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Abstract

The dose dependence of plastic instability behavior has been investigated for polycrystalline metals after neutron irradiation at
low temperatures (<200 °C). The analyzed materials consist of 10 body-centered cubic (bcc), 7 face-centered cubic (fcc), and 2
hexagonal close packed (hcp) metals. It was found that the metals after irradiation showed necking at yield when the yield stress
exceeded the true plastic instability stress, ois, for the unirradiated material. It was also shown that g1s was almost independent of
dose below a critical dose. The critical dose is called the dose to plastic instability at yield, D¢, because at higher doses the material
shows necking at yield. The D¢ values ranged from 0.002 to 0.2 dpa for bce and hep metals, except for a high purity iron, that had a
Dc value of 6 dpa; whereas the fcc metals gave generally high values ranging from 0.1 to 40 dpa. It is attempted to explain the dose
independence of the plastic instability stress by a straightforward shifting of tensile curves by the appropriate strain corresponding
to the radiation-induced increase in yield stress. The dose independence of strain-hardening behavior suggests that radiation-induced

defects and deformation-produced dislocations give similar net strain-hardening effects.
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1. Introduction

In metallic materials the most common irradiation
effects are the increase of strength and loss of ductility
[1-9]. Reduction in strain-hardening capability is be-
lieved to be a reason for the ductility loss by irradiation
[1,3-8], and an explanation for the reduction in strain-
hardening rate is the softening effect from the clearance
of radiation-induced defects by glide dislocations, so-
called channeling [4,7-12]. However, these explanations
for irradiation effects on strength and strain-hardening
behavior can turn out to be questionable if the stress
and strain data are displayed in true stress and true
strain units and the data before and after irradiation
are compared at a given stress level, not at a given
strain level. Mogford and Hull [13] proposed that
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neutron irradiation has an effect similar to that of
plastic deformation on the strain-hardening rate of
iron, and Luft [10] demonstrated that prior plastic de-
formation can induce dislocation channels in unirradi-
ated molybdenum. Furthermore, Ohr [2] showed that
the strain-hardening portions of the true stress—true
strain curves for irradiated iron can be superimposed
on the curves for unirradiated material by shifting them
in the positive direction along the strain axis. These
observations imply that the strain-hardening behavior
at a given stress level is not changed by irradiation.
This may be possible if the dislocation—dislocation
interactions in unirradiated material and the disloca-
tion-related interactions in irradiated material, such as
dislocation-defect cluster interactions and dislocation—
dislocation pileup interactions in channels, result in
similar net hardening effects at a given stress level, al-
though the details of the interactions might be signifi-
cantly different.

If irradiation results in little or no change of
the strain-hardening behavior at a given stress, the
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irradiated material will show plastic instability or
necking at the same true stress as the plastic instability
stress of unirradiated material, and consequently, the
true plastic instability stress will be independent of
dose. Recently, the dose independence of the plastic
instability stress has been demonstrated for austenitic
stainless steels after irradiation in spallation conditions
[5]. If such dose independence of the plastic instability
stress turns out to be a common phenomenon for me-
tallic materials, it can be used as a true stress criterion
for material failure in design and assessment activities
for nuclear systems. The goal of this study is to in-
vestigate and generalize the dose dependence of plastic
instability behavior.

In this study, the plastic instability behavior has
been analyzed for 12 alloys and 7 pure metals, includ-
ing bee, fce, and hep crystalline structures, after irra-
diation at low temperatures (<200 °C). It is shown that
in these metals the plastic instability stress is almost
independent of dose over a limited dose range. The
dose to plastic instability at yield, where the material
starts to experience necking at yield [5,6], is evaluated
by comparing the yield stress—dose curve with the
plastic instability stress versus dose curve for each
material. It is also suggested that the true plastic in-
stability stress is a property of the base, annealed metal
and is independent of hardening measures such as pre-
straining, precipitation hardening, and irradiation
hardening.

2. Experiment and calculation

During the past several years, the authors have in-
vestigated mechanical properties for more than 30
commercial and model alloys and pure metals after
neutron or neutron and proton irradiation at low
temperatures (under 200 °C). In the present study, 24
cases (19 metals) were selected and analyzed, focusing
on irradiation hardening and plastic instability behav-
iors. Four of the 19 metals were irradiated in two or
three irradiation experiments, making 24 cases in total.
Table 1 includes the chemical compositions of the
metals and their heat treatments. Among the 19 metals,
the bce metals consisted of three pure metals (Fe, Nb,
and V), a pressure vessel steel (A533B), a bainitic steel
(3Cr-3WYV), and three ferritic/martensitic (F/M) steels
(9Cr—-1MoVNbDb, 9Cr-2WVTa, 9Cr-2WYV); the fcc met-
als were two pure metals (Cu and Ni) and five austenitic
stainless steels (316, 316LN, EC316LN, HTUPS316,
and AL6XN); the hcp metals were Zr and Zr-4. The
tension test data have been generated in multiple re-
search programs using three different types of speci-
mens: SS-3, S-1, and BES/NERI types [4-8,14-16].
Gage section dimensions of the specimens are included
in Table 1.

Irradiations were performed at two facilities: the
hydraulic tube facility of the high flux isotope reactor
(HFIR) at the Oak Ridge National Laboratory and the
target area of the Los Alamos Neutron Scattering
Center (LANSCE) accelerator at the Los Alamos
National Laboratory. Irradiation conditions for tensile
specimens are summarized in Table 2, along with test
temperature. More detailed descriptions can be found
elsewhere [6,7,14-16]. In the HFIR irradiation facility,
the tensile specimens were exposed for different periods
to achieve target damage levels, and most of the dis-
placement damage was produced by fast neutrons
(E>0.1 MeV). The irradiation temperature in the
HFIR irradiation facility was estimated to be in the
range 60-100 °C. In the LANSCE accelerator, the ten-
sile specimens were irradiated at different target-area
locations for different irradiation exposures to protons
and spallation neutrons. The kinetic energy of incident
protons was 800 MeV and nuclear reactions by the
protons produce spallation neutrons. It was shown that
a larger contribution to damage was made by protons
than by spallation neutrons. Both contributions are
included in the displacement per atom (dpa) data in
Table 2. The average maximum temperature measured
by thermocouples was in the range 60-160 °C during
irradiation [15].

All tensile tests were conducted at room temperature
in screw-driven machines at crosshead speeds of 0.008
mm s~ for SS-3 and BES/NERI type samples, and 0.005
mms~! for S-1 type specimens; both speeds correspond
to a strain rate of about 1073 s~!. Engineering strain,
e = Al/ly, was calculated from the recorded crosshead
displacement, A/, using nominal gauge lengths, /y: 7.62,
8, and 5 mm for the three specimen types, respectively.
Engineering stress, S, was calculated as the applied load
divided by initial cross-sectional area before irradiation.
True stress, o, and true strain, & up to ultimate load
were calculated by the following expressions [5,17]:

e=1In(1+e), (1)

g =S8 x exp(ep), (2)

where ¢p is the plastic component of ¢ [17]. The true
stress at the ultimate tensile strength (UTS) is defined as
the plastic instability stress, os.

3. Results and discussion

3.1. Engineering stress—strain curves and the criterion for
necking at yield

Figs. 1, 2 and 3 present examples of the dose de-
pendencies of engineering stress—strain curves for bcc,
fcc, and hep alloys, respectively. Although common
radiation effects in all three alloys were an increase of
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Materials, heat treatments, and specimen types
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# Materials Chemical composition (wt.%) Heat treatment Specimen type*
(in vacuum unless specified)
1 A533B-a Fe-0.22C-0.25Si-1.48Mn-0.52Mo-0.68 Annealed at 880 °C for 4 h and air BES/NERI
Ni-0.0185-0.012P cooled, tempered at 660 °C for 4 h,
reheat at 610 °C for 20 h
2 AS533B-b Fe-0.22C-0.25Si-1.48Mn-0.52Mo0-0.68 Annealed at 880 °C for 4 h and air SS-3
Ni-0.018S-0.012P cooled, tempered at 660 °C for 4 h,
reheat at 610 °C for 20 h
3 A533B-c Fe-0.22C-0.25Si-1.48Mn-0.52Mo-0.68 Annealed at 880 °C for 4 h and air SS-3
Ni-0.0185-0.012P cooled, tempered at 660 °C for 4 h,
reheat at 610 °C for 20 h
4 3Cr-3WV Fe-0.091C-0.3Mn-0.09Si-0.009S-0.015P— Heated for 1 h at 1040 °C in flowing SS-3
0.02Ni-3.05Cr-0.24V-0.02Cu-3.01W argon and cooled to room temperature
in the cold zone; then reheated for 1 h at
760 °C and cooled
5 9Cr-1MoVNbD Fe-0.09C-0.36Mn-0.08Si-0.004S-0.008P— Heated for 1 h at 1040 °C in flowing SS-3
0.11Ni-8.62Cr-0.98M0-0.209V-0.063Nb- argon and cooled to room temperature
0.002Ti-0.013C0-0.03Cu-0.013A1-0.01W in the cold zone; then reheated for 1 h at
760 °C and cooled
6 9Cr-2WVTa Fe-0.11C-0.44Mn-0.21Si-0.015P-8.9Cr— Heated for 1 h at 1040 °C in flowing SS-3
0.01M0-0.23V-0.012C0-0.03Cu—-0.017Al- argon and cooled to room temperature
2.01W-0.06Ta in the cold zone; then reheated for 1 h at
760 °C and cooled
7 9Cr-2WV Fe-0.12C-0.51Mn-0.23Si-0.007S-0.014P- Heated for 1 h at 1040 °C in flowing SS-3
8.95Cr-0.01M0-0.24V-0.012C0-0.03Cu— argon and cooled to room temperature
0.018A1-2.01W in the cold zone; then reheated for 1 h at
760 °C and cooled
8 9Cr-2WVTa Fe-0.11C-0.44Mn-0.21Si-0.015P-8.9Cr— Heated for 1 h at 1040 °C in flowing S-1
0.01M0-0.23V-0.012C0-0.03Cu—-0.017Al- argon and cooled to room temperature
2.01W-0.06Ta in the cold zone; then reheated for 1 h at
760 °C and cooled
9 Mod. 9Cr-1Mo  Fe-0.092C-0.09Ni-8.32Cr—0.86Mo0—-0.48Mn— Heated for 1 h at 1040 °C in flowing S-1
0.15Si-0.055N-0.06Nb-0.2V argon and cooled to room temperature
in the cold zone; then reheated for 1 h at
760 °C and cooled
10 Fe-a (99.995% purity) Annealed at 600 °C for 1 h BES/NERI
11 Fe-b Fe—0.013C-0.018Mn-0.018Ni (99.94% purity) Annealed at 600 °C for 1 h SS-3
12 Nb Nb-0.3Si-0.01Ni-0.06Ni-0.05Ta—0.005C-0.001S ~ Annealed at 900 °C for 1 h BES/NERI
(99.5% purity)
13 v V-0.026Si-0.039M0-0.0270-0.0096N-0.0024C Annealed for 30 min at 900 °C BES/NERI
(99.8% purity)
14 316-a Fe—0.059C-1.86Mn—0.57Si-0.018S-0.024P— Annealed at 1050 °C for 30 min BES/NERI
17.15Cr-13.45Ni-2.34M0-0.1Cu-0.02C0-0.031N
15 316-b Fe—0.059C-1.86Mn—0.57Si-0.018S-0.024P— Annealed at 1050 °C for 30 min SS-3
17.15Cr-13.45Ni-2.34Mo0-0.1Cu-0.02Co—
0.03IN
16 316LN Fe-10.2Ni-16.3Cr-2.01Mo-1.75Mn-0.39Si— Annealed at 1050 °C for 30 min SS-3
0.11N-0.029P
17 EC316LN Fe-12.2Ni-17.45Cr-2.5Mo-1.81Mn-0.39Si— Annealed at 950 °C for 1 h S-1
0.024C-0.067N
18 HTUPS316 Fe-16.2Ni-13.9Cr-2.46Mo0-2.04Mn-0.12Si— Annealed at 1200 °C for 12 min S-1
0.076C-0.021N-0.15Nb-0. 52V-0.27Ti
19 AL6XN Fe-24Ni-20.5Cr-6.3M0-0.4Mn-0.4Si-0.02C~ Annealed at 1110 °C for 30 min S-1
0.22N
20 Cu Cu-1.6S-0.09Cr-0.22Ni-0.1P-0.27Fe-4.8Ag Annealed at 450 °C for 30 min BES/NERI
21 Ni (99.99% purity) Annealed at 900 °C for 30 min BES/NERI
22 Zr-4-a Zr—1.4Sn-0.015C-0.1Fe-0.001S-0.060—<0.1Ni— Annealed at 670 °C for 30 min BES/NERI
<0.00IN
23 Zr-4-b Zr—1.4Sn-0.015C-0.1Fe-0.001S-0.060—<0.1Ni— Annealed at 670 °C for 30 min SS-3
<0.00IN
24 Zr Zr—0.0058Hf-0.0056Fe (99.94% purity) Annealed at 670 °C for 30 min BES/NERI

2 Gage section dimensions for SS-3, S-1, and BES/NERI types are 0.76 x 1.52 x 7.62, 0.25 x 1.2 x 5, and 0.25 x 1.5 x 8 mm?, respectively.
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Table 2
Summary for irradiation and testing conditions
# Materials Crystal structure Irradiation Dose range (dpa) Irradiation Test
facility temperature (°C) temperature (°C)
1 AS533B-a bee HFIR 0-0.89 60-100 25
2 A533B-b bee HFIR 0-1.2 60-100 25
3 AS533B-c bee HFIR 0-1.28 60-100 25
4 3Cr-3WV bee HFIR 0-1.2 60-100 25
5 9Cr-1MoVNb bee HFIR 0-1.2 60-100 25
6 9Cr-2VWTa bee HFIR 0-1.2 60-100 25
7 9Cr-2WV bee HFIR 0-1.2 60-100 25
8 9Cr-2VWTa bee LANSCE 0-10.2 60-160 25
9 Mod. 9Cr-1Mo bee LANSCE 0-10.2 60-160 25
10 Fe-a bee HFIR 0-0.79 60-100 25
11 Fe-b bee HFIR 0-1.07 60-100 25
12 Nb bee HFIR 0-0.37 60-100 25
13 \% bee HFIR 0-0.69 60-100 25
14 316-a fec HFIR 0-0.78 60-100 25
15 316-b fce HFIR 0-1.2 60-100 25
16 316LN fec HFIR 0-1.2 60-100 25
17 EC316LN fee LANSCE 0-10.7 60-160 25
18 HTUPS316 fee LANSCE 0-10.7 60-160 25
19 AL6XN fee LANSCE 0-10.7 60-160 25
20 Cu fec HFIR 0-0.92 60-100 25
21 Ni fec HFIR 0-0.6 60-100 25
22 Zr-4-a hep HFIR 0-0.8 60-100 25
23 Zr-4-b hep LANSCE 0-24.6 60-160 25
24 Zr hep HFIR 0-0.63 60-100 25
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Fig. 1. Engineering stress—strain curves for becc A533B steel. aygp is the
plastic instability stress for the unirradiated material.

strength and a decrease of ductility, the details of dose
dependence were different for individual alloys. In the
AS533B pressure vessel steel, the shape of the engineering
flow curve changes dramatically as dose increases; both
the uniform plastic deformation regime and the necking
regime exist in the engineering flow curves before irra-

Fig. 2. Engineering stress—strain curves for fcc EC316LN stainless
steel.

diation and at a low dose of 0.003 dpa. However, the
uniform plastic deformation regime has disappeared in
the curves at higher doses of 0.054 and 1.2 dpa, showing
necking at yield. At an intermediate dose of 0.015 the
flow curve shows a horizontal region in the strain range
1-4% after a yield drop, which will give a true stress—
true strain curve with a slight positive slope.
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Fig. 3. Engineering stress—strain curves for hcp Zircaloy-4.

In EC316LN stainless steel, the change of curve
shape by irradiation was rather progressive up to higher
doses, as shown in Fig. 2. This indicates that the fcc
material retains significant ductility after severe irradi-
ation; it retained about a 6% uniform strain capability at
a high dose of 10.7 dpa. As demonstrated in the next
section, the dose level predicted to show a prompt
necking at yield is about 22 dpa for the EC316LN
stainless steel. This dose level is significantly higher than
the dose of 0.015 dpa for A533B steel, however, it is
comparable to the dose of 25 dpa obtained form the
fusion materials database for 316 stainless steels [1].
Small yield drops are found in the flow curves at me-
dium doses of 1.1 and 2.5 dpa. In irradiated materials,
the yield drop can be a sign of channel (or twin)
deformation [11,12,16].

The effect of irradiation on the tensile curve of Zir-
caloy-4 is close to that for the A533B steel, as shown in
Fig. 3. The alloy does not show a uniform deformation
regime at high doses of 0.1 and 0.8 dpa. At these doses
the flow curve shows a significant yield drop of about 30
MPa, followed by a continuous decrease in the engi-
neering stress with strain at a lower rate. The interme-
diate dose at which the engineering flow curve has a
horizontal portion is about 0.01 dpa for this material.

As in our earlier study [5], the plastic instability
stress, os, 1S defined as the critical true stress above
which the material shows plastic instability or necking;
oys 1s the true stress when the Considere’s plastic insta-
bility criterion, ¢ = do/dep [17], is satisfied. Note that
this criterion can be satisfied when there is a yield drop,
however, the initial yield drops were ignored in the
calculations of o1s. The calculated true plastic instability
stresses of the unirradiated materials prior to necking
at yield, g1s9, are indicated in Figs. 1, 2, and 3; they are

670, 890, and 510 MPa for A533B, EC316LN, and
Zircaloy-4, respectively. A noticeable observation con-
cerning the effect of radiation on the tensile flow curve is
that the irradiated materials show prompt necking at
yield when the yield stress, increased by irradiation,
exceeds the ayg9 value for the material. This phenome-
non was commonly observed in all alloys analyzed in
this study. This means that the true-stress criterion for
plastic instability should be dose-independent. This ob-
servation led to an extensive analysis of the dose-
dependencies of the true plastic instability stress, as
described in the following section.

3.2. Dose-dependence of stress parameters

True-stress terms and a critical-dose parameter are
defined and described here for use in the following dis-
cussion. In the engineering stress—strain curve, there
exists a maximum value called the ultimate tensile
strength (UTS). The true stress converted from the UTS
using Eq. (2) is defined as the true stress at maximum
load, onmp. This true-stress term is also called the plastic
instability stress, a1, when the specimen shows uniform
deformation before plastic instability. If there is no
uniform deformation, or prompt necking occurs at
yield, opp becomes identical with the yield stress (YS or
oys), which usually occurs after significant irradiation.
ors 18 not defined for the cases of prompt necking at
yield. Another newly defined term is the dose to plastic
instability at yield, D¢ [5]. When the irradiation dose, D,
exceeds a critical level, the material will deform in a
necking mode at the yield point. The critical dose for
necking at yield is D¢, which is determined at the in-
tercepting point of the gys — dpa curve and the hori-
zontal o — dpa line. Uniform elongation will be
virtually zero at any doses above D¢, although the strain
during necking can be substantial. In Figs. 4-6, the dose
dependencies of the true stress terms ays and opp (01s)
are presented for bec, fce, and hep metals, respectively.
Since different D¢ values were often obtained for an
alloy from different programs using different heat-
treating facilities, D¢ was evaluated for all individual
cases and the result is presented in Table 3, along with
the plastic instability stresses.

In Fig. 4(a), the dose dependences of ays and oy are
presented for three different cases of an A533B pressure
vessel steel. Before irradiation the data of oys and omL
(=o1s) were in the ranges 430-520 and 660-750 MPa,
respectively. The trend curves show that oys increases
with dose over the dose range 0-1.2 dpa, while oy re-
mains nearly unchanged (=aig) until its trend curve
meets with the oys curve at a dose of about 0.015 dpa
and then it increases with dose. The D¢ values were
0.02, 0.015, and 0.02 dpa for A533B-a, A533B-b, and
AS533B-c cases, respectively. Over the dose range 0-Dc¢
the plastic instability stress gis was fairly constant at
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Fig. 4. (a) Dose dependence of the plastic instability stress and yield stress of AS533B pressure vessel steel. (b) Dose dependence of the plastic

instability stress and yield stress of 3Cr and 9Cer steels. (c) Dose dependence of the plastic instability stress and yield stress of pure bcc metals. Note
that Fe-b, V, and Nb are not high purity materials.

about 730 MPa for A533B-a case and at about 680 MPa
for the other two cases. It is believed that different

increase and can exceed ojs before it reaches oys. In
such a case the deformation regime at yield is already in

cooling rates during heat treatments caused the differ-
ence in oig values for A533B cases.

After a dose of ~0.015 dpa oy became identical
with oys because necking occurred at yield and both
stresses increased with dose. Since a criterion for plastic
instability involves plastic deformation only, the defor-
mation in the elastic regime is not relevant to the in-
stability criterion. In the elastic regime of a severely
hardened material, therefore, stress can continue to

the midst of plastic instability and oys is greater than
ois; the neck formation in the ‘over-stressed’ specimen
might progress more quickly than in the specimen with
large uniform deformation. Relationships among the
true stress terms are given by

for D < Dc, (3a)

oys < OML = 078

for D = Dc, (3b)

0ys = OML = 018
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Fig. 5. (a) Dose dependence of the plastic instability stress and yield
stress of austenitic stainless steels. (b) Dose dependence of the plastic
instability stress and yield stress of pure fcc metals.

oys = omp for D > D¢
(o1sis not defined in this region). (3c)

These relationships are also indicated in Fig. 4(a) and
are applied to all the metallic materials discussed in this
report.

Fig. 4(b) shows the dose dependences of oys and apr
for 3Cr and 9Cer steels, including two alloys irradiated in
both neutron and spallation irradiation conditions. For
the 3Cr and 9Cr steels, the dose dependences of the
stresses were similar to those in A533B steel. o15 was
nearly constant at 700-800 MPa. The D¢ values for the

1000
rooom Ovs
r @Zr(HFIR) 02Zr (HFIR)
r 0Zr-4 (HFIR) ©Zr-4 (HFIR)
800  AZr-4(LANSCE)  AZr-4 (LANSCE)
I A
7 A
g 600] o o4 4
= B n g
U; h) E 8
[%2]
5 9
@) LOQRerrsrrererersaseseense® 5
200 ° Py s . -
. é o
O e @
........... S
S
0 00001 0001 001 0.1 1 0 100
dpa

Fig. 6. Dose dependence of the plastic instability stress and yield stress
of hcp metals.

3Cr and 9Cr steels were higher than those of the A533B
steel; they were: 0.03 dpa for neutron-irradiated 3Cr—
3WYV steel, and 0.05 dpa for neutron-irradiated 9Cr—
IMoVND, 9Cr-2WYV, and 9Cr-2WVTa steels. Further,
the D¢ values for 9Cr-1MoVNDb and 9Cr-2WVTa steels
after irradiation in the spallation condition were 0.09
and 0.12 dpa, respectively.

A close look into the difference between oys and oy
(=omMmL — oys), which is a measure of the stress range
supporting uniform ductility, reveals that in some cases
they are not close to each other even at doses higher
than Dc. A continuous yielding may account for the
above-zero uniform ductility at or above D¢, where
other alloys show identical values for oys and op. No
yield perturbation was found in the 3Cr and 9Cr steels
before and after irradiation [7,18]; the transition from
elastic to plastic deformation was a continuous process
covering a measurable strain range. This continuous
yielding is known to occur when stress distribution is
inhomogeneous throughout the constituents of the ma-
terial; yielding begins from high stress zones at an ap-
plied stress lower than the nominal yield stress of the
material and then spreads to lower stress zones [19]. In
the complex, lath structures of the quenched-and-
tempered steels [18], an inhomogeneous stress distribu-
tion is believed to occur because of the residual stresses
(dislocations) after the quenching—tempering process
and the misfit stresses between laths during elastic and
plastic deformations. In such a case micro-yielding
might occur over a significant strain range without a
distinct yield point, producing a rounded stress—strain
curve close to the 0.2% offset yield point. Since the
continuous yielding always gives a positive strain-
hardening rate, it has a tendency for delaying plastic
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Table 3

Values for true plastic instability stress and dose to plastic instability at yield

# Materials Dose range (dpa) o1so (MPa) ays (average over the dose D¢ (dpa)
range 0-D¢) (MPa)

1 AS533B-a 0-0.89 715 732 0.02
2 AS533B-b 0-1.2 665 680 0.015
3 A533B-c 0-1.28 670 678 0.02
4 3Cr-3WV 0-1.2 707 705 0.025
5 9Cr-1MoVNb 0-1.2 748 752 0.034
6 9Cr-2VWTa 0-1.2 764 783 0.054
7 9Cr-2WV 0-1.2 753 768 0.054
8 9Cr-2VWTa 0-10.2 773 802 0.12
9 Mod. 9Cr-1Mo 0-10.2 745 767 0.09

10 Fe-a 0-0.79 304 306 0.2

11 Fe-b 0-1.07 291 291 6

12 Nb 0-0.37 368 368 0.007

13 Vv 0-0.69 397 393 0.0017

14 316-a 0-0.78 901 975 27

15 316-b 0-1.2 925 941 35

16 316LN 0-1.2 948 935 40

17 EC316LN 0-10.7 883 948 22

18 HTUPS316 0-10.7 709 785 5

19 AL6XN 0-10.7 961 996 17

20 Cu 0-0.92 300 303 0.12

21 Ni 0-0.6 541 530 0.15

22 Zr-4-a 0-0.8 512 524 0.009

23 Zr-4-b 0-24.6 500 500 0.004

24 Zr 0-0.63 159 173 0.09

instability. Even at doses above D¢, small uniform
elongations, mostly less than 1%, were detected between
the 0.2% offset yield point and the following maximum
strength point.

The dose dependencies of agys and oy for pure bee
metals were not very different from those of bec alloys,
as seen in Fig. 4(c). In spite of large differences in oys,
the a1s values were in a narrower range of 290-400 MPa.
Relatively low D¢ values of 0.007 and 0.002 dpa, re-
spectively, were measured for niobium and vanadium;
high impurity levels in these metals may account for
relatively high strengths and low D¢ values. The values
for pure iron were the highest among the bce metals; 0.2
dpa was measured for Fe-a case and about 6 dpa was
estimated for Fe-b case. A high D¢ value for the latter
case is believed to originate from its high purity
(99.995%) and low yield stress. (Lower yield stress be-
fore irradiation needs greater irradiation hardening to
reach org, which is less dependent on impurity level.)

Figs. 5(a) and (b) present the dose dependencies of
oys and oy for austenitic stainless steels and pure fcc
metals, respectively. The dose independence of o5 was
found in all fcc metals; over the dose range 0-D¢ the oyg
values were in the range 800—1000 MPa for the stainless
steels and about 300 and 540 MPa for copper and nickel,
respectively. In the stainless steels, the difference be-
tween oys and oy (or o) is quite large over a large
dose range below D¢ because of their high strain-hard-
ening capability. The D¢ values for the stainless steels

were in the range 5-40 dpa. HTUPS316 steel gave the
lower end of 5 dpa, but others gave at least 17 dpa for
Dc. Also, the D¢ values for fcc pure metals, nickel and
copper, were 0.15 and 0.12 dpa, respectively. Fig. 6
shows the stress versus dose data for hcp metals.
Zircaloy-4-a had a plastic instability stress o1g of about
510 MPa, while pure zirconium had a small value of
170 MPa. Their D¢ values were 0.009 and 0.09 dpa,
respectively.

As stated above, the plastic instability stress, ojs, was
approximately independent of dose over the dose range
0-Dc, and the specimen experienced plastic instability
when the true stress reached oys. This indicates that the
earlier observations on the dose independence of g in
the austenitic stainless steels [5] and in a vanadium alloy
[20] are not alloy-specific phenomena. Further, it is
known that unirradiated molybdenum samples pre-
strained at a low temperature of 20 °C can develop a
plastic instability at yield at an elevated temperature of
220 °C, at which the yield stress of the pre-strained
material is higher than the o;g of a pristine specimen
[21,22]. Aluminum [23] also showed work softening (in
engineering stress units) and a sharp yield drop when a
crystal was deformed at room temperature after heavy
cold work at a low temperature of —106 °C. These ob-
servations indicate that plastic instability will occur
whenever the true stress reaches the a1g value of pristine
material and that the stress at the occurrence of the
plastic instability is the same whether strengthening
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occurs by prestraining or by irradiation. These obser-
vations also imply that the plastic instability process,
and probably the strain-hardening process too, is mostly
determined by the matrix properties of material, not by
the barriers to dislocation glide. This suggests that the
uniaxial plastic instability stress, ois, should be regarded
as a material constant.

3.3. Strain-hardening behavior after irradiation

The loss of uniform ductility after irradiation, prior
to necking, has been explained by the reduction of
strain-hardening rate or the softening effect due to the
clearance of radiation-induced defects by glide disloca-
tions [12,20,24-34]. This may be a possible explanation
for the loss of ductility when the strain-hardening be-
haviors are compared at an equal ‘strain’ level. However,
it has also been suggested that this explanation for the
loss of ductility may lead to a wrong conclusion in the
interpretation of the effectiveness of radiation-induced
defects on strain hardening. Mogford and Hull [13] and
Ohr [2] found that the strain-hardening portions of the
flow curves for a material after irradiation to various
doses were very similar if compared at the same ‘stress’
level, and therefore that they can be superimposed on
the curve for unirradiated material by shifts along the
strain axis. Recently, DiMelfi et al.’s results [35] con-
firmed the dose independence of strain-hardening be-
havior in neutron-irradiated iron-based alloys such as
A212B, A350, Fe-0.28Cu, and Fe-0.74Ni (in wt.%). It
was suggested that neutron irradiation has a similar ef-
fect as plastic strain on the strain-hardening rate [13]. In
the present study, the validity of this suggestion is tested
by applying the shifting operation to A533B, EC316LN,
and Zircaloy-4 alloys, as representative materials for
bece, fec, and hep crystal structures, respectively.

Fig. 7 shows that two true stress—true strain curves
for neutron-irradiated AS533B steel are superimposed
well on the curve for the unirradiated material. The two
curves for irradiated material were shifted on the posi-
tive true strain axis by strains of 0.035 and 0.09 at 0.003
and 0.015 dpa, respectively. These strains were selected
because they provided the best fit with the flow curve of
unirradiated material, however, there is the physical
significance that these shifts in strain correspond to the
shifts in stress from the yield stress of unirradiated
material by the amount of irradiation hardening, Acys.
On the superimposed portions, the strain-hardening
rates of the irradiated specimens were nearly the same as
those of the unirradiated material; the flow curve after
irradiation represents part of the curve for the unirra-
diated material. Also note that the plastic instability
stresses are comparable for all specimens within exper-
imental error when the strain shifts are adopted. These
indicate that the radiation-induced defects do not sig-
nificantly change the strain-hardening behavior of the
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Fig. 7. True stress—true strain curves for A533B steel; the curves of
irradiated specimens are shifted in the positive direction by strains of
0.035 and 0.09, respectively, to superimpose on the curve of unirra-
diated material. Irradiation-induced increases in yield stress were 132
and 235 MPa, respectively.

material. These observations also confirm Mogford and
Hull’s suggestion [13] that there is an analogy between
neutron irradiation and plastic deformation. Comparing
the plastic deformation of an irradiated specimen near
the yield point with that of an unirradiated specimen
that has been strain-hardened to the yield stress level of
the irradiated specimen, the defect structures in those
two specimens must be different; one includes radiation-
induced defects and the other dislocation tangles.
However, the observations described here imply that
these different defect structures give rise to almost the
same strain-hardening behaviors, which in turn implies
that only the applied true stress matters in strain hard-
ening. Also, this can be a basis for a suggestion that the
dislocation-dislocation interactions, and the dislocation-
defect cluster interactions, produce similar net harden-
ing effects if deformations are under the same stress
level, even though the details of the interaction mecha-
nisms might be different.

In Fig. 8, the true stress—true strain curves for
EC316LN stainless steel after spallation irradiation are
superimposed on the curve for unirradiated material. It
was noted that at high stresses above 700 MPa the true
stresses after irradiation were slightly higher than those
of unirradiated material. At least, there was no indica-
tion of the ‘softening effect’ from the radiation-induced
defects, which is expected to occur by clearance of de-
fects in irradiated austenitic stainless steels [15,27-30]. In
Fig. 9, the curves of irradiated Zr-4 are satisfactorily
superimposed on the curve of unirradiated material.

Since the strain-hardening behavior should be related
to the deformation mechanism, it seemed worthwhile to
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Fig. 8. True stress—true strain curves for EC316LN stainless steel; the
curves of irradiated specimens are shifted in the positive direction by
strains of 0.14, 0.18, 0.23, 0.28, and 0.385, respectively, to superimpose
on the curve of unirradiated material. Irradiation-induced increases in
yield stress were 305, 358, 421, 485, and 587 MPa, respectively.
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Fig. 9. True stress—true strain curves for Zircaloy-4; the curves of ir-
radiated specimens are shifted in the positive direction by strains of
0.032 and 0.14, respectively, to superimpose on the curve of unirra-
diated material. Irradiation-induced increases in yield stress were 60
and 132 MPa, respectively.

check whether the initiation of channel deformation is
related to Dc. In Table 3, the D¢ value ranges widely
from 0.0017 to 40 dpa. It is believed that the number-
density of radiation-induced defects reaches a saturation
level at a significant dose, and channel deformation
occurs at or before such saturation [16,24-26,36].
Channel deformation is known to occur well below D¢

in fcc metals; for example, in austenitic stainless steels it
occurs around 0.1 dpa [16], in nickel at 0.01 dpa [26,37],
in gold at 0.001 dpa [26], and in copper at 0.002 dpa
[24,25,38]. These doses for channel deformation are
1/100 to 1/10 of their D¢ values. In beec and hep alloys,
channel deformation has been observed to occur at
around their D¢ values [16,37]; however, more investi-
gation is necessary for generalization of the postulated
relationship between D¢ and the critical dose for satu-
ration in irradiation hardening. Whether the saturation
in irradiation hardening occurs simultaneously with
channel deformation or not seems to depend on the
material properties, especially on the ductility and strain
hardening capability before irradiation. If hardening by
radiation-induced defect clusters and hardening by
prestrain (dislocations) have similar effects, then a con-
nection with saturation of defect clusters would also
imply a similar saturation with prestrain.

3.4. Suggested explanations for the dose independence of
strain-hardening behavior

Although it is evident that channel deformation can
occur at or below D¢, no softening effect from channels
is observed in the dose range 0-Dc if true stress—true
strain curves are compared at equal stress levels. Indeed,
no negative strain-hardening rate or strain softening was
measured in previous studies even during necking de-
formation [6,20]. These observations indicate that the
true strain-hardening rate is not affected by the change
in deformation mechanism from dislocation tangling to
dislocation channeling induced by irradiation. An ap-
parent reduced strain-hardening rate is displayed by the
true stress—true strain curve of irradiated material be-
cause the flow curve corresponds to the high-strain
portion of the curve for unirradiated material, which has
a reduced strain-hardening rate. To explain the dose
independence of strain-hardening behavior, we suggest
two possible reasons: (1) Similar true strain-hardening
behaviors can be produced by the channel deformation
in irradiated materials and by the uniform deformation
in unirradiated materials. (2) Deformations in irradiated
materials and in heavily deformed unirradiated materi-
als are both equally localized.

If the first suggestion is correct, the strain-hardening
rate due to the long-range back stresses in the channels
in irradiated metals should be as high as that in the re-
gion of uniform deformation in unirradiated metals.
Although the detailed mechanism of channel formation
is largely unknown, a number of studies have confirmed
that defect clusters are cleared within the channels [10—
12,24-34,38]. A significant drop of local shear stress in
the channel should occur because of this clearance in the
early stage of channel formation; however, the local
stress should return quickly to a stress level as high as
those in adjacent regions as the back stress builds up
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[39,40]. Actually, as long as the channel formation
spreads to adjacent regions, the local strain-hardening
rate cannot be negative. This is because a negative strain
hardening will cause immediate local instability without
forming a diffused necking which can give rise to a large
necking ductility. However, most of the test metals re-
tained significant necking ductility, even with prompt
necking at yield [10,38,41]. No negative slope in the true
stress—true strain curve has been calculated for the
necking deformation after significant irradiation [6,20].
Some of the dislocations generated during channel for-
mation may form pileups against strong obstacles, such
as grain boundaries, without being transferred across
the boundaries, and the back stress due to the disloca-
tion pileups might stop further slip in the channel
[39.,40]. This might be true because the vector sum (total
displacement vector) of the Burgers vectors of channel-
ing dislocations may not be fully resolved by propaga-
tion of the channel into the next grain when any
misorientation exists between grains [40]. The unre-
solved displacement component should be accommo-
dated in a form of an unresolved strain component, like
dislocation pileups and elastic strains at grain bound-
aries. Also, if a gradual increase in the number of
channels is assumed, either a contribution to the mac-
roscopic stress, or a softening effect by means of the
growing channels, should be relatively small, because
the volume affected by the channels under their forma-
tion might be only a small fraction of the total load-
bearing volume. Thus, only channels formed early might
lead to negative strain hardening, causing a yield drop
[33.41]. However, the strain-hardening rate after early
deformation might again become positive because indi-
vidual pileups formed by localized dislocation glides at
the channel-grain boundary intersections may be larger
than those formed in uniform deformation [39-41]. A
positive macroscopic strain-hardening rate as high as
that in uniform deformation may be achieved by a small
number of large pileups if the average back stress from
those pileups is as high as that from more uniformly
distributed smaller pileups in uniform deformation.
There is also supporting evidence for the second
suggestion. Localized (channeled) deformation has been
reported for unirradiated, pre-strained Cu [42-45], Mo
[10,21,22], Al [23], and dispersion hardened materials
[46]. In these results, macroscopic strain-hardening rates
were positive, although localized (channeled) deforma-
tion was observed or predicted. These results suggest
that localized (or channeled) deformation is a common
phenomenon at high stresses, whether the material is
irradiated or not. Possible mechanism to initiate mi-
croscopic strain localization could be a local softening
effect due to dislocation annihilation (or dynamic re-
covery), which is analogous to the defect clearing pro-
cess in irradiated materials. After a large deformation,
there is a high probability that dislocation—dislocation

interactions can cause annihilation, and the dislocation
annihilation might accelerate as the dislocation density
increases [47,48]. This agrees with the observation that
channel deformation can be observed in materials after
strengthening by any measures [10-12,24-34,42-45]. It is
seen most readily in transmission electron microscopy
examination of irradiated materials because the radia-
tion damage microstructure provides a sharp contrast
backdrop to the cleaned channels. It is more difficult to
detect in prestrained materials because of lack of con-
trast. If the strain localization concept as a high stress
phenomenon is correct, a higher tendency for strain
localization should be observed in any high stress de-
formations, such as high speed deformations and low
temperature deformations. It should become a signifi-
cant factor in nanostructured materials where yield
strengths are considerably increased.

Although the present data are not enough to gener-
alize either of the above explanations for the dose in-
dependence of strain-hardening behavior, the present
results supply evidence that channeling (or localized
deformation) occurs more easily in high stress and low
strain-hardening rate conditions. A study is ongoing for
confirmation of these suggestions.

4. Conclusions

Plastic instability behavior and its relationship with
irradiation hardening have been analyzed for polycrys-
talline metals including ten bcc, seven fcc, and two hep
metals after irradiation at low temperatures (<200 °C).
Conclusions drawn from the analysis are given as
follows:

1. The engineering tensile curve after irradiation showed
necking at yield when the yield stress was above the
plastic instability stress of unirradiated material. It
was also shown that the plastic instability stress prior
to necking at yield, oys, is approximately independent
of dose. These observations are believed to be general
phenomena for hardened metallic materials, at least
after low temperature irradiation.

2. Macroscopic plastic instability occurred at yield when
the irradiation dose exceeded a critical level, defined
as the dose to plastic instability at yield, Dc. The
D¢ values ranged from 0.002 to 0.2 dpa for bec and
hep metals except high purity iron. The high purity
iron gave a high D¢ of 6 dpa. D¢ ranged from 0.1
to 40 dpa for fcc metals. The low D¢ values for nio-
bium and vanadium may be due to their high yield
stresses.

3. It was verified that the true stress—true strain curves
for irradiated materials can be superimposed well on
the curves for unirradiated materials by shifting along
the strain axis. This suggests that two different defect
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structures, radiation-induced defects and deforma-
tion-produced dislocations, result in similar net effects
on strain-hardening behavior.

4. For the dose independence of strain-hardening be-
havior, two possible explanations were suggested:
(1) Similar strain-hardening behaviors are produced
by channel deformation in irradiated materials and
the uniform deformation in unirradiated materials.
A strong back stress buildup in the channels is needed
for this explanation to be valid. (2) The deformations
in irradiated and unirradiated materials are equally
localized at equal true stress. The dislocation annihi-
lation phenomenon in unirradiated materials, which
is analogous to defect clearing in irradiated materials,
might play a major role in strain localization.
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