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Abstract

The dose dependence of true stress parameters has been investigated for nuclear structural materials: A533B pressure
vessel steels, modified 9Cr–1Mo and 9Cr–2WVTa ferritic martensitic steels, 316 and 316LN stainless steels, and Zircaloy-4.
After irradiation to significant doses, these alloys show radiation-induced strengthening and often experience prompt neck-
ing at yield followed by large necking deformation. In the present work, the critical true stresses for deformation and
fracture events, such as yield stress (YS), plastic instability stress (PIS), and true fracture stress (FS), were obtained from
uniaxial tensile tests or calculated using a linear strain-hardening model for necking deformation. At low dose levels where
no significant embrittlement was detected, the true fracture stress was nearly independent of dose. The plastic instability
stress was also independent of dose before the critical dose-to-prompt-necking at yield was reached. A few bcc alloys such
as ferritic martensitic steels experienced significant embrittlement at doses above �1 dpa; and the true fracture stress
decreased with dose. The materials fractured before yield at or above 10 dpa.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Ductile metals experience an increase of strength
and reduction of ductility after low temperature
irradiation, which sometimes results in embrittle-
ment [1–9]. In recent studies, the true stress–true
strain behavior has been emphasized in the analysis
of radiation effects to understand the correlation
between microstructural evolution and mechanical
properties [10–13]. In the past, the ductility loss by
irradiation has been explained by a reduction in
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strain-hardening capability [1,8,9], resulting from a
softening effect by dislocation channeling, where
radiation-induced defects are cleared by glide of
confined multiple dislocations [2,14–17]. In the anal-
yses using true stress and true strain units, however,
different descriptions of the radiation effects on
strength and ductility have been suggested: the
strain-hardening behavior at a given true stress level
is not changed by irradiation [10–13,18,19]. This
indicates 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 [18]. A possible interpretation
on radiation effects is that neutron irradiation has
an effect similar to that of plastic deformation on
the strain-hardening rate [11,12,19], regardless of
.
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significant difference in detailed hardening mecha-
nisms. This should also suggest that some true stress
parameters should be dose-independent.

Recently, the author has extensively analyzed
tensile test data for dozens of irradiated polycrys-
talline metals and developed theoretical models
for localized deformation to correlate with strain
hardening behaviors [11,12,20]. The results are
summarized as: (1) the engineering tensile curve
after low temperature neutron or proton irradia-
tion showed necking at yield when the yield stress
was above the plastic instability stress (PIS) of
the unirradiated material; when the YS is below
PIS, PIS is approximately independent of dose.
(2) It was confirmed that two different defect
structures, radiation-induced defects and deforma-
tion-produced dislocations, result in similar net
effects on strain-hardening behavior [19]. (3) The
dose independence of strain-hardening behavior
was explained by a theoretical model for localized
deformation: a strong back stress is generated in
localized deformation, and consequently similar
strain-hardening behaviors are produced by chan-
nel (or twinning) deformation in irradiated materi-
als and by the uniform deformation in unirradiated
materials [20].

The importance of unstable deformation after
the onset of necking has been largely ignored in
studying mechanical properties, although it may
be a larger part of the whole deformation of a duc-
tile material. In the present study, therefore, the true
stress calculation is extended to the unstable (or
necking) deformation of irradiated and unirradiated
metallic materials. In this calculation, the true stress
during unstable deformation was assumed to be a
linear function of true strain, and the observation
that the strain hardening rate after the onset of
necking equals the plastic instability stress was used
for constructing a strain hardening curve. Invariant
volume was also assumed for plastic deformation
[12,13]. The results indicated that the true fracture
stress was nearly independent of dose before the
material was embrittled. Mapping of deformation
modes in the true stress-dose coordinates using the
true stress parameters is presented.

2. Experiments and calculations

2.1. Irradiation experiments and tensile testing

Several dozen sets of tensile test data for irradi-
ated materials have been produced in multiple
research programs using sub-sized plate specimens:
SS-3, S-1, and BES/NERI types [2,6–13,17]. Since
this study focused on the radiation effects on true
stress parameters including true fracture stress, only
the experimental results which included fracture
strength measurements were analyzed. Table 1 lists
12 irradiation experiments, which were designed to
test key nuclear structural materials. Six bcc, fcc,
and hcp metals were selected for this study: the
bcc metals consisted of a pressure vessel steel
(A533B) and two ferritic martensitic (FM) steels
(9Cr–1MoVNb, 9Cr–2WVTa); the fcc metals
selected were two austenitic stainless steels (316
and EC316LN); the hcp metal was Zircaloy-4 with
two slightly different heat treatments. The chemical
compositions and heat treatments for these alloys
are given in Table 2.

Irradiation experiments were performed at two
different facilities at nominal temperatures under
200 �C: 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 1. In the HFIR irradiation facility, the
tensile specimens were exposed to fast neutrons
(E > 0.1 MeV) for different periods to achieve target
damage levels. The irradiation temperature in the
HFIR irradiation facility was estimated to be in
the range 60–100 �C. In the LANSCE accelerator,
the tensile specimens were irradiated at different tar-
get-area locations for different irradiation exposures
to protons and spallation neutrons. The kinetic
energy of the incident protons was 800 MeV and
nuclear reactions by the protons produce spallation
neutrons. The protons produced most of displace-
ment damage in specimens at the front positions
of the target (p > n area) while the spallation neu-
trons made more or similar contributions to the
damage at the back positions of the target (n > p

area). Total dose for each alloy (from protons and
neutrons) is included in displacements per atom
(dpa) data in Table 1. The maximum temperature
measured by thermocouples was in the range 50–
260 �C during irradiation [21].

All tensile tests were conducted at room tempera-
ture in screw-driven machines at crosshead speeds of
0.008 mm s�1 for SS-3 and BES/NERI type samples,
and 0.005 mm s�1 for S-1 type specimens; both speeds
correspond to a strain rate of about 10�3 s�1. The
load–displacement curves were recorded and used to



Table 1
Summary of irradiation experiments

Case # Material Specimen typea Irradiation facility Dose range (dpa) Irradiation
temperature (�C)

1 A533B BES/NERI HFIR (n)b 0–0.89 60–100
2 A533B SS-3 HFIR (n) 0–1.28 60–100
3 9Cr–2WVTa S-1 LANSCE (n < p) 0–10.15 50–160
4 9Cr–2WVTa SS-3 LANSCE (n > p) 0–0.12 90–260
5 9Cr–1MoVNb S-1 LANSCE (n < p) 0–10.15 50–160
6 9Cr–1MoVNb SS-3 LANSCE (n > p) 0–0.12 90–260
7 316 BES/NERI HFIR (n) 0–0.78 60–100
8 EC316LN S-1 LANSCE (n < p) 0–10.67 50–160
9 EC316LN SS-3 LANSCE (n > p) 0 – 0.12 90–260

10 Zr-4 BES/NERI HFIR (n) 0–0.8 60–100
11 Zr-4 S-1 LANSCE (n < p) 0–24.58 50–160
12 Zr-4 SS-3 LANSCE (n > p) 0–0.12 90–260

a Gage section dimensions for SS-3, S-1, and BES/NERI types are 0.76 · 1.52 · 7.62, 0.25 · 1.2 · 5, and 0.25 · 1.5 · 8 mm3, respectively.
b Irradiation particles: (n) – fast neutron irradiation; (n < p) – high energy proton dominant in the mixture of incident protons and

spallation neutrons; (n > p) – fast neutron dominant in the mixture of incident protons and spallation neutrons.

Table 2
Materials and heat treatments for bcc, fcc, and hcp metals

Case
#

Material Crystal Chemical composition (wt%) Heat treatment (in vacuum unless specified)

1 A533B bcc Fe–0.22C–0.25Si–1.48Mn–0.52Mo–0.68Ni–
0.018S–0.012P

Annealed at 880 �C for 4 h and air cooled,
tempered at 660 �C for 4 h, reheated at 610 �C
for 20 h

2

3 9Cr–2WVTa (Low
activation steel)

bcc Fe–0.11C–0.44Mn–0.21Si–0.015P–8.9Cr–
0.01Mo–0.23V–0.012Co–0.03Cu–0.017Al–
2.01W–0.06Ta

Heated for 1 h at 1050 �C in flowing argon and
cooled; then reheated for 1 h at 750 �C and
cooled

4

5 9Cr–1MoVNb
(Modified 9Cr–
1Mo steel)

bcc Fe–0.092C–0.09Ni–8.32Cr–0.86Mo–0.48Mn–
0.15Si–0.055N–0.06Nb–0.2V

Heated for 1 h at 1050 �C in flowing argon and
cooled; then reheated for 1 h at 750 �C and
cooled

6

7 316 fcc Fe–0.059C–1.86Mn–0.57Si–0.018S–0.024P–
17.15Cr–13.45Ni–2.34Mo–0.1Cu–0. 02Co–
0.031N

Annealed at 1050 �C for 30 min

8 EC316LN fcc Fe–12.2Ni–17.45Cr–2.5Mo–1.81Mn–0.39Si–
0.024C–0.067N

Annealed at 950 �C for 1 h
9

10 Zr-4 hcp Zr–1.4Sn–0.015C–0.1Fe–0.001S–0.06O–
<0.1Ni–<0.001N

Annealed at 670 �C for 30 min

11 Zr-4 hcp Zr–1.4Sn–0.015C–0.1Fe–0.001S–0.06O–
<0.1Ni–<0.001N

Annealed at 710 �C for 30 min
12
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calculate true stress parameters. The constant volume
condition [22] was used for the calculation of plastic
strain components throughout this study.

2.2. Calculations

In the development of deformation mode maps
in true stress-dose space, the yield stress, plastic
instability stress, and fracture stress are needed as
the boundaries between deformation modes. The
yield stress and plastic instability stress are obtained
from the engineering tensile data while the fracture
stress and strain are calculated using a method
described below. This calculation method is based
on a linear strain hardening model for necking
deformation [13]. Assuming linear true stress–true
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Fig. 1. Dose dependence of true stress parameters in A533B
pressure vessel steel after low temperature neutron irradiation.
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strain curves for necking deformation, the values for
average strain-hardening rate during necking
(HRN) were empirically evaluated for the annealed
316LN, 20% cold-worked 316LN, annealed 304,
and annealed and irradiated 304 stainless steels,
and they were compared with their plastic instability
stress values [7,13,14]. The comparisons revealed
that the magnitude and temperature dependence
of HRN were approximately the same as those of
the plastic instability stress above room tempera-
ture, where no martensitic transformation occurred.
It has been confirmed that the strain-hardening rate
is positive during necking in both irradiated and
unirradiated materials although the engineering
stress decreases with elongation [18–20]. This should
be valid as long as there is a diffuse neck, which
occurs usually in ductile metals before a final failure
by localized shear (banding) or cleavage initiation.
The finding that the strain-hardening rate remains
nearly unchanged at plastic instability stress during
necking leads to the use of linear true stress–true
strain curves for necking deformation. Such high,
constant HRN values during necking were
explained by a balance between two effects: (1) the
decreasing load carrying capability due to contrac-
tion of the cross-sectional area and due to reduction
in the hardening rate in the equivalent stress–strain
response and (2) the increasing constraint effect
from increasing stress triaxiality in the neck.

With constant strain-hardening rates during
necking, a true stress–true strain curve during neck-
ing (eU 6 e 6 eF) can be expressed by a linear equa-
tion [13]

rðeÞ ¼ maxðrYS; rPIÞ þ rPIðe� eUÞ; ð1Þ

where eU, eF, rYS and rPI are the true uniform
strain, the fracture strain, the yield stress and the
plastic instability stress (PIS), respectively. The
slope of curve or plastic instability stress can be
calculated from the UTS using the constant volume
condition during plastic deformation

rPI ¼ UTS� expðeUÞ: ð2Þ

Then, the true fracture stress rF can be calculated
by replacing e with eF in Eq. (1)

rF ¼ maxðrYS; rPIÞ þ rPIðeF � eUÞ; ð3Þ

or from the engineering fracture strength (EFS)
using the constant volume condition

rF ¼ EFS� expðeFÞ: ð4Þ
The solution for ef and rF can be obtained by itera-
tive calculation using Eqs. (3) and (4) and engineer-
ing tensile data.
3. Results and discussion

3.1. Dose dependence of true stress parameters

Figs. 1 and 2 present the dose dependencies of
true stresses for steels (bcc). In the A533B steel after
low temperature neutron irradiation up to 1.3 dpa,
the true fracture stress is nearly independent of dose
with a large scatter. Moreover, the plastic instability
stress is almost constant with smaller scatter [11].
Typically in thermally stabilized materials, the yield
stress after low temperature irradiation is strongly
dependent on dose [11]. For 9Cr–1MoVNb and
9Cr–2WVTa FM steels, the true stress data after
irradiation in spallation conditions to higher doses
are presented in Fig. 2. The true fracture stress
varies within a range over a dose range of 0–
1 dpa, while it decreases with dose above about
1 dpa until it experiences total embrittlement at
10.2 dpa. This indicates that the materials have been
partially embrittled between 1 and 10.2 dpa.

Figs. 1 and 2 also depict the regions for macro-
scopic deformation modes such as the elastic defor-
mation, uniform plastic deformation, and unstable
(necking) deformation; the regions of these modes
are defined by the true stress parameters. Compar-
ing the sizes of the regions for deformation modes,
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Fig. 3. Dose dependence of true stress parameters in 316 stainless
steel after low temperature neutron irradiation.
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the mode maps for bcc metals are characterized by a
relatively large plastic instability region and a
narrow uniform deformation region, which are
due to large necking ductility and low strain-hard-
ening rate, respectively. Such large plastic instability
regions indicate that these quenched and tempered
steels can retain significant fracture toughness up
to �1 dpa due to the instable deformation capabil-
ity [8,23].

Figs. 3 and 4 present the macroscopic deforma-
tion mode maps for 316 and 316LN austenitic stain-
less steels. Again, the plastic instability stress and
fracture stress are nearly independent of dose. In
the fcc maps, the uniform deformation regions are
relatively large when compared to the plastic insta-
bility regions. In these fcc metals the yield stresses
are 200–300 MPa before irradiation and the plastic
instability stresses are in the range 900–1000 MPa;
the span between these stresses is wide, about
700 MPa before irradiation, Figs. 3 and 4. The span
between the two stresses is smaller in bcc metals;
about 200 MPa, as seen in Figs. 1 and 2. This large
uniform deformation region delays the prompt
necking at yield: In the 316 and 316LN stainless
steels the yield stress increases with dose to above
plastic instability stress at about 30 dpa, while in
the A533B and FM steels the yield stress becomes
higher than the plastic instability stress between
0.01 and 0.1 dpa. These differences between bcc
and fcc metals agree with the fact that the strain-
hardening rate in fcc metals are generally higher
than those in bcc metals, especially in high strain
region.

The dose dependence of true stress parameters for
a hcp metal (Zircaloy-4) is presented in Fig. 5. Here,
the true fracture stress has a small dose-dependence;
while the plastic instability does not show any dose
dependence. It is found that the yield stress is far
below the fracture stress at the highest dose, 24.5
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dpa; which suggests that Zircaloy-4 experience
embrittlement at very high doses such as above 100
dpa if the fracture stress does not decrease. Also, it
is noted that the deformation mode map for Zirca-
loy-4 is similar to those of bcc metals.

3.2. Strain-hardening behavior and fracture stress

So far, most of the studies on strain-hardening
behavior have been focused on stable or uniform
deformation [1,23]. In the explanation of fracture
behavior, however, the unstable deformation during
necking might be as important as the uniform defor-
mation since mechanical property like fracture
toughness might be related to the fracture strain
(and stress), and significant true necking strains
are often measured in the irradiated specimens
which experience necking at yield (or nil uniform
ductility). The significance of unstable deformation
is presented in the macroscopic deformation mode
maps for bcc and hcp metals, Figs. 1, 2 and 5, where
the unstable deformation region is much larger than
the uniform deformation region. Also, it is found
that the critical dose to prompt necking at yield
(the dose at which the yield stress is above the plas-
tic instability stress) is relatively low, between 0.01
and 0.1 dpa, in those bcc and hcp metals. The
phenomenon occurs at a much higher dose of
�30 dpa in 316LN stainless steel where the uniform
deformation region is relatively larger (see Fig. 4).
Above the critical dose, only unstable deformation
exists and controls the performance of the material
until the material is totally embrittled either by a
decrease of fracture stress, as seen in Fig. 2, or by
an increase of yield stress.

It has been widely accepted that the loss of uni-
form ductility after irradiation, prior to necking, is
related to the reduction of strain-hardening rate or
to the softening effect due to the clearance of radia-
tion-induced defects by glide dislocations [13–
17,23–30]. This may be a possible explanation for
the loss of ductility when the strain-hardening
behaviors are compared at an equal ‘strain’ level
or in engineering stress units. However, it was
shown that the uniform ductility can be reduced
by simply increasing the yield stress and/or by
decreasing the strain hardening rate [9]. Indeed,
experimental results indicated evidence of dose inde-
pendent strain-hardening behavior. Mogford and
Hull [19] and Ohr [18] found that the strain-harden-
ing portions of the flow curves for a bcc 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 unir-
radiated material by shifts along the strain axis.
DiMelfi et al.’s results [31] confirmed the dose inde-
pendence of strain-hardening behavior in neutron-
irradiated iron-based alloys. The validity of this
suggestion was tested by applying the shifting oper-
ation to A533B, EC316LN, and Zircaloy-4 alloys,
as representative materials for bcc, fcc, and hcp
crystal structures, respectively [11]. The results con-
firmed the invariance of strain-hardening rate after
irradiation. 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 unirradiated material (see
Fig. 6). It was also noted that the plastic instability
stresses were comparable for all specimens when the
strain shifts were adopted. The dose independence
of the plastic instability stress was confirmed for
at least two dozen polycrystalline metals [11].

These observations confirm that the radiation-
induced defects do not significantly change the
strain-hardening behavior of the material, and also
confirm Mogford and Hull’s suggestion [19] that
there is an analogy between neutron irradiation
and plastic deformation. It was also suggested that
the dislocation–dislocation interactions and disloca-
tion–defect cluster interactions produced similar net
hardening effects at the same stress level [11]. There-
fore, the final conclusion drawn from the invariance
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of strain-hardening behavior is that the fracture
should be nearly independent of irradiation dose,
if no embrittlement mechanism exists. This agrees
with what we observe in the mode maps in Figs.
1–5.

Previous studies [11,32] also indicate that the
strain-hardening rate is not affected by the change
in deformation mechanism from dislocation tan-
gling to dislocation channeling induced by irradia-
tion. An apparently reduced strain-hardening rate
is displayed by the true stress–true strain curve of
irradiated material because the flow curve corre-
sponds 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, two possible reasons
were suggested [11]: (1) Similar true strain-harden-
ing behaviors can be produced by the channel defor-
mation in irradiated materials and by the uniform
deformation in unirradiated materials. (2) Deforma-
tions in irradiated materials and in heavily-
deformed unirradiated materials 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 region of uniform deforma-
tion 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 [13–
17,23–30]. A significant drop of local shear stress
in the channel should occur because of this clear-
ance in the early stage of channel formation; how-
ever, the local stress should return quickly to a
stress level as high as those in adjacent regions as
the back stress builds up [13,20,26].

A theoretical model for long-range back stress
hardening was proposed to explain the strain-hard-
ening behavior during strain localization [20]. In the
modeling the long-range back stress was formulated
as a function of the number of residual pileup
dislocations at a grain boundary and the number
of localized bands formed in a grain. The strain-
hardening rates in channel deformation were
calculated for face-centered cubic (fcc) and body-
centered cubic (bcc) polycrystalline metals. It turned
out that a few residual dislocations at each channel-
grain boundary intercept could account for the
strain-hardening rates as high as those for the uni-
form deformation by dislocation tangling. It was
also shown that the strain-hardening behavior pre-
dicted by the long-range back stress model resem-
bled the empirical strain-hardening behaviors
which result from both localized and non-localized
deformations. The plastic instability stress predicted
for channeling was comparable to the tensile test
data which resulted from all sorts of mechanisms
such as dislocation tangling, channeling, and twin-
ning. These results, therefore, indicated that at least
the first term (1) in above suggestions is valid; the
strain localization is not accompanied by significant
change in macroscopic mechanical property or
strain-hardening behavior, except for the increase
of yield stress, which often comes with a yield drop.

3.3. The ratio of fracture stress to plastic

instability stress

Since the plastic instability stress and true fracture
stress represent the initiation and finish of necking
deformation and the strain-hardening rate during
the unstable deformation is nearly independent of
dose if no embrittlement occurs, a relationship is
expected to exist between those true stresses. Table
3 includes the average values of PIS and FS as well
as their ratios (FS/PIS). The values of the stress ratio
FS/PIS for A533B and 9Cr steels ranged from 1.8 to
2.4, while those for austenitic stainless steels are
slightly lower; 1.4–1.9. The stress ratios for Zirca-



Table 3
Summary of true stress data

Case # Material Dose rangea, dpa YS (0 a/highest dose)
(MPa)

Average PISb

(MPa)
Average FSc

(MPa)
FS/PIS

1 A533B 0–0.89 497/1023 732 1292 1.8
2 A533B 0–1.28 444/952 680 1348 2.0
3a 9Cr–2WVTa 0–10.15 562/1170 786 1741 2.2
4 9Cr–2WVTa 0–0.12 561/846 821 1964 2.4
5a 9Cr–1MoVNb 0–10.15 552/1183 767 1698 2.2
6 9Cr–1MoVNb 0–0.12 544/839 788 1842 2.3
7 316 0–0.78 234/674 975 1367 1.4
8 EC316LN 0–10.67 290/877 948 1755 1.9
9 EC316LN 0–0.12 253/551 987 1757 1.8

10 Zr-4 0–0.8 396/598 524 1072 2.0
11 Zr-4 0–24.58 386/706 500 1131 2.3
12 Zr-4 0–0.12 380/574 504 1069 2.1

a The whole dose range where specimens were tested.
b Average PIS for the cases with non-zero uniform ductility.
c Average FS for ductile failure only.
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loy-4 are similar to those of A533B and 9Cr steels.
These results indicate that the two true stress param-
eters have a strong relationship and represent the
characteristics for each crystal type. Among the three
crystal structures the fcc metals showed a relatively
larger uniform deformation region, which should be
due to higher strain-hardening capability. However,
the fcc metals have relatively lower stress ratios.

The strong relationship between the two true
stress parameters makes it possible to predict true
fracture stresses from the plastic instability stress
data. This may raise questions about the origin of
the strong relationship between the onset of plastic
instability and the final fracture, considering that
the onset of necking occurs well before the fracture
event. It is believed that with a significant plasticity
the two critical stresses (plastic instability stress
and fracture stress) are properties of the matrix. If
this is the case, those stress parameters will not be
affected by irradiation or introduction of other
defects; as far as the volume of radiation-induced
defects is negligible (less than a few percent for most
irradiated materials), both unirradiated and irradi-
ated materials have the same matrix, and conse-
quently the same plastic instability stress and
fracture stress. A change of matrix property, i.e.,
any significant change in alloy element distribution
or in constituent phases, may result in changes of
those true stress parameters.

4. Summary and conclusions

(1) The dose dependence of true stress parameters
was investigated for polycrystalline metals
after irradiation at low nominal temperatures
(<200 �C). The macroscopic deformation
modes such as elastic, stable and unstable
plastic deformations were expressed in the
maps on true stress vs. dose coordinates using
the true stress parameters as boundaries.

(2) The plastic instability stress was nearly inde-
pendent of dose below the critical dose for
prompt necking at yield, above which the yield
stress was higher than the plastic instability
stress.

(3) The true fracture stress was also nearly inde-
pendent of dose with significant scatter before
embrittlement occurred. It was found that the
fracture stress decreased with dose when an
embrittlement mechanism operated.

(4) It is believed that the plastic instability stress
and true fracture stress are material constants
for a matrix in plastic deformation. Since the
strain hardening due to long-range back stress
in localized deformation can take over the hard-
ening amount due to the dislocation tangling in
uniform deformation, no significant radiation
effect exists in strain-hardening behavior. It is
apparent that there is a strong relationship
between those two true stress parameters.
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