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Abstract

Austenitic stainless steels will be used in ITER as a major structural material. Although, initially supplied in annealed
condition, cold-working is inevitable during construction or operation. Martensite would be introduced by cold-work in
the case of unstabilized stainless steels. In this study, the effect of cold-work on the irradiation creep was examined under
17 MeV proton irradiation (2 · 10�7 dpa/s) at 288 �C for stabilized (SUS 316L) and unstabilized (SUS 304) stainless steels.
Radiation-induced stress relaxation was also evaluated using the creep data. The stress dependence of irradiation creep was
different for the two steels; linear for SUS 316L and quadratic for SUS 304. This difference would influence the stress relax-
ation, which is faster in SUS 316L. The behavior of SUS 316L is consistent with computer simulation for evenly distributed
network dislocations, while that of SUS 304 appears to originate from the dislocations localized in the vicinity of martens-
ite boundaries.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Austenitic stainless steels will be used in ITER as
major structural materials for the blanket and the
vacuum vessel. Although, these steels are to be sup-
plied in the annealed condition, cold-working, e.g.,
from final grinding and polishing, especially in the
vicinity of welds, will be inevitable during construc-
tion or operation and induce a high density of net-
work dislocations and associated residual stresses.
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Moreover, in the case of unstabilized steels like
SUS 304, cold-work is known to introduce martens-
ite in the austenite matrix in addition to network
dislocations.

Recently, stress corrosion cracking (SCC) has
been found in the core internals, particularly in
the shroud, of many light water reactors (LWRs)
in Japan. These internals were made of SUS 316L
which is supposed to be less susceptible to such
cracking. Residual tensile stresses on the surface
layer introduced by cold-working are now consid-
ered to be one of the major causes of the cracking [1].
Radiation-induced deformation, especially stress
relaxation, may influence such cracking by reducing
the residual stress [2] or by affecting the crack prop-
agation process [3]. This suggests the importance of
.

mailto:NAGAKAWA.johsei@nims.go.jp


10-10

10-9

10-8

100 1000

   SUS 316L

   SUS 304

n = 1.2
n = 1.9

200 400 60050

Irr
ad

ia
tio

n 
C

re
ep

 R
at

e 
 (s

-1
)

Stress  (MPa)

n =2
n =1

5%CW Stainless Steel
288oC, 2 x 10-7 dpa/s

Fig. 1. Stress dependence of irradiation creep rate for 5% CW
materials.
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the cold-work dependence of radiation-induced
deformation in austenitic stainless steels to be used
in ITER as well as in LWRs.

Accumulation of radiation-induced deformation
(irradiation creep and radiation-induced stress relax-
ation) data of austenitic stainless steels in the antici-
pated temperature range for ITER, i.e. about 300 �C,
is not sufficient. In particular, the systematic study of
the effect of cold-work has scarcely been examined.
In this study, the effect of cold-work on radiation-
induced deformation was examined and compared
for stabilized (SUS 316L) and unstabilized (SUS
304) austenitic stainless steels. Irradiation creep
behavior was examined at 288 �C with two levels of
cold-work. The stress relaxation behavior under irra-
diation was evaluated based on the obtained creep
data. Finally, the mechanisms of radiation-induced
deformation in the two austenitic stainless steels will
be discussed.

2. Experimental procedure

Irradiation creep tests were performed for the
cold-worked materials (thickness reduction of 5%
and 25% by rolling) of SUS 304 (Cr: 18.28, Ni:
8.19, Mn: 0.87, C: 0.04, Si: 0.40, P: 0.026, S:
0.003, in wt%) and SUS 316L (Cr: 17.66, Ni:
12.19, Mn: 0.86, Mo: 2.12, C: 0.017, Si: 0.61, P:
0.024, S: 0.001, in wt%) austenitic stainless steels.
Cold-worked sheets were punched into a thin-sheet
specimen geometry 2.0 mm long, 10 mm wide and
0.15 mm thick. Average grain size after the final
annealing (925 �C; 30 min) was 15 lm and 13 lm
for SUS 316L and SUS 304, respectively. Yield
stresses of the unirradiated SUS 316L measured
by tensile testing at 288 �C were 320 MPa for the
5% CW (cold-worked) and 630 MPa for the 25%
CW specimen. Those of the unirradiated SUS 304
were 330 MPa for the 5% CW and 660 MPa for
the 25% CW specimen.

Irradiation experiments were carried out with
17 MeV protons using the cyclotron accelerator at
National Institute for Materials Science. A broad-
ened proton beam was further wobbled vertically
at 10 kHz in order to more evenly irradiate the
whole area of the specimen gage. The proton beam
reached the specimen through a slit of 10 mm high
and 3 mm wide, which was just in front of the
specimen. The atomic displacement rate averaged
through the thickness direction was 2 · 10�7 dpa/s
according to the calculation using the TRIM 91
code for the present experimental conditions, and
its variation along the thickness direction was less
than 15% [4].

The tensile irradiation creep apparatus has a high-
sensitivity laser strain-measurement system with a
resolution of 0.0097 lm. Load control is maintained
by adjusting the vacuum inside of a drum, sealed
with a thin metal diaphragm, through a precise con-
trol of a Piezo valve following the feedback from a
load cell. Details of the apparatus are described in
Ref. [4]. During experiments, the specimen tempera-
ture was held at 288 �C with accuracy of ±0.15 �C by
controlling the Joule heating of the specimen, follow-
ing feedback from a type K thermocouple of 0.1 mm
diameter attached to the specimen by spot-welding.
Specimen temperature was also monitored by an
infrared pyrometer with a spot size of 1 mm diame-
ter. Emissivity of the specimen was adjusted so as
to equalize the pyrometer indication with the ther-
mocouple temperature, while heating the specimen
by a high temperature jet of helium.

3. Results and discussion

Fig. 1 shows the measured irradiation creep
rates of the 5% CW specimens. The creep rates
had a stress exponent of 1.2 and 1.9 for SUS 316L
and SUS 304 steel, respectively, at the lower stress
region where thermal activation does not induce a
measurable creep rate at 288 �C in both steels.
Further, cold-work to 25% did not change the
stress dependence as shown in Fig. 2, though the
magnitude was considerably reduced in SUS
316L, but only slightly in SUS 304. From these
results, a difference in the stress dependence of
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Fig. 2. Stress dependence of irradiation creep rate for 25% CW
materials.
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Fig. 3. Calculated stress relaxation curve for 5% CW and 25%
CW materials.

912 J. Nagakawa et al. / Journal of Nuclear Materials 367–370 (2007) 910–914
radiation-induced creep is clearly demonstrated by
the two stainless steels, i.e. almost linear in SUS
316L and quadratic in SUS 304.

Stress relaxation reflects a reduction of elastic
stress associated with the strain conversion from
elastic to plastic while the total strain is kept con-
stant. From the irradiation creep data obtained in
the present experiments, radiation-induced stress
relaxation was evaluated. Creep rates, including
that of the present irradiation creep, can be
expressed in a form of power low. Then, stress relax-
ation can be expressed by the equations,

r=r0 ¼ exp �ECtð Þ; n ¼ 1; ð1Þ
r
r0

¼ exp � 1

n� 1
� ln 1þ n� 1ð ÞECrn�1

0 t
� �� �

;

n > 1; ð2Þ

where r is the stress, r0 is the initial stress, E is the
elastic modulus, C and n are the coefficient and the
stress exponent of the power-law creep equation,
respectively [2]. Calculated stress relaxation versus
dose is shown in Fig. 3 for the 5% CW and the
25% CW specimens. Stress relaxation predicted for
SUS 316L is faster than that for SUS 304 particu-
larly in the 5% CW condition. This difference results
from the stress exponent n of the two steels.

As was shown above, radiation-induced defor-
mation behavior was different between the cold-
worked specimens of SUS 316L and SUS 304.
The increase in interstitial migration energy with
decreasing Ni content has been reported by Dimit-
rov and Dimitrov [5]. Since radiation-induced
deformation results from the migration of intersti-
tial atoms under the influence of applied stress,
differences in Ni content between SUS 316L and
SUS 304 may cause different deformation behavior.
Hence, numerical calculation was performed for
two different interstitial migration energies, that is,
0.92 eV for SUS 316L and 1.02 eV for SUS 304,
as estimated from Ref. [6]. This calculation is based
on the stress-influenced kinetics of point defects and
simultaneous operation of all major irradiation
creep mechanisms competing for the point defects.
The calculation was performed for the austenitic
steels with evenly distributed network dislocations.
Details of the calculation were described previously
[2,6]. Fig. 4 shows the calculated stress dependence
of irradiation creep rates for the present experimen-
tal condition with very high network dislocation
density. In both cases, the stress exponent n is
slightly larger than unity and the magnitude of the
creep rates do not differ very much. Both n and
the magnitude coincide with the observed values
of 25% CW specimen in the case of SUS 316L,
but not for SUS 304. Therefore, the difference in
interstitial migration energy should not be the origin
of the observed difference in radiation-induced
deformation.

In general, the stress dependence of the creep rate
reflects the rate-controlling mechanism. In many
cases, irradiation creep rate increases linearly with
stress at lower stresses. Such a linear dependence
is usually regarded as indicative of the climb motion
of network dislocations by SIPA: stress-induced
preferred absorption of point defects by dislocations
[7] or due to SIPN: stress-induced preferred nucle-
ation of dislocation loops [8]. This linear depen-
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dence is observed for SUS 316L as indicated in Figs.
1 and 2, and it has been supported by the numerical
calculation [6]. On the other hand, the stress expo-
nents for both 5% CW and 25% CW SUS 304 were
about 2 at lower stresses as indicated in Figs. 1 and
2. In SUS 304 stainless steel, martensite is intro-
duced in the gamma phase matrix by cold-working.
Irradiation creep of martensitic stainless steels has
generally been evaluated at very high temperatures
and data around 300 �C are not available. However,
the difference in martensite contents (volume ratio)
between 5% CW and 25% CW SUS 304, measured
by X-ray analysis, was quite remarkable, 5% and
77%, respectively. Despite such a large difference
in martensite content, stress dependence was almost
the same between the two cold-worked SUS 304s.
Thus, it is hard to accept that the observed qua-
dratic stress dependence in the cold-worked SUS
304 is simply due to the martensite itself, even if
the stress dependence in martensite is quadratic or
higher.

Mansur proposed a PAG (glide of network dislo-
cations enabled by SIPA-induced climb) model,
which gives a quadratic stress dependence, for mate-
rials with high density of network dislocations
distributed evenly along the three axis directions
[9]. However, his analysis indicates that SIPA climb
overwhelms PAG at lower stresses and the SIPA-
dominant region with n = 1 expands to higher stres-
ses as the network dislocation density increases.
Transmission electron microscopy in the present
study showed that the distribution of network dislo-
cations in SUS 304 was localized and tangled in the
vicinity of martensite boundaries, in contrast with
the evenly distributed dislocations in the cold-
worked SUS 316L. Therefore, it is difficult to apply
Mansur’s model, which assumes evenly distributed
network dislocations, directly to the cold-worked
SUS 304. In Mansur’s PAG model, network dislo-
cations overcome the obstacles, which he considers
as the network dislocations themselves, by the
SIPA-climb. Once dislocations are released, they
will bow out by glide and produce strain. At the
same time, the climb process itself can induced a
large amount of strain and this must be the reason
why the SIPA climb mechanism dominates and
gives a linear stress dependence even in the heavily
cold-worked SUS 316 [6]. On the other hand, in
the cold-worked SUS 304, the high density of
tangled network dislocations cannot climb easily
but can glide out of the tangles into the gamma
phase areas, where network dislocations are rela-
tively scarce, and move large distances. Thus, a
glide mechanism, analogous to PAG but with
some modification, would dominate the radiation-
induced creep of cold-worked SUS 304 and give a
quadratic stress dependence in the lower stress
region.
4. Conclusions

The effect of cold-work on the irradiation creep
of SUS 316L and SUS 304 austenitic stainless steel
was investigated at 288 �C under 17 MeV proton
irradiation (damage rate: 2 · 10�7 dpa/s). Stress
relaxation was also evaluated using the observed
creep data. The results are summarized as follows:

(1) Stress dependence of irradiation creep rates
was different between the two steels; linear in
SUS 316L and quadratic in SUS 304. This dif-
ference influenced the stress relaxation, which
was faster in SUS 316L.

(2) Behavior of the cold-worked SUS 316L is con-
sistent with the existing irradiation creep mod-
els based on the evenly distributed network
dislocations, while that of the cold-worked
SUS 304 appears to originate from glide of
dislocations localized in the vicinity of mar-
tensite boundaries.
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