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The effects of strain rate and type of stainless steels on the deformation behavior of irradiated stainless
steels were investigated. Type 316 and 304 stainless steels irradiated with 200 keV He+ ions up to 20 dpa
at 300 �C were deformed at 10�4 and 10�7/s at 300 �C. The deformation changed from uniform dislocation
tangling to dislocation channeling and twinning, and slip step spacing widened due to prevention of dis-
location gliding by dislocation loops and cavities. The deformation mode was the same in both stainless
steels deformed at both strain rates. The loop and cavity density in type 304 stainless steel was smaller
than that in type 316 stainless steel. However, dislocation gliding was more effectively prevented in the
case of faster deformation and in type 304 stainless steel when dislocation loops were the dominant
microstructure. The difference became small at higher doses when cavities were the dominant
microstructure.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Irradiation assisted stress corrosion cracking (IASCC) is a prob-
lem for stainless steels used as structural materials of vacuum ves-
sels and in-vessel components of fusion reactor devices [1].
Although the mechanism of IASCC is still unclear, it has recently
been suggested that stress concentration at grain boundaries by
deformation localization due to irradiation plays an important role
in the occurrence and propagation of IASCC in stainless steels [2].
Fukuya et al. have shown that grain boundary separation occurs
due to interactions between coarse slips and grain boundaries of
stainless steels irradiated in a pressurized water reactor (PWR)
[3,4]. Since the grain boundary separation might differ with strain
rate and type of stainless steels, it is necessary to investigate the
effects of strain rate and type of stainless steels on deformation
behavior in order to better understand the role of deformation in
intergranular cracking. Deformation behavior has been investi-
gated in ion- and proton-irradiated stainless steels because irradi-
ation conditions are limited for neutron irradiation and it is
difficult to perform a number of experiments using radioactivated
specimens [5–7]. In this study, the effects of strain rate and type of
stainless steels on deformation behavior were investigated in
ion-irradiated stainless steels deformed at strain rates of 10�4

and 10�7/s at 300 �C.
ll rights reserved.
2. Experimental procedure

Solution annealed type 316 and 304 stainless steels (316SS and
304SS) with average grain sizes of 40 and 85 lm, respectively,
were used. The chemical compositions are shown in Table 1. Flat
tensile specimens with the gage section of 9 � 3 � 1 mm were pol-
ished mechanically and electrolytically to remove surface damage.
One side of the gage section was irradiated with 200 keV He+ ions
at 300 �C. The damage peak depth and helium deposition peak
depth were calculated to be 520 and 600 nm, respectively, using
the SRIM-2000 code [8] with the displacement energy of 40 eV.
The irradiation was performed to 0.1, 0.5, 1, 2, 4, 20 dpa at a dam-
age rate of 1.7 � 10�3 dpa/s at the damage peak depth. Microstruc-
ture analysis for cross-sections of the specimens using a HITACHI
HF-3000 transmission electron microscope (TEM) showed that
the depth for the highest density of irradiation defects almost cor-
responded to the calculated damage peak depth. In this paper, the
dose of the specimen was expressed as the dpa value of the dam-
age peak depth.

Hardness was measured using the nano-indentation technique.
The indentation depth was set to 150 nm to measure average
microhardness of the region from the surface to a depth of about
600 nm. The average dose in this region was about half a dose at
the damage peak depth. The microstructure at the damage peak
depth was analyzed using a TEM. The TEM samples were prepared
by the focused ion beam (FIB) technique to take the damage peak
depth into a thin foil with thickness of less than 100 nm. The spec-
imens were tensiled at strain rates of 10�4 and 10�7/s to 2% plastic
strain at 300 �C in air and pure Ar gas. The angle of slip steps to the
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Table 1
Chemical compositions (wt.%).

C Si Mn P S Ni Cr Mo Fe
316SS 0.048 0.44 1.42 0.024 0.0005 11.05 16.47 2.08 Balance
304SS 0.040 0.31 1.59 0.031 0.001 9.21 18.34 0.37 Balance
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tensile axis and average slip step spacing were measured for coarse
slip steps in 100 grains on the surface of each tensiled specimen
using an optical microscope. Near-surface deformation microstruc-
ture was observed by TEM for samples taken from grains where the
slip step angle was almost perpendicular to the tensile axis by the
FIB processing.

3. Results and discussion

Fig. 1 shows the hardness of the damage region in 316SS and
304SS. The hardness of 316SS increased at 2 dpa and then
saturated at higher doses as the irradiation dose increased. The
hardness of 304SS was almost the same as that of 316SS in
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Fig. 1. Hardness of the damage region.
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Fig. 2. Average diameter and number density of dislocation loops and cavities at
the damage peak depth.
unirradiated condition and increased at 4 dpa and then saturated
at 20 dpa as the irradiation dose increased. The increase in
hardness of 304SS was smaller than that of 316SS.

TEM observations revealed that the damage structure consisted
of dislocation loops and cavities. Fig. 2 shows the average diameter
and number density of dislocation loops and cavities at the damage
peak depth in 316SS and 304SS. The loop size increased and cavity
size remained almost the same in 316SS as the irradiation dose in-
creased. The loop density decreased at 0.5 dpa whereas the cavity
density increased at 4 dpa and decreased at 20 dpa in 316SS. This
trend indicates that the dominant defect changed from dislocation
loops to cavities at 4 dpa. Although the change of the diameter and
density of dislocation loops and cavities in 304SS with the irradia-
tion dose were similar to those in 316SS, the densities of disloca-
tion loops and cavities were rather smaller for 304SS.

Fig. 3 shows the relationship between measured increase in
hardness and increase in shear strength calculated by the following
equations:

Ds ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðDslÞ2 þ ðDscÞ2

q
; ð1Þ

Dsl;c ¼ al;clb
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nl;cdl;c

q
; ð2Þ

where Ds is the increase in shear strength due to the obstacles of
size d, number density N and hardening coefficient a, l is the shear
modulus (64 GPa), b is the size of Burgers vector (0.255 nm); l and c
means dislocation loop and cavity, respectively. The hardening
coefficient was assumed to be 0.4 and 0.2 for dislocation loop and
cavity, respectively. Taylor factor was not used in this calculation
because the hardness was measured in near-surface region in a
grain. The increase in hardness was almost proportional to the
calculated increase in shear strength. The hardening of the damage
region was well explained by microstructural data at the damage
peak depth. This result indicates that the change of increase in shear
strength at the damage peak depth with the irradiation dose was
similar to that of the average increase in shear strength in the
damage region which would correlate with the increase in
hardness, considering the fact that the average dose in the damage
region was about half a dose at the damage peak depth.

Fig. 4 shows the distributions of angle of slip steps in 316SS
deformed at a strain rate of 10�4/s together with the normalized
average shear stress on slip planes calculated without considering
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Fig. 3. Relationship between measured increase in hardness and calculated
increase in shear strength due to dislocation loops and cavities at the damage
peak depth.



Fig. 6. Microstructure of 316SS deformed at a strain rate of 10�4/s.
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Fig. 4. Angle of slip steps to the tensile axis in 316SS deformed at a strain rate of
10�4/s.
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stress component generated from inter-grain interactions. The
distributions showed the same trend as the normalized average
shear stress. The angle of slip steps in 316SS and 304SS deformed
at 10�7/s also showed the same trend. This indicates that the slip
steps observed in this study were formed by shear slip.

Fig. 5 shows the average slip step spacing in 316SS and 304SS
deformed at strain rates of 10�4 and 10�7/s. The spacing increased
and then saturated at higher doses as the irradiation dose in-
creased. In 316SS deformed at 10�4 and 10�7/s, the spacing was
narrower in unirradiated condition, but increased more rapidly
as the irradiation dose increased for faster deformation. The differ-
ence in the spacing by strain rate became small at higher doses. In
316SS and 304SS deformed at 10�7/s, the spacing in unirradiated
316SS and 304SS were almost the same whereas the spacing in-
creased at a lower dose for 304SS.

Fig. 6 shows cross-sectional TEM images of the microstructure
with slip steps in 316SS in unirradiated and 0.5 and 20 dpa condi-
tions after deformation at 10�4/s. Note that the regions of black
contrast in the surface region of about 30 nm were damages intro-
duced during the FIB process. The deformation microstructure
changed with irradiation dose in the same manner in 316SS and
304SS. Dislocation tangles and dislocation arrays were observed
in unirradiated and 0.1 dpa conditions. At doses higher than
0.5 dpa, all slips from the matrix penetrated the damage region
containing dislocation loops and cavities as dislocation channels.
Some of the slips were blocked in the damage region whereas other
slips penetrated through the damage region and formed coarse
surface slip steps. Thus, the slip step spacing increased due to a de-
crease of slips penetrating the damage region. The increase of slip
step spacing means that the deformation was more localized in
each channel. At 4 and 20 dpa, twins were formed within disloca-
tion channels near the damage peak depth. He bubbles cannot be
swept by glide dislocations and become obstacles for dislocation
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Fig. 5. Averaged slip step spacing deformed at strain rates of 10�4/s and 10�7/s.
motions [7]. Therefore, twinning, which requires a high stress for
nucleation, additionally occurred with deformation in the damage
region. At the highest dose of 20 dpa, slips penetrated changing slip
planes (cross-slips) near the helium deposition peak depth where
large He bubbles with a diameter of 30 nm developed. It should
be noted that the microstructure at 20 dpa was considerably differ-
ent from that at 4 dpa due to the large He bubbles.

Although the number densities of dislocation loops and cavities
in 304SS were rather smaller than those in 316SS, the slip step
spacing increased at a lower dose for 304SS. This is likely due to
a difference in stacking fault energy (SFE) of both stainless steels.
The SFE of the present 316SS and 304SS were estimated to be 51
and 26 mJ/m2, respectively [9]. A dislocation extends to two partial
dislocations in the face-centered cubic crystal. The width of ex-
tended dislocations in 304SS is about twice that in 316SS because
the width of extended dislocations is inversely proportional to SFE.
Although dislocations can pass irradiation induced defects by
cross-slips or climb motions, extended dislocations must constrict
before changing slip plane or climbing. The possibility that disloca-
tions pass defects by cross-slips or climb motions decreases for
wider extended dislocations because more energy is needed to
constrict wider extended dislocations. Therefore, it is likely that
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dislocation gliding in 304SS was more effectively prevented by the
damage structure compared to that in 316SS and the slip step spac-
ing became wider in 304SS by irradiation.

The slip step spacing in 304SS was wider than that in 316SS at
doses from 0.5 to 4 dpa, whereas the hardening of the damage re-
gion was smaller for 304SS. This is probably due to the fact that
slips started out of the damage region in tensile tests whereas slips
occurred within the damage region in hardness measurement.

4. Conclusion

Ion-irradiated 316SS and 304SS were deformed at 10�4 and
10�7/s at 300 �C to investigate the effects of strain rate and type
of stainless steels on the deformation behavior of irradiated
stainless steels. The following results were obtained.

1. The deformation mode in the damage region changed to dislo-
cation gliding restricted to dislocation channels and the slip
step spacing at the surface increased with the development of
damage structure at doses where dislocation loops were domi-
nant. When cavities were the dominant microstructure at
higher doses, twinning occurred additionally in channels near
the damage peak depth and cross-slips were pronounced near
the helium deposition peak depth.
2. Slip penetration in the damage region was more effectively pre-
vented in the case of faster deformation. The influence of strain
rate became small at higher doses when cavities were the dom-
inant microstructure.

3. Dislocation gliding was more effectively prevented when
dislocation loops were the dominant microstructure in 304SS
compared to 316SS, probably due to lower SFE in 304SS.
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