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a b s t r a c t

Irradiation effects on the stable and unstable deformation and fracture behavior of austenitic stainless
steels (SSs) have been studied in detail based on the equivalent true stress versus true strain curves.
An iterative finite element simulation technique was used to obtain the equivalent true stress–true strain
data from experimental tensile curves. The simulation result showed that the austenitic stainless steels
retained high strain hardening rate during unstable deformation even after significant irradiation. The
strain hardening rate was independent of irradiation dose up to the initiation of a localized necking. Sim-
ilarly, the equivalent fracture stress was nearly independent of dose before the damage (embrittlement)
mechanism changed. The fracture strain and tensile fracture energy decreased with dose mostly in the
low dose range <�2 dpa and reached nearly saturation values at higher doses. It was also found that
the fracture properties for EC316LN SS were less sensitive to irradiation than those for 316 SS, although
their uniform tensile properties showed almost the same dose dependencies. It was confirmed that the
dose dependence of tensile fracture properties evaluated by the linear approximation model for nominal
stress was accurate enough for practical use without elaborate calculations.

Published by Elsevier B.V.
1. Introduction

Austenitic 300 series stainless steels (SSs) generally show a
good resistance to irradiation embrittlement and no significant
shift of ductile to brittle transition temperature by irradiation at
low temperatures below 400 �C, although they show low resis-
tance to irradiation swelling and creep above about 400 �C [1].
Those steels therefore have been not only widely used in conven-
tional nuclear power plants, where operation temperatures are
limited below �400 �C, but also selected for advanced reactor com-
ponents such as the first wall and shield of ITER [2] and container
vessel for the liquid metal target of spallation neutron source [1,3–
5]. A number of studies have been conducted to clarify the change
in the mechanical properties of austenitic stainless steels under in-
tense radiation environments [1–7]. All results showed that the
strength, ductility, and strain hardening capacity were significantly
changed by irradiation. In particular, the irradiation hardening was
often accompanied by changes in the stress–strain curve along
with the appearance of yield drop and by a significant reduction
in strain hardening capability [4–8]. However, most of these radi-
ation-induced changes were observed for the uniform deformation
regime only based on the engineering stress–strain curves, and
consequently the radiation effect on the unstable deformation
B.V.
has been often ignored although in most cases its range is larger
than that for uniform deformation. To understand the radiation ef-
fects on deformation and fracture phenomena in detail, therefore,
it is necessary to produce full stress–strain data covering yielding,
uniform deformation, unstable deformation, and final failure.

It was shown that the analysis of true stress–true strain behav-
ior can suggest new descriptions for the irradiation effects on the
strength and ductility of materials [7–9]. In particular, the irradia-
tion effects on the plastic instability and fracture properties, which
are important for the structural design and life time evaluation, can
be evaluated by analyzing full true stress–true strain curves of irra-
diated materials including unstable deformation. Previous studies
[7–12] investigated irradiation effects on the fracture stress, frac-
ture strain, and strain hardening rate from tensile data of irradiated
austenitic stainless steels using a linear approximation model.
They showed that the strain hardening behavior at a given true
stress level was not significantly influenced by irradiation [8–10]
and that the plastic instability stress and fracture stress were dose
independent [8–13]. These studies, however, assumed a linear
strain hardening based on the nominal true stress and true strain
relationship instead of the equivalent true stress (rT)–true strai-
n(eT) relationship, which represents more general stress and strain
response of a material and is nearly independent of specimen
geometry [12]. The nominal true stress during unstable deforma-
tion, which is determined by dividing the axial load by the mini-
mum cross-sectional area of the specimen at the neck, is higher
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than the equivalent stress which is required to cause plastic flow if
simple tension prevailed.

This study aimed at the detailed characterization of irradiation
effects on the full range of deformation including unstable defor-
mation and final failure based on the equivalent true stress and
true strain relation. In this study, thus, the full equivalent true
stress–true strain curves were determined from tensile data for an-
nealed 316 SS and EC316LN SS irradiated to various doses, using an
iterative finite element simulation technique. The tensile fracture
properties, i.e., equivalent fracture stress, fracture strain, and ten-
sile fracture energy, were evaluated from the calculated true
stress–true strain curves. Detailed techniques are largely the same
as those used for the simulation in Part I paper [14]. Based on the
results, the dose dependencies of strain hardening behavior and
fracture properties were investigated.
2. Tensile data for irradiated materials

Three tensile datasets for irradiated 316 SS and EC316LN SS
(IR1–IR3) obtained from earlier studies [6,8,13,15] were analyzed
in this study using an iterative finite element(FE) method. The
materials were irradiated to various doses and tested at room tem-
perature (RT) or at 288 �C for 316 SS and at RT for EC316LN SS.
These datasets were selected to well represent the radiation effect
on the deformation and facture behaviors of the austenitic stain-
less steels. Tables 1 and 2 summarize the chemical composition
and thermo-mechanical treatment of the test materials and the
irradiation and test conditions, respectively.

Irradiations were performed at two facilities as listed in Table 2:
the hydraulic tube facility of the high flux isotope reactor (HFIR) at
the Oak Ridge National Laboratory for 316 SS specimens and the
target area of the Los Alamos Neutron Scattering Center (LANSCE)
accelerator at the Los Alamos National Laboratory for EC316LN SS
specimens [8,13]. In the HFIR irradiation facility, irradiation tem-
peratures were estimated to be in the range of 60–100 �C for the
specimens tested at RT and at �350 �C for the specimens tested
at 288 �C. In the LANSCE accelerator, the specimens were irradiated
at different target area locations for different irradiation doses by
protons and spallation neutrons [8,13]. Irradiation temperature
measured was in the range of 60–160 �C. More detailed descrip-
tions can be found elsewhere [6,15].

Two types of small-sized flat specimens were employed for ten-
sile tests: BES/NERI type for 316 SS and S-1 type for EC316LN SS,
whose gage section dimensions are 8 mm � 1.5 mm � 0.25 mm
and 5 mm � 1.2 mm � 0.25 mm, respectively. All tests were con-
ducted in the screw-driven testing machines at quasi-static nomi-
nal strain rate of about 10�3 s�1. Fig. 1 presents engineering stress–
strain curves of the materials analyzed in the present study. This
Table 1
Materials and heat-treatments [6,14].

Data ID Materials Chemical compositions (wt.%)

IR1 316-Annealed Fe–17.15Cr–13.45Ni–2.34Mo–1.86Mn–0.57Si–0.02
IR2 EC316LN Fe–17.45Cr–12.2Ni–2.5Mo–1.81Mn–0.39Si–0.024C
IR3 316-Annealed Fe–17.15Cr–13.45Ni–2.34Mo–1.86Mn–0.57Si–0.02

Table 2
Irradiation and test conditions [6,14].

Data ID Materials Irradiation facility Dose range (dpa)

IR1 316-Annealed HFIR 0–0.78
IR2 EC316LN LANSCE 0–10.7
IR3 316-Annealed HFIR 0–0.1
figure displays that the engineering stress–strain curves are con-
siderably changed by irradiation: increase in strength and decrease
in elongation, except for 316 SS tested at 288 �C, where radiation
effect was minimal.
3. Finite element simulation

A procedure for determining equivalent true stress–true strain
curve beyond the onset of necking was the same as that described
in the Part I paper [14]. That is, the curve after necking was deter-
mined by iterative calculations until the numerical calculation of
the load and unstable deformation corresponded well with the
experimental data. Finite element model was also basically the
same as that used in the Part I: three-dimensional one-eighth mod-
el that consists of 20-node solid element with reduced integration
(C3D20R in ABAQUS [16]). Two different geometrical models were
used depending on the specimen type (see Fig. 2). In the models,
the number of elements in the width and thickness directions at
the center of specimen was 18 by 5 for S-1 type and 20 by 4 for
BES/NERI type, which were optimized based on the convergence
tests. A geometrical imperfection in a form of locally reduced
width and thickness of an amount 0.25% of their dimensions was
embedded in the model to allow the initiation of necking. Since
the symmetry was introduced around the longitudinal axis, the
embedded imperfection in the central cross-section of the model
resulted in an easier computation [17–19]. The symmetry assump-
tion is valid until almost the end of experiment, when the local
instability planes at an acute angle with respect to the longitudinal
axis of the sample are formed and the specimen begins tearing. In
spite that the material damage and bifurcation of specimen should
be considered to accurately simulate the deformation beyond the
onset of localized necking, these were not taken into account in
the present model for simplicity.

In the Part I paper it was confirmed that the experimental
load–displacement curves could be accurately simulated by an
iterative application of finite element method. The simulated
and experimental curves for irradiated stainless steels are com-
pared in Fig. 3. The strain contour and deformation pattern at fi-
nal failure were also examined for the two specimen types shown
in Fig. 4. The strain distribution and deformation pattern at final
failure were different from those observed at the Part I paper,
which used SS-3 type specimen whose cross-section is
0.76 mm � 1.52 mm. For the S-1 and BES/NERI type specimens,
local instability plane at final failure formed along an oblique
plane to the cross-section of specimen regardless of irradiation
dose and test temperature, even though contraction of specimen
in the width direction was also observed. It is also shown that
the contour of the maximum principal logarithmic strain devel-
Heat treatment

4P–0.059C–0.031N–0.018S–0.1Cu–0.02Co Annealed at 1050 �C for 30 min
–0.067N Annealed at 950 �C for 1 h
4P–0.059C–0.031N–0.018S–0.1Cu–0.02Co Annealed at 1050 �C for 30 min

Irradiation temperature (�C) Test temperature (�C) Specimen type

60–100 20 BES/NERI
60–160 20 SS-1
�350 288 BES/NERI
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Fig. 1. Engineering stress–strain curves for irradiated austenitic stainless steels: (a) 316 SS tested at RT, (b) 316 SS at 288 �C, and EC316LN at RT [6,14].
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oped along the oblique plane (see Fig. 4). These indicate that
localized necking occurred along the oblique plane after initial
diffuse necking and it led to the final failure of the specimens.
The specific deformation characteristics are associated with the
different aspect ratio of specimens: 2.0 for SS-3, 4.8 for S-1, and
6.0 for BES/NERI type specimens. It is known that the transition
of necking deformation mode occurs in the aspect ratio range of
3–6 in ductile materials. The transition is believed to depend on
the mechanical properties of the material as well as the initial as-
pect ratio of the specimen tested [19,20]. The present simulation
results confirm these earlier studies: the transition from diffuse to
localized necking occurred before final failure for both S-1 and
BES/NERI type specimens where the aspect ratios are greater than
4.0, which is contrasted to the simulation results showing no
obvious transition of necking mode in the SS-3 type specimens
whose initial aspect ratio was less than 3.0.

Based on these results, it is again believed that the finite ele-
ment model successfully simulates the load–displacement re-
sponses of tensile tests including the early failure process such as
the localized necking. Since the microscopic damage mechanisms
such as the void nucleation and growth and dislocation channeling
were not taken into account in this study, the present FE simula-
tion was not aimed at the detailed simulation of final fracture pro-
cess, in particular the later part of the localized necking, and
therefore the equivalent true stress–true strain curves found by
simulations should be valid up to the localized necking before
the final fracture process initiates. Once the localized necking
started at flat specimen, the thickness along the necking band
shrinks more than the width-direction contraction and the local
strain increases rapidly [18,19]. A discrete, heavy deformation
may occur on some slip planes within the highly localized shear
band. Therefore, the strain after the onset of localized necking gi-
ven by the present continuum-based simulation should be consid-
ered as a lower bound for the local strain.
4. Results and discussion

4.1. Equivalent true stress–true strain curves

Fig. 5 presents full equivalent true stress–true strain curves
including unstable deformation region for 316 SS and EC316LN
SS irradiated to various doses, which were determined by the iter-
ative finite element simulations. As shown in Fig. 5a and c, the
curves for RT have continuously decreasing slopes in uniform
deformation region. The equivalent true stress–true strain curves
did not change their slope at the onset of diffuse necking regardless
of irradiation dose; the equivalent true stress still increased with
true strain at similarly high rates throughout the unstable defor-
mation before the onset of localized necking. It was also observed
that the slopes of the curves varied little with irradiation dose be-
fore the significant slope change appeared at the onset of localized
necking, even though the specimen at a higher dose exhibited
higher equivalent true stress–true strain curve. For the 316 SS
tested at 288 �C, Fig. 5b, the equivalent true stress–true strain
curves were nearly the same over the whole strain range, regard-
less of irradiation dose. This indicates that at 288 �C the effect of
irradiation on the plastic flow of 316 SS is negligible at doses below
0.1 dpa. It was also observed that at this elevated temperature the
significant reduction in the slope of the curves occurs soon after
the onset of necking.

In Fig. 5, the significant slope change in the equivalent true
stress–true strain curves appeared after a certain amount of unsta-
ble deformation for both 316 SS and EC316LN SS tested at RT. Such
a behavior was not observed for the equivalent true stress–true
strain curves obtained for the SS-3 type specimens in the Part I
of this paper. To understand this specific behavior, the changes of
deformation pattern and strain contour with tensile loading were
examined in simulation results and compared with that of equiva-
lent true stress–true strain curve. It showed that the significant



4.0

16
.0

11
.0

5.
0

R1.4

1.2

0.25

M
od

el
ed

 s
ec

tio
n

δ/2

Δl, F

x

y

z

                    (a) S-1 type 

5.0

17
.0

10
.0

8.
0

R1.0

1.5

0.25

M
od

el
ed

 s
ec

tio
n

2.
0

Δl, F

δ/2

x

y

z

                            (b) BES/NERI type 

Fig. 2. Finite element models for (a) the S-1 type and (b) the BES/NERI type specimens.
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reduction in the slope of the curve coincides with the necking
mode transition of specimen, from diffuse necking to localized
necking. If the test material retains sufficient ductility in the end
of diffuse necking, the transition of necking mode to localized
necking occurs gradually, but over a relatively short time period
when compared to the whole testing time. After a localized defor-
mation band is formed in the diffuse neck, additional plastic defor-
mation will be concentrated within the band and it will form a
necked band before the final failure. Although the shear strain
within the localized neck can be significant, its contribution to
the total elongation is minimal, as indicated in the engineering
stress–strain curves. Most of the strain imposed in the localized
should be absorbed in the reduction of thickness. Since such con-
centrated straining in a narrow band may enhance dislocation
annihilation, the strain hardening rate during the localized necking
should be lowered from those of uniform deformation or diffuse
necking.

Fig. 6 illustrates the contours of the maximum principal loga-
rithmic stain at different deformation steps for 316 SS specimen
irradiated to 0.1 dpa, which exhibited the reduction in slope at
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Fig. 4. Deformation patterns and maximum principal logarithmic strain distributions at final failure in (a) the S-1 type and (b) the BES/NERI type specimens.
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eT � 48%. A strain gradient could not be observed at eT = 25%, the
uniform strain region, and the strain contour for eT = 45%, the dif-
fuse necking region, propagated along the perpendicular plane to
the loading axis of sample. However, at eT = 50% the maximum
strain contour spread along an oblique plane, which is evidence
of localized necking, and this pattern continued to final failure
(eT = 58%). The localized necking was assumed to initiate when
the equal-strain contours obviously started to spread along an ob-
lique plane. This transition in necking mode resulted in the re-
duced slopes in the equivalent true stress–true strain curves, as
seen in Fig. 5. Also, this localization criterion by strain contour
was compared with a stress-based criterion [11,21]:

dr
de
¼ r

2
: ð1Þ
Fig. 7 indicates that the equivalent true stress and true strain at
initiation of localized necking determined from the strain contour,
rnL,CT and enL,CT, are almost identical to those determined by the
criterion for rnL and enL expressed by Eq. (1).

It is shown that all the S-1 and BES/NERI specimens exhibit the
necking mode transition during unstable deformation. In Fig. 5 it is
seen that in the austenitic stainless steels after significant irradia-
tion high positive strain hardening rate is still retained during
unstable deformation before localized necking initiates. Further,
the parallel curves indicate that the strain hardening rate is inde-
pendent of irradiation dose. At 288 �C, the prompt reduction in
strain hardening rate after necking is also explained by early initi-
ation of localized necking. As discussed in the Part I of this paper,
the dominant deformation mode of austenitic stainless steels is
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planar slip at elevated temperatures above 200 �C. Since the strain
hardening capability is exhausted early at 288 �C, the strain
hardening during diffuse necking becomes negligible and thus dif-
fuse necking is promptly transitioned into localized necking. This
implies that the onset of localized necking is related to the ex-
hausted strain hardening capability of materials as well as the
change of stress state governed by specimen geometry.

The mechanistic reason for the reduced strain hardening rate in
the localized necking is not well known for now. It is however
speculated that the density of dislocation glides within the narrow
localized bands might be much higher than in the prior uniform or
diffused deformation, and therefore the annihilation of both the
plasticity- and radiation-induced defects should be accelerated.
This argument can explain the calculation result of reduced strain
hardening rate as well as imply that the inelastic behavior of a
material is an interactive property with geometrical factors.

4.2. Dose dependence of fracture properties

To investigate dose dependence of tensile fracture properties
for austenitic stainless steels, the equivalent fracture stress, frac-
ture strain, and tensile fracture energy were obtained from the
equivalent true stress–true strain curves shown in the previous
section. As discussed above, the true strains obtained for the local-
ized necking are not accurate values for the localized necking area,
and should be considered underestimated. In the discussions be-
low the fracture parameters were evaluated both at the initiation
of localized necking and at the point of final failure.

4.2.1. Equivalent fracture stress
Fig. 8 presents the equivalent fracture stresses for 316 SS and

EC316LN SS as a function of irradiation dose (dpa), together with
the yield stress (rYS) and plastic instability stress (rPIS) of each
material. In Fig. 8, rnL is the equivalent fracture stress defined at
initiation of localized necking and rFE is defined at the point of final
failure. The variation in rnL with irradiation dose was almost the
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same as that of rFE regardless of tested material, even though the
value of rnL was lower than that of rFE. For the 316 SS at RT, both
rnL and rFE slightly increased at lower doses and then decreased
with increasing irradiation dose. But their variations with dose
were minor; the values of rnL and rFE at 0.78 dpa were nearly iden-
tical to those in nonirradiated condition, rnL,unir and rFE,unir. For the
EC316LN SS, the variations in rnL and rFE with irradiation dose
were also negligible up to around 2 dpa, but the rnL and rFE

abruptly dropped about 10% above 2 dpa. This result indicates that
the equivalent fracture stress defined at either initiation of
localized necking or final fracture is insensitive to irradiation dose
up to, at least, 0.78 dpa in 316 SS and 10.7 dpa in EC316LN SS, ex-
cept for the 10% drop of fracture stress around 2 dpa in EC316LN
SS. The transition of equivalent fracture stress should be associated
with a change in the irradiation damage and associated failure
mechanism.

The EC316LN SS specimens were irradiated in the LANSCE
accelerator as described in Section 2. In this case, it is known that
helium and hydrogen gases are generated by spallation reactions
[22]. At higher doses, in particular, the contents of the gas bubbles
are considerable and they contribute to an extra strengthening in
addition to the displacement damage. It was observed from the
previous studies [3,4,22] that the yield stress and uniform elonga-
tion of EC316LN SS specimens irradiated in LANSCE accelerator
tend to exceed the upper and lower bounds of the fission reactor
data above 1 dpa, respectively. Maloy et al. [23] also observed a
significant decrease in the uniform elongation above 3 dpa for
316 SS irradiated, which was different from the behavior observed
for 316 SS irradiated by fission neutrons. It was explained that
these behaviors are induced by large amount of retained gas gen-
erated by high energy proton and spallation neutron spectrum at
higher dose. Therefore, it is concluded that the equivalent fracture
stress of austenitic stainless steels is much less sensitive to irradi-
ation dose unless the damage mechanism changes, although the
yield stress considerably increases in the same dose range.

4.2.2. Fracture strain and tensile fracture energy
The variations in fracture strains defined at initiation of local-

ized necking (enL) and at final failure (eF) with irradiation dose
are shown in Fig. 9 along with true uniform strain (eU). Overall dose
dependence of enL and eF was similar to that of eU for both materi-
als, and the dose dependence of enL was nearly the same as that of
eF. For 316 SS at RT, the enL and eF were relatively little changed
over a lower dose below 0.01 dpa and then decreased exponen-
tially with dose above 0.01 dpa. At the highest dose of 0.78 dpa
the values of enL and eF were still higher than 50% of the strain val-
ues before irradiation, enL,unir and eF,unir. The enL and eF for EC316LN
SS rapidly decreased with dose in the range 0–2 dpa and then de-
creased at lower rates after a small drop around 2 dpa. At a dose of
10.7 dpa, the values of enL and eF were approximately 35% of enL,unir

and 60% of eF,unir, respectively. Considering that the true uniform
strain at 10.7 dpa was about 16% of that in nonirradiated condition,
the reduction in fracture strain with irradiation dose was relatively
small compared to the uniform strain. It is recognized from this re-
sult that the fracture strain of austenitic stainless steels is still high
after irradiation exposure even if uniform ductility is considerably
reduced. In Fig. 9, the dose dependence of fracture strain defined at
initiation of localized necking was almost the same as that defined
at final failure. The value of enL was always lower than that of eF

and the difference between enL and eF was particularly significant
in the EC316LN SS. This result should be mainly associated with
the specimen geometry; the aspect ratio of specimen is 4.8 for
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Fig. 9. Dose dependence of true strain parameters for austenitic stainless steels: (a) 316 SS and (b) EC316LN SS.
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EC316LN SS and 6.0 for 316 SS. For a specimen with large aspect
ratio, the tendency of localized necking is enhanced and necking
band shrinks rapidly, whereas for a specimen with small aspect ra-
tio the localized necking process after initiation is relatively slow
due to the effect of stress in the thickness direction [19,20]. Thus,
the amount of deformation from localized necking initiation to fi-
nal failure is relatively higher and the difference between enL and eF

is more significant for the EC316LN SS when compared to the 316
SS.

The tensile fracture energy was obtained at both points of local-
ized necking initiation (EnL) and final failure (EF) using Eq. (7) in the
Part I [14]. As shown in Fig. 10, the variations in EnL and EF with
dose for 316 SS at RT were negligible to 0.01 dpa, and then expo-
nentially decreased with increasing dose to 0.78 dpa. For the
EC316LN SS, the values of EnL and EF apparently decreased as irra-
diation dose increased to around 2 dpa and then they were slightly
dropped and slowly saturated above 2 dpa. The values of EnL and EF

at 10.7 dpa were still higher than, respectively, 43% and 67% of the
energies obtained in unirradiated condition. This indicates that the
resistance to tensile fracture of austenitic stainless steels consider-
ably decreased, but a significant resistance to fracture still re-
mained after irradiation to 0.78 for 316 SS and 10.7 dpa for the
EC316LN SS. Such dose dependence of tensile fracture energy
agrees well with that of fracture toughness for austenitic stainless
steels [23].

It is known that the yield stress for austenitic stainless steels in-
creases rapidly with irradiation dose up to about 0.1 dpa in the low
temperature irradiations and that the increasing rate slows with
further increase in dose until the hardening reaches a saturation
value in the dose range of 1–3 dpa [2]. Microstructural observation
revealed that such a dose dependence was attributed to the in-
crease in the density of irradiation-induced defects, i.e., black spot
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Fig. 10. Dose dependence of tensile fracture energy for aus
damage and Frank loops, which saturated at doses of about 0.1 and
1 dpa, respectively [24]. Thus the considerable decrease in fracture
strain and tensile fracture energy at lower doses below 2 dpa and
the saturation above this dose are simply explained by the change
in the density of such irradiation-induced defects. Also, the small
drops of fracture strain and tensile fracture energy around 2 dpa
are believed to be related to the additional irradiation damage
mechanism, e.g., helium and hydrogen gas generation, as discussed
previous section.

4.2.3. Influence of material and test temperature
To understand an influence of material on dose dependence of

fracture properties for austenitic stainless steels, the values of
rnL, enL, and EnL for 316 SS and EC316LN SS were compared. Since
the tensile fracture properties defined at the initiation of localized
necking were more reliable than those defined at final failure, here
comparisons were made using these parameters. The fracture
properties for both materials were nearly the same at nonirradi-
ated condition. However, the properties for 316 SS were more dras-
tically changed with dose compared to EC316LN SS, so that the
difference between the 316 SS and the EC316LN became more pro-
found at higher doses although the differences in the rPIS and eU

values of the two materials were small over the dose range exam-
ined. In particular, the difference between materials was apparent
at enL and EnL; the tensile fracture properties for the EC316LN SS
were less sensitive to irradiation dose than those for the 316 SS.
This should be associated with different strain hardening capability
between the two stainless steels. It is believed that the addition of
nitrogen in the EC316LN SS has decreased its stacking fault energy
(SFE), and thereby increased its tendency for mechanical twinning
[11]. This mechanical twinning can increase strain hardening capa-
bility and delay deformation localization and localized necking
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initiation in austenitic stainless steels [25]. Therefore, the deforma-
tion localization and the reduction of strain hardening capability
by irradiation are more delayed in the EC316LN SS, which results
in higher fracture strain and energy in this steel. Such a difference
between the two steels is more significant at high doses where the
deformation localization is much enhanced by irradiation.

The effect of test temperature on the fracture properties of 316
SS is shown in Figs. 8–10. Compared to the properties tested at RT,
the variations in equivalent fracture stress, fracture strain, and ten-
sile fracture energy with dose to 0.1 dpa were negligible for the
specimens tested at 288 �C. This is mainly attributed to the high
irradiation temperature, about 350 �C, for specimens tested at
288 �C, in contrast to the specimens tested at RT after irradiation
in the temperature range 60–100 �C. This shows that the irradia-
tion damage for specimens tested at 288 �C was negligible due to
thermal annealing during irradiation. This is evidenced by no obvi-
ous increase in yield stress after irradiation to 0.1 dpa (see Fig. 8). It
is confirmed that the strain hardening rate and fracture properties
for austenitic stainless steels are not obviously affected by irradia-
tion exposure to 0.1 dpa if they are irradiated and loaded around
300 �C.

4.3. Comment on the results of approximation model [10]

In the present study it was shown that the high strain harden-
ing rate in the austenitic stainless steels after significant irradiation
was still retained beyond the onset of necking and the hardening
rate was nearly independent of dose until the localized necking ini-
tiated. Also, it was observed that the fracture stress is little depen-
dent on irradiation dose. Although the fracture strain was more
sensitive to irradiation dose, it was retained at a few tens of per-
cent after irradiation exposure to high doses. These results were
based on the equivalent true stress and true strain relation of
material, which involves multi-axial stress components at the neck
during unstable deformation. A comparison of these simulation re-
sults with the results of earlier studies [7,9,11] confirms that the
two different methods, the present multi-axial finite element anal-
ysis and an analytical linear approximation model can produce
consistent results for the dose dependences of unstable deforma-
tion and fracture parameters. The linear approximation model as-
sumes a linear strain hardening during unstable deformation and
considers nominal (or axial) true stress–true strain relation.
Fig. 11 compares the fracture stresses obtained from the finite ele-
ment simulation (equivalent and nominal or components) those
from the linear approximation model (nominal component). This
comparison indicates that the nominal fracture stress from this
simulation is close to the result of the linear approximation model
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Fig. 11. Comparison of fracture stresses obtained from finite element simulation
and approximation model.
(note that the small difference may originate from the non-de-
tailed treatment of final localized necking in both methods), while,
as expected, the equivalent fracture stress is lower than the nom-
inal components. It is therefore believed that the fracture stress
data from the linear approximation model are accurate enough
to use in evaluation of hardened materials such as irradiated mate-
rials, in which unstable deformation is dominant and direct strain
measurement can be costly. For an application, it is worth remem-
bering that the linear hardening model, which is for the true stress
in the axial direction, can describe deformation up to the onset of
localized necking, even though the two transverse stress compo-
nents during necking cannot be known by the model.

5. Conclusions

This study investigated the dose dependence of strain harden-
ing behavior and tensile fracture properties for austenitic stainless
steels based on the equivalent true stress–true strain curve data for
316 SS and EC316LN SS irradiated to various doses. The full equiv-
alent true stress–true strain curves were determined using itera-
tive finite element simulations. The conclusions from the analysis
results are:

(1) Before the localized necking the strain hardening rate during
unstable deformation was retained at a high level, which
was similar to that in the end of uniform deformation. The
strain hardening behavior during necking was nearly inde-
pendent of dose.

(2) The variation in equivalent fracture stress with dose was
negligible for the austenitic stainless steels unless irradia-
tion damage mechanism changed.

(3) The tensile fracture strain and fracture energy of austenitic
stainless steels decreased with dose in the low dose range
<2 dpa and at higher doses they approached lowered satura-
tion values, which were still significantly high for highly
irradiated materials.

(4) Tensile fracture properties for EC316LN SS were less sensi-
tive to the irradiation dose than those for 316 SS although
their uniform tensile properties showed similar dose
dependences.

(5) A comparison with the results from the present multi-axial
finite element analysis confirmed that the linear approxima-
tion model for unstable deformation can reasonably well
describe the dose dependences of tensile fracture properties.
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