensitization treatment which causes Cr depletion
at grain boundaries. In this research, however, the IGSCC was sup-
pressed by sensitization in water with dissolved hydrogen. We are fo-
cusing on the interpretation of this behavior by hydrogen trapping in
hydrogen-assisted SCC.

The microstructure of SEN 316L SS was examined by TEM-EDX line
scan, and shown in Fig. 11, indicating that small Cr carbide exists both
on grain boundaries and in the grains. The Cr is slightly depleted near
the grain boundary, creating a Cr-depleted zone. Since carbides are one
of effective trapping sites for hydrogen [33], it is considered that hy-
drogen transport along grain boundaries and through bulk diffusion

Fig. 8. SEM photos of sensitized 316L SS under (a) deaerated and (b) DH 1.4 ppm water condition; and 310S SS under (c) deaerated and (d) DH 1.4 ppm water condition. In each column,
from top to bottom represents the overview of fracture surface, the enlarged area squared with white line and the side surface near fractured surface.
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could be suppressed in the sensitized steels. Both the intergranular and
transgranular carbides play a role as a strong hydrogen trapping site,
and they prevent hydrogen from concentrating at crack nucleation site
as grain boundaries and slip planes in the material, then reduce the

susceptibility to SCC at the same amount of dissolved hydrogen. This
may explain the difference in cracking mode between solution-annealed
steels and sensitized steels. In solution-annealed steels, the brittle
fracture initiates as IGSCC and propagate into TGSCC, while in sensi-
tized steels, the brittle fracture of 316L SS initiates and propagates as
TGSCC. The suppression of IGSCC in sensitized steel might be due to
suppression of hydrogen transport along grain boundaries caused by
hydrogen trapping at grain boundary carbides.

5. Conclusions

The susceptibility to SCC of 310S and 316L SS in hydrogen-dis-
solved hot water (both DO and DH<0.01 ppm and DH=1.4 ppm) at
288 °C and 7.8MPa was examined by SSRT at a strain rate of 5×10−7/
s. The obtained main results are as follows;

(1) Solution-annealed 310S SS is much more resistant to SCC in hy-
drogenated water than solution-annealed 316L SS, showing that the
BFR of 310S SS is at most 5%, while that of 316L SS is over 30%. In

Fig. 9. Mechanical properties of 310S SS and 316L SS after solution annealing and sen-
sitization: YS (yield stress), UTS (ultimate tensile strength), TE (total elongation), RA
(reduction of area), BFR (brittle fracture ratio, number of cracks and total crack length) in
(left) SA series and (right) SEN series. Circle represents 316L SS while triangle the 310S
SS; solid symbol represents deaerated water condition and open symbol the DH 1.4 ppm
water condition.

Fig. 10. The slip lines morphology on the specimen surface of (left) SA 316L and (right) SA 310S at dissolved-hydrogen 1.4 ppm condition.

Fig. 11. TEM photo and EDX line scan of SEN 316L SS. Cr content is slightly decreased at
around grain boundary.
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both steels the SCC initiated at grain boundaries and transferred to
slip planes in grains.

(2) The slip line morphology observation revealed that the slip lines are
fine in 310S SS and coarse in 316L SS. The total length of cracks is
larger in 316L SS than 310S SS, while the number of cracks is al-
most same between the two steels. The averaged distance between
slip bands of 316L and 310S SS is estimated to be 2.4 and 1.5 µm,
respectively, indicating more frequent cross-slip in 310S SS than
316L SS.

(3) Comparing the results between 310S SS and 316L SS, the suscept-
ibility to SCC is in a good agreement with that of hydrogen em-
brittlement.

(4) Sensitization heat treatment lowers SCC susceptibility of the steels
in hydrogenated water. It is suggested that carbides provide addi-
tional hydrogen-trapping site and lowering hydrogen diffusivity,
which results in suppression of reaching critical hydrogen content
to cause SCC.
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