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Effects of residual stress on irradiation hardening were studied in advance for predicting irradiation
assisted stress corrosion cracking. The specimens of SUS316 and SUS316L with several % plastic strains,
which correspond to weld residual stress, were prepared by bending and keeping deformation under irra-
diation. Ion irradiations of 12 MeV Ni3+ were performed at 330, 400 and 550 oC to 45 dpa. No bended
specimen was simultaneously irradiated with the bended specimen. The residual stress was estimated
by X-ray residual stress measurements before and after the irradiation. The micro-hardness was mea-
sured by using nanoindenter. The residual stress did not relax even for the case of the higher temperature
aging at 500 oC for the same time of irradiation. The residual stress after ion irradiation up to high dpa,
however, relaxed at these experimental temperatures. The irradiation hardening of stressed specimen
was obviously lower than that of un-stressed one in case of SUS316L irradiated at 300 oC to 12 dpa.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Structural materials used in fusion reactor with water cooling
system will undergo corrosion in aqueous environment and more
irradiation fluence than those in LWR. Irradiation assisted stress
corrosion cracking (IASCC) will be induced in austenitic stainless
steels exposed in these environments for a long term of reactor
operation. The IASCC is considered to be caused mainly in a weld-
ing zone, where irradiation hardening, irradiation induced stress
relaxation, radiation induced segregation and swelling are oc-
curred with each time (or displacement damage: dpa) dependent
behavior. The irradiation hardening and the radiation induced seg-
regation increase with increasing the damage level [1,2]. The
swelling increases rapidly above a threshold damage level [3]. On
the other hand, the residual stress (tensile and/or compressive
stress) induced by the welding decreases with increasing the dam-
age level [4,5]. In order to predict the life time of the structural
materials undergoing IASCC, it is necessary to evaluate and simu-
late the synergistic effect of these irradiation behaviors. In this
study, the behavior of irradiation induced stress relaxation and
irradiation hardening were investigated, prior to evaluating intri-
cate IASCC.

2. Experimental procedures

Specimens used in this study were austenitic stainless steels,
SUS316 and SUS316L. Chemical compositions of the specimens
are given in Table 1. The specimens were solution annealed at
ll rights reserved.

o).
1030 oC and then water quenched. The specimen size was prepared
to be 20.0 mm long, 5.0 mm wide and 0.5 mm thick by mechanical
and electrochemical polishing. Specimen holder made of SUS316L
with curvature radius of 12.5 mm to give about 2% plastic strain
into the 0.5 mm thick specimen was developed in this study. By
bending and keeping deformation, the specimen with tensile stress
of about 200 MPa, which corresponds to weld residual stress, was
prepared for ion irradiation. The bending (stressed) and no-bend-
ing (un-stressed) specimens were irradiated simultaneously by
using this special holder [6]. The ion irradiations of 12 MeV Ni3+

were performed at 330, 400 and 550 oC in TIARA facility at JAEA.
The surface temperature of the both specimens was measured by
two-dimensional infrared pyrometer and kept to be constant un-
der irradiation. The irradiation flux was monitored by beam profile
monitor. The peak depth of displacement damage and Ni ion pro-
jectile range were calculated to be 2.8 and 3.2 lm, respectively,
by SRIM-2000 code [7]. The mean displacement damage, which va-
lue was selected at depth of 1.6 lm, was changed from 1 to 45 dpa.
The displacement damage rate was set to be about 2 � 10�3 dpa/s.
It is noted that no bended (un-stressed) specimen was simulta-
neously irradiated with the bended (stressed) specimen on the
same holder by X–Y ion-beam scanning. The difference of surface
temperatures of the both specimens was below 20 oC under the
irradiation. The residual stress, which was tensile stress in this
study, was estimated by X-ray residual stress measurements be-
fore and after the irradiation with keeping the both specimens
on the irradiation holder. The measurements were performed by
using iso-inclination scanning method (2h-sin2w) [8], where h
was Bragg angle and w was changed to be 0, 11.25, 22.5, 33.75
and 45�. The micro-hardness was measured by using nanoindenter.
The hardening behavior of the irradiated specimens was evaluated
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Table 1
Chemical compositions of the SUS316 and SUS316L (mass %).

C Si Mn P S Ni Cr Mo

SUS316 0.05 0.43 0.83 0.026 0.001 10.05 16.13 2.07
SUS316L 0.008 0.40 0.82 0.025 0.0011 12.86 17.72 2.30

Cu N Co B V Al Fe
SUS316 – – – – – – Bal.
SUS316L <0.001 0.031 <0.001 <0.0001 0.002 0.009 Bal.
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Fig. 2. Dependence of irradiation induced stress relaxation on irradiation damage
at 400 oC.

N. Okubo et al. / Journal of Nuclear Materials 386–388 (2009) 290–293 291
by indentation depth of 300 nm in consideration of the damage
depth of about 3 lm. The micro-hardness was calculated from
mean values of 10 points per each specimen.

3. Results and discussion

The residual tensile stress of bended (stressed) specimen was
evaluated to estimate the dpa dependence on the irradiation in-
duced stress relaxation. The behavior of irradiation induced stress
relaxation changed for each irradiation temperature under bending
deformation. The initial residual stress of SUS316 and SUS316L be-
fore irradiation was measured to be about 200–300 MPa, which
was comparable to weld residual stress in commonly stainless
steels. The dpa dependence of SUS316 and SUS316L on the irradi-
ation induced stress relaxation for 330 oC irradiation is shown in
Fig. 1. The initial residual stress of 200 MPa decreased gradually
with increasing dpa. The residual stress was about 100 MPa around
10 dpa and did not disappear completely even in the case of 45 dpa
irradiation. The relaxation behaviors of both specimens are similar,
though the initial residual stress of SUS316 was slightly higher
than that of SUS316L. The residual stress after ion irradiation re-
laxed at these experimental temperatures in SUS316L. By using
the irradiation holder, the thermally stress relaxation was evalu-
ated without irradiation. The residual stresses for SUS316 speci-
mens after thermal aging at 330 oC were 244, 232, 214 and
161 MPa for the same time of the irradiation to 0, 1, 6 and
45 dpa, respectively. In the case of SUS316L, the residual stresses
were 156,157,167 and 68 MPa, respectively. Accordingly, the net
stress relaxation induced by the irradiation at 330oC above 10
dpa was from 50 to 60 MPa for SUS316 and 60 to 70 MPa for
SUS316L. The behavior of stress relaxation induced by the irradia-
tion at 400 oC is shown in Fig. 2. Though the initial residual stress
of SUS316 is slightly higher than that of SUS316 shown in Fig. 1,
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Fig. 1. Dependence of irradiation induced stress relaxation on irradiation damage
at 330 oC.
the residual tensile stress of both SUS316 and SUS316L relax grad-
ually with increasing dpa. In the case of 400 oC irradiation at
45 dpa, the residual tensile stress became 0 MPa and almost all re-
laxed for both of SUS316 and SUS316L. The behavior of stress
relaxation induced by the irradiation at 550 oC is shown in Fig. 3.
In this case, the difference of relaxation behavior was not clear be-
tween SUS316 and SUS316L. The residual stress did not relax com-
pletely even for the case of the higher temperature aging at 500 oC
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Fig. 3. Dependence of irradiation induced stress relaxation on irradiation damage
at 550 oC.
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Fig. 4. Dependence of micro-hardness on irradiation damage at 330 oC for SUS316.
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Fig. 6. Dependence of micro-hardness on irradiation damage at 400 oC for SUS316L.
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for the same time of the 6 dpa irradiation. However, most of the
residual tensile stress was relaxed at 1 dpa and the residual stress
was 0 MPa above 6 dpa.

The dependence of micro-hardness on the irradiation damage
was evaluated for SUS316 and SUS316L with and without bending
deformation. Fig. 4 shows the behavior of irradiation hardening of
SUS316 at 330 oC. In both case of bended (stressed) and no bend
(un-stressed) specimens, the hardness increases immediately up
to 6 dpa and saturates around 12 dpa. On the other hand, distinct
difference of hardening behavior was appeared for the case of
SUS316L irradiated at 330 oC as shown in Fig. 5. The hardness of
no bend specimen increases immediately and saturates around
12 dpa. The hardness of bended specimens, however, slightly be-
come lower than that of no bend specimen at 6 dpa and increase
slowly with increasing dpa, resulting in comparable hardness with
no bend specimen at 45 dpa. The suppression of irradiation hard-
ening was about 20% for the case of 12 dpa. Fig. 6 shows that irra-
diation hardening of bended specimen is suppressed at 12 dpa in
comparing with that of no bend specimen for the irradiation at
400 oC.
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Fig. 5. Dependence of micro-hardness on irradiation damage at 330 oC for SUS316L.
The hardness of both specimens with and without bending was
not so changed after irradiation at 550 oC. In this case, the hardness
of specimens irradiated at 1–6 dpa slightly increased below 10%
and the hardness was constant to be initial hardness up to
45 dpa. In the bended specimens, it is considered that irradiation
induced point defects form dislocation loops along vertical direc-
tion of stress. The growth of loops and/or absorption of frenkel de-
fects could cause climbing and gliding of dislocation and then, the
stress could relax. This mechanism may be explained by stress in-
duced preferred nucleation of dislocation loop (SIPN) [9] or stress-
induced preferred absorption of point defects by dislocations
(SIPA) [10] because dislocation loops were preferentially formed
at relatively low irradiation temperature (300–400 oC). Microstruc-
tural evaluation by TEM is essential issue for interpreting the
mechanism of hardness reduction.
4. Conclusion

Effects of residual stress on irradiation hardening in SUS316 and
SUS316L were investigated, prior to predicting and estimating IAS-
CC. The behavior of irradiation induced stress relaxation was eval-
uated for irradiation damage and temperature under bending
deformation. It was evident that irradiation hardening was re-
duced for the bending (stressed) specimens compared to the no
bend (un-stressed) specimens for SUS316L irradiated at 300 and
400 oC.
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