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Weld beads on plate specimens made of type 316L stainless steel were neutron-irradiated up to about
2.5 � 1025 n/m2 (E > 1 MeV) at 561 K in the Japan Material Testing Reactor (JMTR). Residual stresses of
the specimens were measured by the neutron diffraction method, and the radiation-induced stress relax-
ation was evaluated. The values of rx residual stress (transverse to the weld bead) and ry residual stress
(longitudinal to the weld bead) decreased with increasing neutron dose. The tendency of the stress relax-
ation was almost the same as previously published data, which were obtained for type 304 stainless steel.
From this result, it was considered that there was no steel type dependence on radiation-induced stress
relaxation. The neutron irradiation dose dependence of the stress relaxation was examined using an
equation derived from the irradiation creep equation. The coefficient of the stress relaxation equation
was obtained, and the value was 1.4 (�10�6/MPa/dpa). This value was smaller than that of nickel alloy.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Numerous stress corrosion crack (SCC) growth examinations
using neutron-irradiated specimens have been performed and
their results reported [1–4]. SCC growth occurs around a welded
zone because of its residual tension stress, so that stress is one of
the important factors for evaluation of SCC growth. Therefore,
stress evaluation is important for accurate prediction of SCC
growth and for evaluation of health of nuclear reactor components.

On the other hand, influence of stress relaxation caused by neu-
tron irradiation on SCC growth has not been considered in evalua-
tions to date because of fewer available data. Causey, alone [5,6]
and with co-authors [7,8], has extensively investigated the stress
relaxation and creep under fast neutron irradiation of austenitic
stainless steels and other metals using the bent-beam method. Fos-
ter et al. [9–11] have evaluated irradiation creep of austenitic
stainless steels using bent beams and pressurized tubes to predict
their stress relaxation behaviors from the obtained creep data.
Ishiyama et al. [12] have performed bent beam tests and C-ring
tests, in which different stress ranges were applied, to evaluate
the effects of plastic deformation and difference of applied stress
on radiation-induced relaxation in some types of austenitic
stainless steels at 561 K. All these studies treated the radiation-
induced relaxation of mechanically applied stress under uni-axial
ll rights reserved.

: +81 29 266 2589.
or bi-axial conditions. However, residual tension stress in welded
components is generated by constraining the volume change dur-
ing the welding heat cycle; consequently, there is a possibility that
its relaxation behavior is different from that of mechanically ap-
plied stress.

The objectives of this study are to obtain radiation-induced
stress relaxation data in welded type 316L stainless steel and to
evaluate the radiation-induced stress relaxation behavior.

2. Experimental procedure

2.1. Specimen preparation and neutron irradiation

The specimens were made of type 316L stainless steel having
the chemical composition shown in Table 1. The specimens were
solution-heat treated at 1303 K for 0.5 h and quenched in water.
Thereafter one-pass welding beads were formed at the center on
the specimens under the mechanical constraint condition. A sche-
matic illustration of a specimen and measurement directions (x, y,
z) are shown in Fig. 1.

Neutron irradiation was carried out in the Japan Materials Test-
ing Reactor (JMTR) of the Japan Atomic Energy Agency (JAEA). The
specimens were irradiated in high temperature water at 561 K.
Three neutron fluences were used: 5.3 � 1024, 1.2 � 1025 and
2.5 � 1025 n/m2 (E > 1 MeV). The neutron fluence of each specimen
was converted to irradiation dose (dpa) by a calculation based on
its chemical composition and irradiation history. The neutron
doses were 0.9, 1.9 and 4.1 dpa, respectively.
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Table 1
Chemical composition of specimens (mass%).

C Si Mn P S Ni Cr Mo Co Fe

0.008 0.43 0.83 0.23 0.001 12.55 17.54 2.11 0.02 bal.
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Fig. 1. Schematic illustration of welded type 316L specimen.
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2.2. Stress relaxation measurement by neutron diffraction method

Residual stresses of the specimens were measured by the neu-
tron diffraction method after neutron irradiation. Neutrons are di-
rected towards the measurement location within the specimen
where they are diffracted from the lattice planes of the crystallites
that form the material. The angle (2h) at which the neutrons are
diffracted depends on the wavelength of the incident neutron
beam and the spacing between the lattice planes, through Bragg’s
law:

k ¼ 2d sinðhÞ; ð1Þ

where h is Bragg angle, k is wavelength of the incident neutron
beam, and d is lattice spacing. The lattice strain is the fractional
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Fig. 2. Schematic drawing of neut
change in the lattice spacing with reference to the stress-free lattice
spacing, that is

e ¼ d� d0

d0
; ð2Þ

where e is lattice strain and d0 is lattice spacing under the stress-free
condition. The three residual stress components can then be calcu-
lated from the three measured strain components using the Gener-
alized Hooke’s Law:

ri ¼ E
1þ m

eiþ m
1� 2m

ðexþ eyþ ezÞ
h i

; ði ¼ x; y; zÞ; ð3Þ

where E is the Young’s modulus and m is the Poisson ratio. In this
measurement, material constants of 193.3 GPa for Young’s modulus
and 0.3 for the Poisson ratio, and the c phase (311) lattice plane
were used.

Neutron diffraction measurements were performed using the
National Research Universal (NRU) reactor of the National Re-
search Council of Canada (NRC). A schematic drawing of the neu-
tron diffractometer geometry is shown in Fig. 2. The thermal
neutron beam emitted by the reactor was diffracted from the
(511) plane of a single-crystal germanium monochromator. The
wavelength of the monochromatic neutron beam was 0.153 nm.
The specimens were irradiated by the monochromatic neutron
beam through the incident slit (3 mm width), and then the dif-
fracted beam on the c phase (311) plane was passed though an-
other slit (3 mm width and 3 mm height); the nominal gage
volume was 3 � 3 � 3 mm. The diffraction peak profile of the neu-
tron beam was measured by a 3He multi-wire detector. To reduce
the influence of c rays from the radioactivated specimen, a spe-
cially designed shielded container was fabricated. The specimen
was moved by a computer-controlled translation and rotation sys-
tem to position the instrumental gage volume at locations of inter-
est within the specimen. The specimens were oscillated ±1.5�
during all measurements.

Measurement locations in the specimens are shown in Fig. 3. All
measurements were made in the cross section perpendicular to the
weld line and approximately mid-length along the 30 mm dimen-
sion of the specimen. Three different distance locations from the
welded surface, at 1/4-, 1/2- and 3/4-thickness of the specimen,
were measured.
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Fig. 3. Measurement locations on the welded type316L specimens.
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Fig. 4. Comparison of residual stress distributions between un-irradiated and
irradiated specimens at 1/4-thickness: (a) rx, (b) ry and (c) rz.
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3. Results

Residual stress distribution measurements were made on three
irradiated specimens and one un-irradiated specimen. The mea-
surement results are shown in Figs. 4–6. Comparison of residual
stress distributions between irradiated and un-irradiated speci-
mens at 1/4-thickness is shown in Fig. 4. The distribution of rx

(perpendicular to the weld direction) is shown in Fig. 4a, the distri-
bution of ry (parallel to the weld direction) is shown in Fig. 4b and
the distribution of rz (normal to the plate) is shown in Fig. 4c. In
the same way, the results at the 1/2-thickness are shown in
Fig. 5 and the results at the 3/4-thickness are shown in Fig. 6.
The stress distributions of rx and ry at the 1/4- and 1/2-thickness
are clear. The rx distribution shows a shape that has a tension
stress peak at the weld bead position, and the ry distribution
shows a shape that has a tension stress peak at the weld position
and compression stress peak on both sides of the weld bead. For
the rz, however, a clear distribution is not observed at every thick-
ness. Also, clear stress distributions are not observed in every
direction stress (rx, ry, rz) at the 3/4-thickness. Regarding compar-
ison of the irradiation effects on the stress distributions of rx and
ry at the 1/4- and 1/2-thickness, for which the distributions are
clear, there is no remarkable difference between the un-irradiated
and 1.2 � 1025 n/m2 irradiated specimens. But remarkable stress
relaxation is observed in the 2.5 � 1025 n/m2 irradiated specimen.
Irradiation fluence dependence on stress relaxation was evaluated
for rx and ry at 1/4- and 1/2-thickness which had clear stress dis-
tributions. Prior to the evaluation, the stress distributions were fit-
ted by a Gaussian distribution curve because the data were
scattered. The fitting result of the 2.5 � 1025 n/m2 irradiated spec-
imen is not good because the data were scattered widely, espe-
cially for rx at 1/4-thickness. On the other hand, the fitting
results for the un-irradiated specimen and the 5.3 � 1024 n/m2

and 1.2 � 1025 n/m2 irradiated specimens are good. Irradiation flu-
ence dependences of tension and compression peak stress values of
these fitted curves at 3/4- and 1/2-thickness are shown in Figs. 7
and 8. In the case of tension stress, both rx and ry decrease with
increasing irradiation fluence at 3/4- and 1/2-thickness. On the
other hand, no clear irradiation fluence dependence is observed
in compression stress ry at 3/4- and 1/2-thickness. To evaluate
the degree of stress relaxation, the vertical axis was defined as
the stress ratio of the irradiated specimen to the un-irradiated
specimen. The respective results at 3/4- and 1/2-thickness are
shown in Figs. 9 and 10. In the case of tension stress, the stress
is relaxed to about 0.1 of the stress ratio at 2.5 � 1025 n/m2. On
the other hand, the ratio of compression stress is almost 1, inde-
pendent of irradiation fluence, and stress relaxation is not
observed.
4. Discussion

Comparison of stress relaxation results with literature data [13]
is shown in Fig. 11. Stress is the peak value of the stress distribu-
tion. The reference data were obtained for type 304 stainless steel
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Fig. 5. Comparison of residual stress distributions between un-irradiated and
irradiated specimens at 1/2-thickness: (a) rx, (b) ry and (c) rz.
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Fig. 6. Comparison of residual stress distributions between un-irradiated and
irradiated specimens at 3/4-thickness: (a) rx, (b) ry and (c) rz.

156 Y. Ishiyama et al. / Journal of Nuclear Materials 408 (2011) 153–160
specimens that had been irradiated in high temperature inert gas
at 561 K in the JMTR. The reported data were obtained at 1/2-thick-
ness, so that comparison was made to the same 1/2-thickness data
in this study. Furthermore, irradiation fluence (n/m2) values of the
present study were converted into irradiation dose (dpa). Tension
stress (rx and ry) relaxation behavior shows the same irradiation
dose dependence property for both this study’s data and the refer-
ence data. These data can be fitted by one trend line, except for the
data at 4 dpa of this study. The measured stress values of the 4 dpa
irradiated specimen are scattered widely and have a large margin
of error. This scatter is attributed to c rays from the high
neutron-irradiated specimen. The specimen is set in the shielded
container to reduce the c rays incident on the detector. But, in case
of high neutron-irradiated specimen, amount of c rays which pass
through the shielded container and incident on the detector in-
crease. This causes electrical noise and makes measured stress val-
ues scattered. It is considered that therefore the 4 dpa data falls
below the trend line. On the other hand, the compression stress
(ry) of the literature data is relaxed with increasing irradiation
dose, but compression stress (ry) of this study does not show clear
stress relaxation dependence on irradiation dose. Except for the
un-irradiated specimen data, the stress relaxation dependence on
irradiation dose is almost the same as the literature data. In
Ref. [13], stress ratio is defined as the stress ratio of the data after
irradiation to the data before irradiation. On the other hand, stress
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Fig. 7. Irradiation fluence dependence of peak stress at 3/4-thickness:
(a) rx : tension, (b) ry : tension and (c) ry: compression.
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Fig. 8. Irradiation fluence dependence of peak stress at 1/2-thickness:
(a) rx : tension, (b) ry : tension and (c) ry : compression.
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ratio is defined as the stress ratio of the irradiated specimen to the
un-irradiated specimen in this study. All the specimens used in this
study have the same manufacturing and welding history, and the
stress distributions are almost the same, but not completely. This
is considered as one reason why the compression stress does not
show clear stress relaxation dependence on irradiation dose in this
study. As a general trend, stress relaxation dependence on irradia-
tion dose of literature data and this study are almost the same.
Therefore, it is considered that irradiation stress relaxation is not
dependent on stainless steel type and irradiation environment
(high temperature water or inert gas).

An equation of radiation-induced stress relaxation has been
proposed [9]:
r=r0 ¼ expf�E½A1ð1� expð�A2/ÞÞ þ A3/�g; ð3Þ

where r is stress, E is Young’s modulus, u is radiation dose, and A1,
A2 and A3 are coefficients. This equation was derived from the radi-
ation-induced creep equation considering transient creep and no
swelling condition [14]. If only steady state creep contributed to
radiation-induced stress relaxation, the equation of radiation-in-
duced stress relaxation should be expressed as the following
equation.

r=r0 ¼ expð�EA3/Þ: ð4Þ

In this study, transient relaxation appears to be very small and
can be ignored, therefore the stress relaxation behavior can be
evaluated using Eq. (4). As shown in the above, the irradiation dose
dependence of tension stress (rx and ry) relaxation of this study
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Fig. 9. Irradiation fluence dependence of peak stress relaxation at 3/4-thickness:
(a) rx : tension, (b) ry : tension and (c) ry : compression.
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Fig. 10. Irradiation fluence dependence of peak stress relaxation at 1/2-thickness:
(a) rx : tension, (b) ry : tension and (c) ry : compression.
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and the literature were almost the same so all these data were
plotted in Fig. 12. These data were regression approximation fitted
by Eq. (4). The value of E was 194 GPa. Two fitting cases were used.
The solid line is the result which used all data. In this case, the A3

coefficient is 1.8 (�10�6/MPa/dpa). The dotted line is the result
which omitted the 1/4-thickness data of the 4 dpa specimen, be-
cause these data slightly deviated from the overall trend. In this
case, the A3 coefficient is 1.4 (�10�6/MPa/dpa). The latter case is
considered to be more appropriate, because the 4 dpa data were
scattered and 1/4-thickness data deviated from the overall trend.

This coefficient value 1.4 (�10�6/MPa/dpa) was compared with
published data. Ishiyama et al. [12] performed radiation-stress
relaxation experiments for type 304 and type 316L stainless steels
by the C-ring method and bent method at 561 K. They obtained A3
coefficients having values of 0.6–1.8 (�10�6/MPa/dpa). Causey
et al. [8] performed radiation-stress relaxation experiments for
type 304 stainless steel by the bent method at 570 K. They ob-
tained the A3 coefficient as 1.1 (�10�6/MPa/dpa). From these re-
sults, the A3 coefficient of austenitic stainless steels is considered
to be around 1.0 (�10�6/MPa/dpa). Causey et al. [8] also did radi-
ation-stress relaxation experiments for nickel and Zircaloy-2 by
the bent method at 570 K, and obtained A3 coefficients of 8
(�10�6/MPa/dpa) for nickel and 0.4 (�10�6/MPa/dpa) for Zirca-
loy-2. These A3 coefficients are summarized in Table 2. The litera-
ture values, obtained by the bent method, were obtained from the
steady state region. In the case of applying a load which causes
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Fig. 11. Comparison of irradiation fluence dependence of peak stress relaxation at
1/2-thickness: (a) rx : tension, (b) ry : tension and (c) ry : compression.
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Fig. 12. Equation of radiation-induced stress relaxation obtained by regression
approximation fit for the results of this study and literature data [13].

Table 2
Comparison of stress relaxation coefficient of various materials evaluated by
examination results.

Material Temperature
(K)

Coefficient A3

(�10�6/MPa/
dpa)

Test method
(specimen
type)

Refs.

Austenitic stainless
steels

561 1.4 Weld This study
561 0.6– 2 C-ring [12]
561 0.8–1.8 Bent [12]
570 1.1 Bent [8]

Nickel 570 8 Bent [8]
Zircaloy-2 570 0.4 Bent [8]
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plastic deformation, a transient region can be observed in the ini-
tial stage of irradiation. However, it has been reported that stress
relaxation behavior of the steady state, following the transient re-
gion, shows almost the same behavior as only the steady state
observation condition [12]. And it has been reported from an irra-
diation creep test that the transient region behavior differs accord-
ing to the magnitude of plastic deformation, but the steady state
behavior is almost constant, independent of the magnitude of plas-
tic deformation [14]. From the above, it is considered that compar-
ison of A3 coefficient value obtained from steady state region is
appropriate. As shown in Table 2, the A3 coefficient of nickel is 8
(�10�6/MPa/dpa). This value is about 8 times larger than the value
of austenitic stainless steel. On the other hand, A3 coefficient of
Zircaloy-2 is 0.4 (�10�6/MPa/dpa), and this is about half of the va-
lue of austenitic stainless steel. These show that stress relaxation of
nickel is larger than that of austenitic stainless steel and stress
relaxation of Zircaloy-2 is smaller than that of austenitic stainless
steel. It is not clear why these A3 coefficients vary among the mate-
rials. But considering the irradiation stress relaxation mechanism
[15–17], it is likely that this difference is caused by a difference
in dislocation mobility (kinetics, migration energy, interaction
with point defects, etc.). In addition, difference of crystal system
is also considered to be one of the reasons (austenitic stainless
steel and nickel; f. c. c, Zircaloy-2; h. c. p). As concerns nickel, crys-
tal system is same as austenitic stainless steel, but A3 coefficient
value is larger. As one of the reasons, 59Ni effects and bubble-en-
hanced stress relaxation are considered. Garner et al. have shown
that extra dpa generated by 59Ni reactions enhanced irradiation
creep [18–20], and helium and hydrogen bubbles generated by
59Ni reactions enhanced irradiation creep [21–22].

From the above, it is considered that the A3 coefficient (obtained
from the steady state region) is not dependent on the experimental
method but varies among materials.
5. Conclusions

Radiation-induced stress relaxation of welded type 316L stain-
less steel specimens was investigated by using the neutron diffrac-
tion method. rx and ry residual tension stress decreased with
increasing neutron dose. The tendency of the stress relaxation
was almost the same as in literature data, which were obtained
for type 304 stainless steel. From this result, it was considered that
steel type dependence on radiation-induced stress relaxation did
not occur. On the other hand, stress relaxation dependence on irra-
diation dose in compression stress was not clear. The irradiation
dose dependence of the stress relaxation was examined using the
radiation-induced stress relaxation Eq. (4) derived from the irradi-
ation creep equation.
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r=r0 ¼ expð�EA3/Þ: ð4Þ

The coefficient A3 of the stress relaxation equation was obtained as
1.4 (�10�6/MPa/dpa). The A3 values of stress relaxation were
obtained by the C-ring method and bent method and reported in
the literature for type 316L and type 304 specimens as 0.6–1.8
(�10�6/MPa/dpa). From these results, it was considered that the
coefficient of austenitic stainless steel was not dependent on exper-
imental method and the value was around 1.0 (�10�6/MPa/dpa).
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