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Abstract

Side-notched subsize specimens of SUS304 were fatigued in the unirradiated condition, during in situ irradiation with
17 MeV protons at 300 �C and post-irradiation conditions. Nano-indentation tests were conducted on the specimens
fatigued for 6, 24, 100 and 200 h in the unirradiated condition, for 24 h in the in situ irradiation condition and for
200 h in the post-irradiation condition. When comparing the distribution maps of nano-hardness for the specimens
fatigued for 24 h during in situ irradiation and unirradiated conditions, less significant change of hardness was detected
at the notch tip for the in situ irradiation specimen. As for the post-irradiation specimen fatigued for 200 h, the area of
higher nano-hardness at the notch tip was smaller than that of the unirradiated specimen fatigued for 200 h. The mech-
anism of the irradiation effect on fatigue behavior is discussed in terms of the plastic deformation under in situ and
post-irradiation fatigue loadings.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Structural materials for fusion and fission reac-
tors will be simultaneously subjected to severe
atomic displacement damage and external loadings.
Since external loadings can include cyclic compo-
nents due to thermal fluctuation and hydraulic
vibration, it is important to investigate fatigue
behavior under in situ irradiation in order to
improve the safety design of fusion/fission reactor
materials. Although available experimental data
on in situ irradiation fatigue behavior are limited,
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several workers [1–3] have indicated that fatigue life
was substantially longer in the in situ irradiation
condition than that in the post-irradiation condi-
tion. In a previous study [1], the mechanism for
the irradiation effect on fatigue behavior in both
in situ and post-irradiation conditions has been dis-
cussed on the basis of the interaction between radi-
ation-induced defect (RID) clusters and moving
dislocations. The general assumption is that RID
clusters can act as obstacles against moving disloca-
tions. The continuously introduced RID clusters in
the in situ irradiation condition as well as the pre-
injected RID clusters in the post-irradiation condi-
tion would play an important role in retarding the
formation of inhomogeneous dislocation structures
during fatigue loading, thereby leading to the exten-
sion of fatigue life in both irradiation conditions [1].
.
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Fig. 1. Dimensions of specimen for fatigue tests.
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In other studies [4,5], extensive efforts have been
devoted to proving the delayed development of
dislocation structures under the in situ and post-
irradiation fatigue loadings. It is well known that
the formation of inhomogeneous dislocation struc-
tures is closely associated with the progress of plas-
tic strain. The present authors [4] have adopted a
technique of the fracture surface topography analy-
sis (FRASTA) to evaluate the development of plas-
tic deformation at the crack tip by reconstructing
the fatigue fracture process in both in situ and
post-irradiation conditions. The results of FRASTA
have suggested that the development of plastic
deformation at the crack tip was more significantly
delayed in the in situ than that in the post-irradia-
tion condition. However, in this technique, the plas-
tic deformation in the fatigue process prior to crack
propagation could not be examined. A significant
irradiation effect on the process of crack initiation
has been implied from the results of striation analy-
sis performed in the previous study [1].

The techniques of indentation hardness measure-
ments such as Vickers microhardness [6,7] and
nano-hardness [8] measurements have also been uti-
lized to analyze the development of plastic deforma-
tion at the crack tip during fatigue loading. Their
application to the assessment of fatigue behavior
is based on the assumption that the progress of plas-
tic strain can be reflected in the measured hardness.
Although microhardness measurements could be
beneficial to detect a larger plastic zone at the crack
tip in the crack propagation process, the nano-
indentation technique would be suitable to examine
the smaller plastic zone with higher resolution of
hardness in the crack initiation process. In the pres-
ent study, plastic deformation of SUS304 in the
crack-starter notch under in situ and post-irradia-
tion fatigue loadings was examined using the
nano-indentation technique. The objective of the
present work is to demonstrate the mechanism of
the irradiation effect on fatigue behavior in both
in situ and post-irradiation conditions in the fatigue
process prior to crack propagation.

2. Experimental procedure

The material used in the present study was a
commercial SUS304 stainless steel with chemi-
cal composition of 18.2Cr–8.4Ni–0.06C–0.46Si-
0.031P–0.007S–1.23Mn–balance Fe. Specimens
were punched from the cold-worked sheet of
0.15 mm in thickness in the shape shown in Fig. 1.
The specimen size was 4 · 10 · 0.15 mm in gauge,
and a crack-starter notch was introduced by spark
erosion from the edge of the gauge to 0.60 mm in
depth and 0.12 mm in width. Final heat treatment
at 925 �C for 30 min yielded a single-phase of
austenitic structure with average grain size of
12 lm. The fatigue loading mode was tension–ten-
sion in load control with a maximum stress of
122.4 MPa and a minimum stress of 24.5 MPa
under a constant loading rate of 50 MPa/s. The
maximum stress is 90% of the yield stress at the
notched ligament at 300 �C. In the present 17 MeV
proton irradiation, atomic displacement rate was
adjusted to 1 · 10�7 dpa/s with an error range of
±11%. The specimen was cooled with circulating
helium gas in order to compensate the beam heat-
ing. The specimen temperature was controlled at
300 ± 3 �C by adjusting the output of helium gas
heater during the in-beam, post-irradiation and
unirradiated fatigue tests as well as during the pre-
irradiation for the post-irradiation tests. The details
of temperature control system, irradiation condition
and the in-beam fatigue experimental setup were
described elsewhere [1,9].

Fatigue tests were conducted for 6, 24, 100 and
200 h in the unirradiated condition. A fatigue time
of 200 h corresponded to half of the fatigue lifetime
(400 h) in the unirradiated condition. Fatigue tests
were also performed for 24 h during the in situ irra-
diation as well as for 200 h after irradiation for 24 h
(0.00864 dpa). After the fatigue tests, optical micro-
scope (OM) observation was performed for all
specimens. Although some severe trails of fatigue
damage were observed at the notch tip for the
specimen fatigued for 200 h in the unirradiated
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condition, no fatigue crack formed at the notch
tip was detected for all specimens. All the fatigued
specimens were then electrochemically polished
to obtain flat surface for the nano-indentation
tests. During the polishing, the surface and side-
edge of ‘as-fatigued’ specimen was removed to
10 lm in depth and 50 lm in length, respectively.
The nano-indentation tests were conducted on the
electrochemically polished surface using a nano-
indentation device (Elionix, ENT-1100) at room
temperature. A triangular pyramidal diamond
indenter (Berkovich indenter) with a 65� semiapex
angle was employed in this device. Fig. 2 shows
the OM photo of electrochemically polished surface
for the specimen fatigued for 100 h in the unirradi-
ated condition. The measured points were arranged
in a mesh pattern with 25 lm apart in the area of
250 · 250 lm at 60 lm away from the notch tip of
‘as-fatigued’ specimen (see Fig. 2) in order to
describe a distribution map of nano-hardness for
all specimens. At each measured point, the indenta-
tion load was applied with a constant loading speed
of 1.96 mN/s, held at 9.8 mN for 1 s and then
removed. During the loading/unloading process in
the indentation test, the load was monitored along
with the displacement with a resolution of 3.92 nN
and 0.3 nm, respectively. When the loading/unload-
ing profile was distorted, the measurement was
re-conducted at an alternate point which was
10 lm away from the previous measured point (see
Fig. 2). The nano-hardness, H, is defined as
H ¼ P=AðhcÞ; ð1Þ
Fig. 2. Arrangement of the measured points for nano-indenta-
tion test on the electrochemically polished specimen.
where P is the indentation load (9.8 mN) and A, as a
function of contact depth (hc), is the projected area
of contact between the indenter and the specimen
surface. In the present study, a geometric relation-
ship between A and hc was adopted as follows:

AðhcÞ ¼ 33=2 � tan2 65�= sin 65� � h2
c : ð2Þ

A typical nano-hardness calculated from Eqs. (1)
and (2) was 2.5 GPa for the specimen without irra-
diation and fatigue damage. Besides the fatigue and
nano-indentation tests, tensile tests were also per-
formed for the specimens without a side-notch in
both post-irradiation (0.00864 dpa) and unirradi-
ated conditions at 300 �C. The stress–strain curves
were examined in terms of the relationship between
flow stress and plastic strain for both specimens.
3. Results and discussion

The stress–strain curves from the tensile tests for
the irradiated (0.00864 dpa) and unirradiated speci-
mens were shown in Fig. 3. Increases of 0.2% yield
stress (0.2% YS) and ultimate tensile strength
(UTS) as well as the decrease of elongation is shown
for the irradiated specimen. These changes in tensile
properties imply the irradiation hardening at the
dose level of 0.00864 dpa. Irrespective of the
changes in tensile properties, the stress–strain curves
for both specimens indicated similar work harden-
ing behavior. Fig. 4 presents the distribution maps
of nano-hardness with OM photos taken at the
Fig. 3. Stress–strain curves for the irradiation (0.00864 dpa) and
unirradiated specimens without side-notch tested at 300 �C.



Fig. 4. Distribution maps of nano-indentation hardness with OM photos of ‘as-fatigued’ specimens at the crack tip fatigued for (a) 6 h, (b)
24 h, (c) 100 h and (d) 200 h in the unirradiated condition, (e) 24 h in the in situ irradiation condition and (f) 200 h in the post-irradiation
condition. The values of nano-hardness (GPa) are shown at several points in these maps.
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notch tip of the specimens fatigued for 6, 24, 100
and 200 h in the unirradiated condition, 24 h in
the in situ irradiation condition and 200 h in the
post-irradiation condition. The distribution map is
displayed with black–white gradation ranging from
2.0 (black) to 4.5 GPa (white) of nano-hardness. In
the unirradiated specimens shown in Fig. 4(a)–(d),
the area of higher hardness appeared at the notch
tip and then extended with increase of fatigue time.
In comparison with the specimens fatigued for 24 h
between in situ and unirradiated conditions (see
Fig. 4(e) and (b)), the change of hardness was less
significant at the notch tip while the hardness was
slightly higher in all the measured area except the
notch tip for the in situ irradiation specimen. As
for the specimen fatigued for 200 h in the post-irra-
diation condition (Fig. 4(f)), the area of higher
hardness at the notch tip was smaller than that for
the unirradiated specimen (Fig. 4(d)).

It is well accepted that the indentation hardness
is closely associated with other common mechanical
properties. In particular, reasonable proportionality
between changes in Vickers microhardness and yield
stress has been reported for various steels [10]. Since
good agreement of Vickers microhardness with
nano-hardness has been addressed in the range of
nano-hardness from 0.7 to 3 GPa [11], a linear rela-
tionship between changes in nano-hardness and
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yield stress could be also feasible for various alloys
in many cases. In the present study, the measured
nano-hardness for the specimen without irradiation
and fatigue damage was about 2.5 GPa, within the
range of 0.7–3 GPa. Furthermore, stress–strain
curves shown in Fig. 3 indicated the increase of flow
stress with the progress of plastic strain for both
irradiated and unirradiated specimens. Therefore,
it is reasonable that the development of plastic
deformation can be correlated with the increase of
nano-hardness in the present study. A series of dis-
tribution maps of nano-hardness for the unirradi-
ated specimens shown in Fig. 4(a)–(d) successfully
demonstrated the expansion of plastic zone with
the increase of fatigue time. As for the in situ irradi-
ation specimen (Fig. 4(e)), a slightly higher hardness
in all the measured area except the notch tip than
that for the respective unirradiated specimen
(Fig. 4(b)) would reflect the irradiation hardening.
Less significant change of hardness at the notch
tip for the in situ irradiation specimen shown in
Fig. 4(e) strongly suggests the delay in the develop-
ment of plastic deformation in the in situ irradiation
condition. Retarded development of plastic defor-
mation would be also implied in the post-irradiation
condition, because the area of higher hardness at the
notch tip was smaller for the post-irradiation speci-
men (Fig. 4(f)) than that for the respective unirradi-
ated specimen (Fig. 4(d)). Thus, the present results
of nano-indentation tests provide reliable evidence
for the delay in the development of plastic deforma-
tion even in the fatigue process prior to crack
propagation in both in situ and post-irradiation
conditions. Since the formation of inhomogeneous
dislocation structures is closely associated with the
progress of plastic strain, the delay in the develop-
ment of plastic deformation inferred in the present
results strongly supports that the interaction
between RID clusters and moving dislocations
would be an influential mechanism for the irradia-
tion effect on fatigue behavior in both in situ and
post-irradiation conditions.

Application of the nano-indentation technique to
the assessment of fatigue behavior may be effective,
but it needs special care because of the various fac-
tors influencing the treatment of specimen surface
and the experimental environment [12]. The mea-
sured nano-hardness of 2.5 GPa for the specimen
without irradiation and fatigue damage in the pres-
ent experiment appeared to be higher than the usual
Vickers microhardness (�2.0 GPa) measured for
solution-annealed austenitic stainless steels. This
deviation of nano-hardness may be attributed to
the subtle vibrations from other instruments
installed in the laboratory [12]. However in case of
an upper shift of nano-hardness, the measured dis-
tribution map should be meaningful to indicate
the development of plastic deformation when the
hardness data obtained from the distorted load-
ing/unloading profiles were eliminated to keep the
scattering of hardness lower in the distribution
map. The usefulness of nano-indentation technique
for the assessment of irradiation effect on fatigue
behavior was also demonstrated in the present
study.

4. Conclusions

Side-notched subsize specimens of SUS304 were
fatigued in the unirradiated condition, during
in situ irradiation with 17 MeV protons at 300 �C
and post-irradiation conditions. Nano-indentation
tests were conducted on the specimens fatigued for
6, 24, 100 and 200 h in the unirradiated condition,
the specimen fatigued for 24 h in the in situ irradia-
tion condition and fatigued for 200 h in the post-
irradiation condition. The distribution map of
nano-hardness at the notch tip demonstrated expan-
sion of the plastic zone with increase of fatigue time
in the unirradiated condition. As for both in situ
and post-irradiation specimens, delayed develop-
ment of plastic deformation at the notch tip was
implied in their distribution maps compared with
those for the respective unirradiated specimens.
Since the formation of inhomogeneous dislocation
structures is closely associated with the progress of
plastic strain, the delay in the development of plastic
deformation inferred in the present results strongly
supports that the interaction between radiation-
induced defect clusters and moving dislocations
would be an influential mechanism for the irradia-
tion effects on fatigue behavior in both in situ and
post-irradiation conditions. The usefulness of
nano-indentation tests for the assessment of the
irradiation effect on fatigue behavior was also dem-
onstrated in the present paper.
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