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Abstract

Multiscale processes control the true [rðeÞ] and engineering [sðeÞ] stress–strain behavior of alloys. Strain hardening in
unirradiated bcc alloys is modeled as a competition between production and annihilation of stored dislocations. Large

increases in yield stress (ry) following irradiation are accompanied by loss of uniform engineering strain (eu). All major
features of the tensile test, including the effect of irradiation, can be modeled using finite element (FE) methods and a

self-consistent rðeÞ that differs markedly from sðeÞ. The irradiated rðeÞ reflect large increases in ry and reductions in
strain hardening. The very low tensile eu following irradiation is due to enhanced continuum necking instabilities as a

consequence of the intrinsic property changes. However, large elevations of rðeÞ persist up to very high strains. Ho-
mogeneous deformation constitutive and plasticity theory can be used in continuum FE modeling of irradiated alloys.

On a mesoscopic scale, FE simulations indicate that the irradiated rðeÞ may be linked to an array of severely strain
softening shear bands embedded in an irradiation hardened and strain hardening matrix.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The ultimate objective of this work is to develop

unified, physically-based models of deformation of bcc

alloys for use in fusion reactor first wall and blanket

structures. We focus here on the true stress–strain rðeÞ
constitutive behavior, typically characterized in tensile

tests, outside both the creep and dynamic strain aging

regimes. First we apply a simple phenomenological

model of strain hardening in unirradiated alloys based

on dislocation theory concepts. The mechanism based

form proposed for the rðeÞ law facilitates modeling its

relation to the underlying material microstructure, as

well as its use in finite element (FE) studies. Modeling

the effects of irradiation initially focuses on the relation

of the rðeÞ to the engineering stress–strain sðeÞ curve
obtained from tensile tests. In particular, we seek to

develop a framework for developing a multiscale un-

derstanding of post-yield strain hardening and the as-

sociated measures of tensile ductility. To this end, we

also carry out FE simulations of heterogeneous defor-

mation in materials with locally strain softening shear

band regions embedded in a strain hardening matrix.

The phenomenological true stress–true strain model

for unirradiated bcc alloys extends previous work on the

strain rate ðe0Þ and temperature ðT Þ dependence of the
yield stress, ryðe; e0; T Þ and more empirical descriptions
of the substantial post-yield strain hardening in both

ferritic–martensitic steels and vanadium alloys. Details

of the work are summarized elsewhere and only the most

salient results are summarized below [1–3].

Intermediate temperature irradiation to a few dpa

results in significant radiation hardening and severe loss

of uniform engineering strain (eu) capacity (e.g., see Refs.
[4–7]). Note, we use eu to emphasize that it is a measure
specific to the tensile test; however, eu can be readily
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related to the true uniform stain through the standard

relation, eu ¼ lnð1þ euÞ. As discussed in Section 3, be-
yond the point of necking, the relationship between e
and e is much more complex. Fig. 1 shows a typical set

of sðeÞ curves in the unirradiated condition and follow-
ing irradiation for the program heat of the V–4Cr–4Ti

alloy irradiated to �0.4 dpa over a range of temperature
[5]. The unirradiated sðeÞ curve shows a typical Luder�s-
type behavior followed by significant strain hardening.

The irradiated curves at 420 and 325 �C show the pro-

gressive effects of increasing ry and decreasing eu, which
approaches 1% or less as the temperature diminishes and

is negligible at 270 and 110 �C. At low irradiation

temperatures the sðeÞ curves also show an apparent yield
drop, followed by a more gradual decrease in load. Note

these apparent yield drops are neither sudden nor fol-

lowed by a lower yield stress plateau as is observed

typically in alloys with so-called source hardening by

dislocation atmospheres of interstitial solutes.

Ductility loss is accompanied by increasingly hetero-

geneous internal deformation patterns ranging from

some coarsening of slip to formation of very localized

and highly strained flow channels which have been

predominantly studied in fcc metals and alloys [6–8]. It

is assumed that these phenomena are due to one or more

of the following processes: (a) source hardening and

unlocking of dislocations from atmospheres of cluster

defects [6,7]; (b) destruction of pinning defects in strain

softening in flow channels [7–11]; twinning [12]; and

retardation of cross slip [13].

However, the role of flow localization in macroscopic

ductility loss has not been established. Indeed, some

degree of heterogeneous deformation is common even in

materials with substantial eu; and even the occurrence of
channeling does not always result in low uniform

strains. Indeed, we recently showed that the loss of

uniform strain in a tensile test is dominated by the

macroscopic onset of necking and can be rationalized

without recourse to the occurrence of heterogeneous

flow [14]. Thus to understand low eu, it is necessary to
make a clear and quantitative distinction between engi-

neering sðeÞ curves and the underlying effective true

stress (r)–effective plastic strain (e) constitutive law, rðeÞ.
In a tensile test, the relation between sðeÞ and rðeÞ can be
established simply only up to the point of necking. Since

the corresponding strain range is small to negligible in

the irradiated materials of interest, great caution must

be used in interpreting the macroscopic observables

from a tensile test in terms of the basic microscopic

material behavior.

We have previously derived a simple analytical model

demonstrating that eu is controlled by both the yield

stress (ry) and strain hardening, using a power law

model as rðeÞ ¼ ry þ jshðe=eyÞn [14]. The model shows
that large increases in ry, coupled with reduced, but fi-
nite, jshðe=eyÞn result in very low eu and eu. Further, we
have shown that all the key features of sðeÞ curves, in-
cluding the high e region in the neck, can be reproduced
by FE simulations of the tensile test based on standard

continuum, homogeneous plasticity models. As sum-

marized below, even in the most severe cases with eu � 0

and an apparent yield drop, the engineering sðeÞ are
consistent with a rðeÞ constitutive law characterized by a
region of modest softening over an increment of a few

percent of e, followed by a strain hardening regime up to
high e. Notably, a large fraction of the irradiation

hardening at yield (Dry) also persists in the irradiated
rðeÞ up to high strains.

The key physical link between the macro and micro

phenomena is the compatibility and equilibrium re-

quirements of the laws of solid mechanics. Specifically,

redistribution of stress and stress-state occur in any

heterogeneously deforming material. These re-distribu-

tions are also influenced by the overall deformation

pattern. For example, in a very thin specimen or a single

crystal test, particularly when displacements normal to

the tensile axis are relatively unconstrained, deformation

may occur in only a single, or a few, dominant shear

bands. In contrast, deformation in the interior grains of

a polycrystalline alloy in a specimen with axial dis-

placement constraint, requires multiple slip orientations.

In this case, the compatibility requirement tends to ho-

mogenize deformation even in constitutively hetero-

geneous materials. Specifically, the effective deviatoric

stresses in soft regions are reduced by local redistribu-

tion of loads to the adjoining harder regions as well as

increases of the multiaxial mean stress. We address this

issue in Section 4 using a composite cell model com-

posed of strain softening shear bands embedded in a

strain hardening matrix.

A key practical question is as follows: can continuum

level descriptions of the macroscopic behavior that are

relatively independent of the microscopic detail ade-

quately describe macroscopic stress–strain (load–dis-

placement) behavior in test specimens and structures

Fig. 1. Experimental load–displacement engineering stress–

strain curves for a V–4Cr–4Ti alloy in the unirradiated and

irradiated conditions (the curves are off-set for clarity and in-

clude the effects of load train compliance).
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(and if so when)? From a more fundamental perspective,

deformation is an inherently multiscale phenomena.

Thus proper modeling the effects of the meso-scale and

macro-scale processes is necessary for achieving real

understanding of both the causes and consequences of

the microscale phenomena, such as localization and

channeling.

2. A dislocation theory-based unified constitutive model

for bcc alloys

We begin with some background by describing the

constitutive law as

rðe; e0; T Þ ¼ rytðe0; T Þ þ rya þ rshðe; T Þ: ð1Þ

Here, the thermally activated component of the yield

stress, rytðe0; T Þ, depends on both temperature and strain
rate. This term is primarily controlled by the lattice

Peierls stress and, to a lesser extent, by other processes

such as short-ranged dislocation pinning sites including

interstitial carbon and nitrogen. The second rya term
represents the athermal component of the yield stress

that depends weakly on temperature, scaling with the

elastic modulus. Dispersed obstacles to dislocation slip,

as well as the grain and dislocation network-cell sub-

structures control the magnitude of this term. Interstitial

solute and possibly irradiation defect atmospheres seg-

regated to the dislocation strain fields may also add to

rya. Both the rytðe0; T Þ and rya terms where characterized
in previous studies of both unirradiated martensitic

steels and V–4Cr–4Ti alloys [1–3] and they are more

generally the subject of a very large historical literature;

hence, they will not be discussed further in this paper.

The third term rshðe; T Þ represents the alloy strain

hardening behavior. In contrast to the typical power law

representation of strain hardening (r a en), the Zerelli–
Armstrong representation [15] provides a proper basis to

decompose the physics that control initial yielding from

the processes mediating subsequent strain hardening.

For example, strain hardening is typically much less

sensitive to temperature than ry, and primarily depends
on the combination of coarse phase, grain and subgrain

structures that control dislocation evolution as a func-

tion of plastic strain. Note the present study does not

attempt to deal with strain rate or temperature depen-

dent dynamic strain aging, leading to additional hard-

ening and serrated flow curves at finite plastic strains [5].

The strain hardening model is based on competing

dislocation storage and annihilation processes [16,17].

Plastic strain (e) creates new dislocations with a total

density, q, in the form of network and sub-cell struc-

tures, at a rate dqþ=de as primarily controlled by a

characteristic slip length. The slip length is on the order

of a characteristic �grain� dimension, Dc, believed to be

approximately the lath size in martensitic steels. Dislo-

cations are annihilated at a rate dq�=de proportional to
the net stored dislocation density, q. Strain hardening
increases with

ffiffiffi

q
p

up to saturation where dqþ=de ¼
dq�=de.
The simple model was used to fit the strain hardening

data in three martensitic steels. The characteristic

Dc � 3–10 lm is on the order of the lath size, but may be

slightly temperature dependent. The values of Dc are

roughly similar in the three steels, but is largest in a

F82H and smallest in a JLF-1. The annihilation rate

parameter is also similar in all three cases, but again is

slightly larger in F82H and slightly smaller in JLF-1.

The dq�=de increases approximately linearly with tem-
perature, reflecting reduced dislocation mobility, from

�0 at 100 K to a very high of level � 90q at 700 K.
Fig. 2(a) shows the rshðe; T Þ for Eurofer 97 over a

wide range of temperature. Fig. 2(b) shows the corre-

sponding curves at 298 K for the three FM steels that

exhibit generally similar behavior. Note the nominal

Fig. 2. (a) rshðe; T Þ for Eurofer 97 over a wide range of tem-
peratures; (b) rshðe; T Þ at 298 K for the three martensitic steels

and a V–4Cr–4Ti alloy.
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maximum saturation level for rsh increases with de-

creasing temperature, but is reached only at higher

strains. However, over the strain range which is experi-

mentally limited by the onset of necking, the curves in

Fig. 2(a) tend to overlap. As shown in Fig. 2(b), strain

hardening in the V–4Cr–4Ti alloy (this example is at 25

�C) is qualitatively similar to that observed in the mar-
tensitic steels. However, in this case the hardening rate is

lower by a factor of �10–15, very consistent with the
large grain size in the recrystallized vanadium alloy.

These results indicate the critical microstructural

feature controlling strain hardening in the unirradiated

alloys examined in this study is the grain or subgrain

dimension. Finer scale precipitate features play a role in

ry but not rshðe; T Þ. Verification of the rshðe; T Þ at higher
strains is underway.

3. Effects of irradiation on eu and the relation between s(e )
and r(e)

If strain hardening is represented by a simple power

law term as rðeÞ ¼ ry þ jshðe=eyÞn, the necking instabil-
ity at eu ¼ lnð1þ euÞ occurs at the point where the load
(P) for continued deformation peaks is given by the

implicit expression [14]:

en�1u ¼ ½enyry=jsh þ enu
=n: ð2Þ

Thus eu is controlled not only by jsh and n, but also

by ry. Increases in ry lead to a decrease in eu, even when
jsh and N are constant. Eq. (2) is a completely general

result, that differs from the normal simple power law

stability criteria eu � n. Thus the low values of eu ob-
served in irradiated alloys are consistent with a combi-

nation of reduced, but finite, strain hardening and large

increases in ry. Flow localization is not a necessary

controlling mechanism. This is illustrated in Fig. 3,

which shows values of eu for jsh ¼ 17:6 MPa, ey ¼ 0:002,
and varying n and ry. The filled circles illustrate a pos-
sible trajectory of irradiation induced decreases in n and

increases in ry that produce a very large reduction in eu.
The simple necking instability analysis cannot model

the post-necking sðeÞ as needed provide information on
rðeÞ at high e. Thus the ABAQUS FE code [18] was used
to simulate tensile tests of flat dogbone-shaped tensile

specimens with an initial length (L0), width (W0), and

thickness (t0) with ratios of 4:1:0.2 to relate the extrinsic
observable sðeÞ to a corresponding specified intrinsic

material rðeÞ that cannot be directly observed in a tensile
test. Note it is important to emphasize that the rðeÞ is
an effective stress–strain relation, defined within the

framework of J2 incremental flow theory. Details of a

large set of parametric simulations was used to gain a

general insight on the effect of systematic variations rðeÞ
on the corresponding sðeÞ are given elsewhere [14].

One example is shown in Fig. 4 for linear strain soft-

ening with ry ¼ 800 and rðeÞ ¼ ry � Ce for C from 0 to

4000 MPa (Fig. 4(a)). As a consequence of immediate

necking, eu is �0 in all cases. True-strain softening ef-
fects are greatly amplified in the corresponding rate of

drop-off in the sðeÞ curve. Even a modest reduction in
the magnitude of strain softening of 40 MPa at e ¼ 0:01
(only 5% of ry) leads to a large reduction of the engi-
neering strain at sy=2 to e ¼ 0:01 compared to e ¼ 0:08
for the perfectly plastic, C ¼ 0 case (Fig. 4(b)). When

compared with experimental sðeÞ curves, these results
place distinct limits on the rate and persistence of strain

softening.

A rðeÞ that provides a good approximation of a

particular experimental sðeÞ curve can be found based
on the FE simulations by iteration. Fig. 4 shows rðeÞ
(Fig. 4(c)) fits to experimental sðeÞ (dashed lines in Fig.
4(d)) for V–4Cr–4Ti alloy shown in Fig. 1 for both the

100 �C unirradiated (u) and 270 �C irradiated (i) con-

ditions. The unirradiated suðeÞ curve requires a ruðeÞ
with a small low hardening Luders-type strain region,

followed by significant strain hardening. In contrast, the

riðeÞ that is required to be consistent with the experi-

mental irradiated siðeÞ, is characterized by a small initial
increment of strain softening, followed by a modest

strain hardening regime. A very notable result is that the

irradiated riðeÞ remains substantially higher than the

corresponding ruðeÞ at all strains. That is, irradiation
hardening is persistent and is only modestly decreased by

high plastic strain. The dashed-dotted line in Fig. 4(c)

shows a lower bound estimate of irradiation hardening

DrðeÞ � riðeÞ � ruðeÞ, ignoring the difference in test

temperature and assuming that the �normal� strain
hardening is not affected by irradiation. Even for these

bounding assumptions, �70% of the initial irradiation

hardening persists up to e ¼ 0:4.

Fig. 3. Variation of eu with ry and n for a constitutive equation

with jsh ¼ 17:6 MPa and ey ¼ 0:002.
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4. Modeling of strain softening due to shear bands

As noted in the introduction, materials that undergo

heterogeneous deformation, such as channeling, still

must obey the basic continuum laws of solid mechanics.

Thus we also investigated the interplay between the ef-

fects of spatially varying constitutive behavior. Specifi-

cally effective mesoscale continuum mechanics rðeÞ were
derived from FE simulations of strain softening shear

bands rsbðeÞ that are embedded in a strain hardening

matrix rmðeÞ. The basic objective is to determine the

composite material rðeÞ as a function of the combined
characteristics of the shear bands and matrix. Note this

rðeÞ differs from a true stress–strain constitutive law for a

homogeneously deforming material, and provides a

physically weighted average of the effects of the param-

eters describing the individual regions. While the com-

putations themselves do not contain an absolute length,

these results apply on a mesoscopic scale of the actual

shear band dimensions. The overall composite rðeÞ is
controlled by the combination of parameters describing

rsbðeÞ and rmðeÞ, the geometry of the shear bands, the
boundary conditions imposed on the computational cell

and the general deformation stress-state. Baseline unit

cell ABAQUS simulations were carried out as follows:

(1) The shear band zones were modeled as an elliptic

zone in plane-strain in the larger transverse, width di-

rection with free mirror boundary in the smaller trans-

verse, thickness direction. The mirror condition ensures

planar boundaries are maintained as the cell deforms. In

contrast, use of periodic boundary conditions leads to

shape changes in the cell. However, a direct comparisons

showed that the rðeÞ are generally similar for mirror and
periodic boundaries. The plane-strain condition is one

computable limit on the degree of constraint on the

deformation. Another is plane-stress. While reality

probably falls in between, the plane-strain condition is

believed to be somewhat more applicable to shear bands

in polycrystalline grains in the necking region of the

specimen. Direct comparisons showed that at low e the
rðeÞ for plane-stress is qualitatively similar to that for
plane strain. However compared to plane-strain where

initial softening is followed by re-hardening (see the

plane strain results below), plain-stress conditions result

in continual gradual strain softening beyond the initial

drop. More detailed evaluations of cell boundary stress-

state effects are underway and the results will be re-

ported in future publications.

(2) The shear band geometry is characterized by

orientation with respect to the tensile axis (h ¼ 0� to 45�)

Fig. 4. (a) The rðeÞ with systematic variation in the strain softening coefficient C; (b) the variation of calculated engineering stress–
strain curves with increasing C. (c) The rðeÞ that provide reasonable fits to the unirradiated (100 �C) and irradiated (270 �C) sðeÞ curves,
and the difference representing a lower bound estimate of the hardening due to irradiation as a function of e; (d) the unirradiated and
irradiated sðeÞ curves corresponding to the rðeÞ in Fig. 4(c).
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and volume fraction (fsb). The h and fsb also represent
the mirror symmetry planes occupied by the shear bands

and the extent which they approach a fully intercon-

nected network.

(3) Separate local constitutive models are applied

to the shear bands matrix: matrix – rmðeÞ ¼ ryþ
Cm½ðe=0:0025Þn � 1
 and shear band – rsbðeÞ ¼ ry � Csb1e
down to a minimum flow stress, rsbm; alternately we

used rsbðeÞ ¼ ry � Csb2 þ Csb2½expð�e=kÞ
1=2, where the

ry, Cm, Csb1 and Csb2 characterize a specified combina-

tion of stress–strain laws for the two regions. Fig. 5 il-

lustrates the cell model and structure of the ABAQUS

FE mesh. A typical mesh has 384 eight-node biquadratic

elements and 1243 nodes.

Fig. 6(a) and (b) show rðeÞ for two fsb of 0.025 and
0.05 along with h ¼ 45�, ry ¼ Cm ¼ 500 MPa, Csb1 ¼
1000 MPa and rsbm ¼ 100 MPa. There is a decrease in

rðeÞ after a small increment of hardening in both cases.
The drop-off is larger and occurs at lower strains for

fsb ¼ 0:05. The effect of a perfectly plastic shear band
(n ¼ 0) and shear band with r ¼ 0, or a hole, are also

shown. Perfectly plastic shear bands have only a small

effect on rðeÞ, while the hole reduces rðeÞ by factors of
�0.5 (fsb ¼ 0:05) to 0.75 (fsb ¼ 0:025). The minimum
strength of a strain-softening shear band, rsbm ¼ 100

MPa, keeps the rðeÞ slightly above that for a hole. Fig.
6(c) shows the effect of increasing the shear band soft-

ening rate from 500 to 2000 MPa for fsb of 0.025 with all
other parameters fixed at the values in Fig. 6(a) and (b).

Increasing Csb1 decreases the regime of hardening and
increases the rate of drop-off in rðeÞ; however it does not
influence the hardening region at high strain. Fig. 6(d)

Fig. 5. FE mesh for the cell model of heterogeneous defor-

mation.

Fig. 6. (a) and (b) Stress–strain curves rðeÞ obtained by the cell model for two fsb of 0.025 and 0.05 for h ¼ 45�, ry ¼ Cm ¼ 500 MPa,

Csb1 ¼ 1000 MPa and rsbm ¼ 100 MPa; (c) the effect of increasing the shear band softening rate from 500 to 2000 MPa for fsb of 0.025
with all other parameters fixed as in Fig. 6(a); (d) the effect of variations in h of 0�, 22.5� and 45� for Csb1 ¼ 1000 MPa and all other

parameters fixed as in Fig. 6(a).
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shows the effect of variations in h of 0�, 22.5� and 45� for
Csb1 ¼ 1000 and all other parameters fixed as in Fig. 6(c).

Compared to the 45� case, the effects of the shear bands
are very small for h ¼ 0 and much less for h ¼ 22:5�.

Fig. 7 shows the result for a fsb ¼ 0:025, ry ¼ 700

MPa, n ¼ 0:1, h ¼ 45�, Csb2 ¼ 600 MPa and k ¼ 0:12.
This rsbðeÞ model approximates the local strain depen-
dent destruction of dislocation pinning features in a

shear band. The resulting curve qualitatively resembles

the rðeÞ shown in Fig. 4(c) that is consistent with irra-
diated engineering sðeÞ curve with eu � 0 and an ap-

parent yield drop shown in Fig. 4(d).

It is emphasized that these simulations primarily

provide qualitative insight rather than a unique quan-

titative description of the underlying parameters that

result in rðeÞ characteristic of irradiated materials. Im-
plications of this insight are discussed briefly below.

5. Discussion

The analysis presented in Sections 3 and 4 provide

the first linkages between the micro and meso-scale

phenomena of flow localization in irradiated alloys

and the key macroscopic observable in a tensile test.

Perhaps the most important result is given in Section 3,

linking the intrinsic material rðeÞ curve to extrinsic en-
gineering sðeÞ data. These FE simulations lead to several
important conclusions: (1) the actual regime of strain

softening is limited and gradual and is followed by strain

hardening; and (2) standard plasticity models based on

J2 flow theory can be used, at least in some cases, like the
tensile test, in FE simulations of deformation for finite

geometry conditions; (3) radiation hardening persists up

to high strains. Further, it is noted that the apparent

yield drops of the type seen in Fig. 1 previously have

been qualitatively interpreted to demonstrate a disloca-

tion source hardening mechanism associated with un-

locking dislocations from defect atmospheres. Further,

the low uniform engineering strains have been qualita-

tively causally linked to localization of flow in narrow

channels associated with strain induced destruction of

hardening defects. However, both of these conceptual

interpretations lack physical rigor and the more quan-

titative results presented in this work clearly demon-

strate that neither hypothesis is necessary nor sufficient

to explain the observables in a tensile test.

The analysis of the consequences of heterogeneous

deformation in materials with strain softening shear

bands presented in Section 4 represents an attempt to

add some rigor to the analysis of deformation in irra-

diated metals and alloys. Note more detailed analysis of

the FE results, including assessment of stress, strain and

stress-state distributions as a function of the composite

strain has been carried out, but cannot be described due

to length limitations in this paper.

Space also does not permit a full discussion of the

implications of the models to ongoing and future ex-

periments. Indeed, while these results do not represent a

final and comprehensive model, they provide consider-

able insight, particularly for guiding basic experimental

observations. In summary, the empirical rðeÞ for irra-
diated alloys are consistent with heterogeneous defor-

mation in cases where the shear bands that become very

soft with respect to the surrounding matrix, but only

under limited and experimentally verifiable conditions.

For example, in addition to clearing the bands of irra-

diation hardening defects it appears that processes like

retardation of cross slip are important. Further, the

shear bands are effective only if they form an array of

roughly 45� segments that occupy roughly 50% of the set

of interconnected shear band planes. Other tests against

observation include mesoscopic strain distribution

mapping, the types and variations in dislocation struc-

tures in the shear bands and matrix and the residual

hardness in shear band and matrix regions at high

strains.

It is necessary to obtain such information at high

strains that are not accessible in simple tensile tests.

However, we have compared the FE simulations to

measured three-dimensional geometry changes in the

evolving neck region of a tensile specimen. The excellent

between the simulated and experimentally observed neck

evolution supports the reliability and uniqueness of the

rðeÞ results derived by fitting the sðeÞ data. Such com-
parisons are being extended to a variety of other test

configurations, like indentations, compression and beam

bending, that can more readily access high strains.

Again, the key to the interpretation of such tests will be

a direct comparison with FE simulations (analogous

to that done for the tensile test in this paper) and well

focussed links to observation.

Fig. 7. Stress–strain curves rðeÞ obtained for the cell model for
fsb ¼ 0:025, ry ¼ 700 MPa, n ¼ 0:1, h ¼ 45�, Csb2 ¼ 600 MPa

and k ¼ 0:12.
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Finally, we can only briefly note that the results in

this study have very important practical implications

with regard to the deformation limits in actual irradiated

structures. Specifically deformation is controlled by an

interacting combination of intrinsic and extrinsic fac-

tors. For example, deformation in compression would

be expected to be more stable than in tension or shear

dominated conditions.

6. Summary and conclusions

As noted in the introduction, a hierarchy of multiscale

processes controls the engineering tensile stress–strain

behavior, sðeÞ, of metals and alloys. Both the yield stress
and strain hardening behavior can be modeled in terms

of the underlying microstructure and microstructural

evolution process associated with processing, irradiation

service and deformation. Specifically, it is shown that

strain hardening in unirradiated alloys can be treated on

the basis of a competition between dislocation produc-

tion and annihilation processes. Further, the key features

of tensile test engineering sðeÞ curves can be understood
and modeled in terms of the corresponding continuum

true stress–strain constitutive laws. The low eu in tensile
tests of irradiated alloys, reflects large increases in ry and
reductions in strain hardening due to macroscopic

necking that greatly amplifies the effects of more subtle

changes in the high strain constitutive law.

We have specifically examined an extreme case of

irradiated sðeÞ curves, with negligible uniform strains, a

pseudo yield drop, and continuous softening to failure at

reduced total strains. The low uniform strains are due to

continuum necking instabilities caused by both higher

ry and reductions in the post-yield strain hardening. In
this case the post-yield rðeÞ shows an initial regime of
modest strain softening over the first few percent of

plastic strain, followed by a slight, but positive strain

hardening. Lower bound estimates show substantial

irradiation hardening persists up to high strains. Signifi-

cantly, homogeneous constitutive models and J2 in-

cremental flow plasticity theory, used in large-scale

deformation FE simulations, provide a useful engineering

description of irradiated alloys. Further, macroscopic

manifestations of irradiation effects on deformation can

be represented by a continuum rðeÞ in a way that is, at
least in some cases, insensitive to details of the processes

taking place on a finer scale, like flow localization.

A qualitative link between rðeÞ and heterogeneous

deformation is provided by a severely strain softening

array of shear bands embedded in an irradiation and

strain hardened matrix. Additional FE studies and

analysis of the results will be combined with a wide array

of experiments and observations to develop robust and

fully quantitative deformation models.
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