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Zirconium alloys used as fuel cladding tubes in the nuclear industry undergo important changes after
neutron irradiation in the microstructure as well as in the mechanical properties. However, the effects
of the specific post-irradiation deformation mechanisms on the mechanical behavior are not clearly
understood and modeled. Based on experimental results it is discussed that the kinematic strain harden-
ing is increased by the plastic strain localization inside the dislocation channels as well as the only basal
slip activation observed for specific mechanical tests. From this analysis, the first polycrystalline model is
developed for irradiated zirconium alloys, taking into account the irradiation induced hardening, the
intra-granular softening as well as the intra-granular kinematic strain hardening due to the plastic strain
localization inside the channels. This physically based model reproduces the mechanical behavior in
agreement with the slip systems observed. In addition, this model reproduces the Bauschinger effect
observed during low cycle fatigue as well as the cyclic strain softening.

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

Zirconium alloys are in wide-spread use as fuel cladding tube
material in light water nuclear reactors. Since the cladding is the
first confinement barrier of the radioactive elements it is essential
to have a good understanding and prediction of the effects of neu-
tron radiation on the microstructure as well as on the mechanical
properties.

One of the main effects of neutron radiation on metals is the
creation of a high density of point defect clusters often in the form
of small prismatic loops (for Zr alloys, see [1,2]). These loops are
known to act as obstacles against dislocation glide leading to a
strong irradiation induced hardening (for Zr alloys, see [3–5]). Nev-
ertheless, these obstacles can be overcome by dislocations when a
sufficient stress is applied, the loops being subsequently annihi-
lated or dragged by dislocations following various possible mecha-
nisms [6–8]. This process of removal of irradiation loops by moving
dislocations produces a defect-free channel that constitutes a pre-
ferred area for further dislocation gliding. The dislocations chan-
neling mechanism has been observed in irradiated zirconium
alloys [9–16] as well as in other irradiated metals as reviewed by
Wechsler [17]. However, there is yet no clear understanding of
the effects of this specific deformation mechanism on the mechan-
ical behavior of irradiated metals. In addition, very few authors
[18–20] have proposed micromechanical models for the disloca-
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tion channeling phenomenon. Furthermore, to our knowledge,
there is no polycrystalline model adapted to irradiated metals that
takes into account the texture of the material, the intergranular
stresses associated with the polycrystalline nature of the metal,
as well as the specific deformation mechanisms of the irradiated
metals.

In order to investigate in more detail, at the polycrystalline
scale, the effects of the dislocation channeling mechanism on the
mechanical behavior of irradiated zirconium alloys, various exper-
imental data, both at the micro and at the macroscopic scale, are
discussed. The origin and the detailed process of the dislocation
channeling mechanism are not studied here. A polycrystalline
model is then described and applied to non irradiated zirconium
alloys. This polycrystalline model is adapted to irradiated zirco-
nium alloys and adjusted on the mechanical behavior obtained
on monotonic tests. The computed relative slip system activities
are compared to transmission electron microscopy (TEM) observa-
tions given in the literature. Eventually, the polycrystalline model
is used to compute low cycle fatigue tests that are compared to
the literature data.

2. Analysis of the radiation effects on the mechanical behavior

As reviewed by Luft [21] several authors have discussed the
question of the effects of channel slip on the strain and fracture
behavior of neutron irradiated polycrystalline metals. It is gener-
ally assumed that the dislocation channeling is a consequence of
the strain induced structural softening at the microscopic scale,
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inside the channels, due to the removal of irradiation defects. This
local strain softening is usually believed to decrease the macro-
scopic strain hardening capacity of the material. The reduced strain
hardening rate is then the cause of the small uniform elongation
and the early plastic instability in the tensile deformation of neu-
tron irradiated metals. It is also shown that the plastic instability
manifests itself either in a diffuse necking or in the development
of macroscopic shear bands, which cause localized shear fracture.
Although the uniform elongation is dramatically reduced by irradi-
ation, the fracture mode remains usually ductile, as pointed out by
Luft [21].

Despite these general observations, the link between the occur-
rence of the dislocation channeling phenomenon and the appear-
ance of shear bands at the specimen scale, associated to the
macroscopic yield drop, does not seem to be clear [22]. It is indeed
often ambiguously stated in the literature whether the yield drop,
or the appearance of the macroscopic shear band, occurs simulta-
neously with the appearance of the first channels or whether chan-
nels are already present before the yield drop.

In the case of irradiated zirconium alloys dislocation channeling
has been observed by various authors [9–16]. In addition another
major change in the deformation mechanism has been reported. In-
deed, it has been established [14–16,23] that dislocation channel-
ing occurs only in the basal plane for internal pressure and
transverse tensile tests performed at 350�C whereas mainly prism
slip occurs for unirradiated zirconium alloys tested in the same con-
ditions [14,24–27]. It is therefore believed that the large majority of
the plastic strain, up to the uniform elongation, occurs by basal slip.
Indeed, it has been proven by Sharp [28] that for neutron irradiated
copper, the coarse slip markings that are observed at the surface of
the specimen correspond to the dislocation channels demonstrat-
ing that the large majority of slip occurs inside the channels.

The reversal of the principal slip system with irradiation, in the
case of zirconium alloys, is believed to be due to differences in junc-
tion reaction between irradiation induced loops and dislocations
that are gliding either in the prism or in the basal slip systems
[14,16,29,30]. Indeed, due to the three fold symmetry of the hexag-
onal closed packed (HCP) lattice, the junction created between a
<a> loop and a <a> dislocation gliding in the basal plane is always
glissile whereas it is sessile when the <a> dislocation is gliding in
a prism plane. Concerning the interaction between the pyramidal
<c + a> slip system and the <a> loops it is believed that the interac-
tion is strong but this is still an ongoing topic of research. More gen-
erally, details of the dislocations channeling mechanism are not yet
clearly understood despite recent progress in that field [31,32].

It has been shown by Fregonese et al. [14] that, for a transverse
tensile test, dislocation channels in irradiated zirconium alloys are
already present before the yield drop, when the plastic strain is still
homogeneous at the specimen scale. This phenomenon has also
been observed by Edwards et al. [22] for neutron irradiated iron.
More recently accurate laser measurements (with an uncertainty
lower than two micrometers) of the external diameter of the clad-
ding have been performed after internal pressure testing [16]. It is
shown that, in a part of the cladding, the deformation is homoge-
neous. In the homogeneously deformed zone of the cladding, thin
foils have been taken and it is shown that in these thin foils dislo-
cation channels are present. This demonstrates that the localiza-
tion of the plastic strain occurs at the microscopic scale inside
channels although the deformation is homogeneous at the macro-
scopic scale. Moreover, it has been shown in [16,23] that for a spec-
imen deformed up to 0.2% plastic strain (referred as specimen D in
[16,23]), dislocation channels are already present at this strain le-
vel and that for a specimen deformed up to 0.5% plastic strain (re-
ferred as specimen C in [16,23]), many dislocation channels are
present in the material. Assuming that dislocation channels were
already present in this last specimen (specimen C) at 0.2% plastic
strain it can be surprising that the macroscopic flow stress in-
creases from 0.2% plastic strain up to 0.5% plastic strain, as it is
shown in [23]. Indeed, since it is commonly assumed that disloca-
tion channeling occurs because of local strain softening, one would
have expected strain softening to occur at the macroscopic scale.

In order to explain these experimental observations, it is pro-
posed that the internal stresses, or intergranular stresses, induced
by the polycrystalline nature of the material can balance, up to the
uniform elongation, the local strain softening that occurs inside the
channels. Furthermore, it is suggested that the plastic strain local-
ization inside the channels and the only activation of the basal slip
can induce higher internal stresses than in the non irradiated
material where the slip occurs homogeneously mainly by prism
glide before the activation of secondary slip systems.

Indeed, it is well known that unirradiated zirconium alloys ex-
hibit a strong Bauschinger effect observed during tension–com-
pression tests [33–38]. This phenomenon is attributed [33,34,37,
38] to strong intergranular stresses. These strong intergranular
stresses are mainly due to the strain incompatibilities between
grains consequence of the plastic anisotropy of the hexagonal
closed packed (HCP) crystallographic structure which presents a
limited number of easy glide slip systems.

In the case of irradiated zirconium alloys, very few data con-
cerning the Bauschinger effect are reported in the literature. Only
Wisner et al. [39] have reported tension–compression curves that
permit to estimate the Bauschinger effect of irradiated zirconium
alloys. These authors have performed low cycle fatigue tests in
the transverse direction on neutron irradiated recrystallized Zy-2
at 343 �C. It can be observed qualitatively from the stabilized hys-
teresis loops reported in [39] (and given in Fig. 7) that the irradi-
ated material exhibits, in addition to the irradiation induced
hardening, a stronger Bauschinger effect than the non irradiated
material for a lower plastic strain level. This proves that the kine-
matic strain hardening is increased by irradiation. In addition, the
low cycle fatigue tests performed by Wisner et al. [39] have shown
that cyclic softening occurs for the irradiated material whereas a
low cyclic hardening occurs for the non irradiated material. This
phenomenon is attributed by the authors to the softening that oc-
curs inside dislocation channels by analogy with channels ob-
served in neutron irradiated copper tested in low cycle fatigue
[40]. Furthermore, it has been proven [16] that during transverse
tensile tests and internal pressure tests performed at 350 �C dislo-
cation channeling occurs only in the basal plane. This shows that
basal channeling probably also occurs for the low cycle fatigue
tests performed in the transverse direction. Because of the limited
number of slip systems (only basal slip) strong strain incompatibil-
ities between grains are believed to occur leading therefore to high
intergranular stresses that can partly explain the strong Bauschin-
ger effect observed by Wisner et al. [39]. In addition, since the large
majority of the plastic strain occurs inside the channels (of the or-
der of 100% shear plastic strain according to Williams et al. [10]),
there must also be strong strain incompatibilities between grains
at the tip of the channels, at grain boundaries. This phenomenon
has been underlined by Luft [21] who pointed out the presence
of strong stress concentrations at grain boundaries, probably
caused by the pile-up of dislocation groups. It is proposed that
these strain incompatibilities between the channels and the sur-
rounding grains induce important back stresses or microscopic
internal stresses. A micromechanical model based on dislocation
pile-up inside channels has been developed by Byun and Hashim-
oto [20]. This model highlights the importance of the long range
internal stresses in irradiated metals due to the dislocation chan-
neling process. Another approach can illustrate this phenomenon.
Indeed, it has been shown by TEM observations [16] that the vol-
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ume fraction of basal channels, observed for internal pressure test
and transverse tensile test, increases up to 2% at 0.5% plastic strain.
Since the large majority of the plastic strain occurs inside the chan-
nels, for a low amount of macroscopic plastic strain, a very large
plastic strain is required inside the channels. This very high local
plastic strain induces important strain incompatibilities that lead
to internal stresses arising between the channels and the rest of
the material that remains elastic. As a conclusion, both the only ba-
sal slip activation (for internal pressure test and transverse tensile
test) and the localization of the plastic strain inside basal channels
induce strong microscopic internal stresses that explain the impor-
tant Bauschinger effect observed by Wisner et al. [39]. The impor-
tant microscopic internal stresses are believed to balance the local
strain softening that occurs inside channels, up to the uniform
elongation, therefore explaining that the flow stress increases
although dislocation channeling already occurs. This also explains
that although dislocation channeling occurs, the plastic strain is
still homogeneous at the macroscopic scale (up to the uniform
elongation).

However, as the number of dislocation channels increases with
plastic strain, the macroscopic strain hardening rate decreases
leading to the localization of the plastic strain at the specimen
scale, thus leading to the macroscopic plastic instability.

Moreover, it has been pointed out by Rosenbaum et al. [41] and
Lee and Adamson [42] and reviewed by Luft [21], that shear insta-
bilities observed for neutron irradiated metals are particularly
important in the case of strongly textured material such as zirco-
nium alloys. Indeed, in this case, coordinated propagation of the
microscopically localized slip across the grain boundaries occurs
as reported in [16,23]. The propagation of channels from grain to
grain allows the plastic accommodation of the strong strain incom-
patibilities at the tip of the channels leading to a rapid decrease of
the strain hardening rate as shown in [23,43]. This process eventu-
ally leads to the creation of a shear zone which penetrates the en-
tire specimen cross section [42]. The macroscopic yield drop is
believed to occur when a sufficient amount of channels are present
in the material and are connected. In the shear zone it is shown by
TEM observations [9,14] that the radiation damage has been fully
annihilated by dislocation motion but dislocation tangles and cells
are present leading eventually to a ductile failure mode [10,14].

In order to investigate in more detail, and predict, the effects of
the dislocation channeling mechanism on the mechanical behavior
of irradiated zirconium alloys, a polycrystalline model for the irra-
diated material has been developed. Firstly, the polycrystalline
model used is described and applied to the unirradiated zirconium
alloys. The polycrystalline model is then adapted to the irradiated
zirconium alloys and adjusted on the mechanical behavior ob-
tained on monotonic tests and then compared to TEM observa-
tions. Low cycle fatigue test results obtained by Wisner et al.
[39], which are the only direct experimental evidences for the
strong Bauschinger effect in neutron irradiated zirconium alloys,
are then compared to computations of low cycle fatigue tests per-
formed using the proposed polycrystalline model.
Fig. 1. (a) {0002} experimental pole figure of a recrystallized zirconium alloy
cladding tube, (b) {0002} pole figure of the 240 orientations used to describe the
texture of the recrystallized zirconium alloy cladding tube. The surface of the spot is
proportional to the volume fraction of each crystallographic orientation.
3. Polycrystalline modeling

The modeling and prediction of the mechanical behavior of
polycrystals using homogenization techniques has been studied
by numerous authors as reviewed by Berveiller and Zaoui [44],
Kocks et al. [45], Barbe et al. [46] and Brenner et al. [47]. These
polycrystalline models, based on the so-called ‘‘self-consistent
scheme”, are able to evaluate the effective properties of a polycrys-
talline aggregate from the knowledge of the behavior of its constit-
uents. In the self-consistent framework, the geometry of the grain
aggregate is not taken into account. All the grains with the same
crystallographic orientation are considered as the same crystallo-
graphic phase (g) characterized by its three Euler’s angles (u1, /,
u2) only and its volume fraction (fg). These data are obtained exper-
imentally by X-ray diffraction texture analysis. A list of 240 differ-
ent crystallographic orientations representative of the texture of
the material is chosen here (Fig. 1). In this approach, each crystal-
lographic phase of the polycrystal can be successively regarded as
an inclusion within the ‘‘matrix” made of all the crystallographic
phases (homogeneous equivalent medium) submitted to homoge-
neous boundary conditions. The behavior of the polycrystal is then
calculated by some adequate average process over all crystallo-
graphic phases. However, the self-consistent scheme leads, for
anisotropic elasto-visco-plastic polycrystals, to a very complex for-
mulation. Berveiller and Zaoui [44] have derived, from this com-
plex formulation, a simple model, in the framework of elasto-
plastic behavior, only valid in specific cases. Indeed, as described
in [44,46,48], it can be shown that if homogeneous and isotropic
elasticity is considered the macroscopic stress and plastic strain
obey to the following equation:

Ep ¼
X
g2G

fgep
g ; R ¼

X
g2G

fgrg ¼ 2l Iþ m
1� 2m

I � I
n o

ðE� EpÞ; ð1Þ

where l is the shear modulus which can be computed from the
Young’s modulus (Y) and the Poisson’s ratio (m) as l = Y/(2 + 2m).
The macroscopic plastic strain Ep is the average of the local plastic
strain ep

g over all the grains and the macroscopic stress R can be de-
duced from the Hooke’s law. The tensors given in the Hooke’s law
are defined in the Appendix. In the framework of elasto-plastic
polycrystals with isotropic texture and with crystallographic phases
that can be considered as spheres within the matrix, Berveiller and
Zaoui [44] have developed the so-called ‘‘secant approximation” of
the self-consistent scheme. These authors have shown that, in these
conditions and under radial monotonic loading, the local stress and
the macroscopic stress are related by a simple explicit concentra-
tion rule given by the following equation:

rg ¼ Rþ 2lð1� bÞa Ep � ep
g

� �
with

1
a

� 1þ 3
2
l

Ep
��� ���
J2ðRÞ

and b ¼ 2ð4� 5mÞ
15ð1� mÞ ; ð2Þ

The two scalar quantities Ep
��� ��� and J2(R) are defined in

Appendix.
It can be seen that at the beginning of the deformation, the a

factor is close to 1 and decreases as the plastic deformation pro-
ceeds, accounting for the plastic accommodation between grains.
As pointed out by Hoc and Forest [48] the concentration rule pro-
posed by Berveiller and Zaoui [44] is suitable for monotonic load-
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ing applied to isotropic polycrystals but does not allow the simula-
tion of changes of loading path in textured polycrystals. In order to
keep the advantage of a concentration rule that can be expressed
explicitly and in order to extend the field of applications of this
type of model, Cailletaud [49] and Pilvin [50] have postulated, an
explicit concentration rule given in the following equations:

rg ¼ Rþ 2lð1� bÞ B� bg

� �
with B ¼

X
g2G

fgbg ; ð3Þ

_bg ¼ _ep
g � D bg � dep

g

� �
_ep

g

��� ���: ð4Þ

The new second rank tensor internal variable bg is a local inter-
nal variable that evolves non-linearly with the local plastic strain
of the crystallographic phase, according to Eq. (4). The evolution
law of this internal variable is inspired by the non linear evolution
of the kinematic strain hardening used in macroscopic models [51].
The effect of this non linear evolution of this internal variable is to
account for the plastic accommodation between grains, like the a
factor in the Berveiller–Zaoui (B–Z) model. The tensor formulation
is able to give a suitable description of cyclic tests. This model, re-
ferred here as the Cailletaud–Pilvin (C–P) model, has no justifica-
tion from the homogenization theory point of view but
corresponds to an empirical approximation of the self-consistent
scheme. Indeed, the authors [50] have proposed to adjust both
parameters D and d of the evolution law of the internal variable
bg on the local mechanical response of the self-consistent B–Z
model. More precisely, ten different crystallographic orientations
(Fig. 2(b)) are chosen within the list of 240 orientations used for
the simulation of the behavior of the material. For these ten differ-
ent orientations, the stress and strain are computed during the
simulation for both the B–Z and the C–P model. Using a mean
square minimization procedure, the two parameters, D and d, are
adjusted and the difference between the stress and strain com-
puted by the B–Z and the C–P model for the ten orientations is
minimized. Since the B–Z model is a self-consistent model based
on the ‘‘secant approximation”, the Cailletaud–Pilvin (C–P) model
is therefore very close, both at the micro and at the macroscopic
scale, to the self-consistent ‘‘secant” response. Nevertheless, the
two parameters, D and d, have to be adjusted on the B–Z model
in the appropriate conditions. Indeed, the B–Z model is restricted
to the elasto-plastic behavior, thus only the elasto-plastic behavior
can be simulated using this approach. The B–Z model is also lim-
ited to monotonic proportional loading paths and isotropic tex-
tures, therefore the adjustment of the two parameters, D and d,
of the C–P model on the local response of the B–Z model have to
be performed during a monotonic proportional loading with an
isotropic texture (Fig. 2(a)). But since the C–P model is suitable
Fig. 2. (a) {0002} pole figure of the 240 orientations describing the isotropic
texture used for the adjustment of the C–P model on the self-consistent B–Z model.
The surface of the spot is proportional to the volume fraction of each crystallo-
graphic orientation. (b) {0002} pole figure of the 10 crystallographic orientations
used for the adjustment of the C–P model on the self-consistent B–Z model.
to simulate non-monotonic loading, the authors [50] have pro-
posed to use the C–P model to compute cyclic tests, with the D
and d parameters adjusted on the B–Z model during a monotonic
test. The authors have also proposed to go further by extrapolating
the C–P model to non-isotropic textures. The two parameters D
and d are adjusted on the B–Z model during a monotonic loading
with an isotropic texture, but once these two parameters are ob-
tained, non-monotonic tests on a non-isotropic texture can be
computed. Indeed, the D and d parameters are characteristic of
the plastic accommodation rate of the intergranular stresses for
each phase, as for the a factor in the B–Z model, regardless of its
orientation. Changing the texture of the material does not change
the plastic accommodation rate of each phase.

This extrapolation considerably extends the field of applications
of this simple polycrystalline model and allows simulating the
mechanical behavior of textured zirconium alloys during cyclic
tests.
4. Polycrystalline modeling of the mechanical behavior of
unirradiated recrystallized Zr alloys

4.1. Polycrystalline modeling applied to Zr alloys

Various polycrystalline models have been applied to a-zirco-
nium which is often considered as a textbook case for self-consis-
tent approaches due to its strong plastic anisotropy. From the early
work of Hutchinson [52] followed by a large body of work from
Lebensohn and Tomé [53] and Turner et al. [54,55] up to recent
developments [47], important efforts have been made to improve
the prediction of the mechanical response of zirconium alloys both
at the macroscopic and at the microscopic scale [56] using the
most accurate, but complex, models. These approaches have pro-
ven to be very valuable especially in the case of thermal creep
[27,56] of recrystallized zirconium alloys tested at 400 �C. At the
same time, the simple Cailletaud–Pilvin (C–P) model has been ap-
plied by Geyer [57,58] to model the behavior of the unirradiated
recrystallized Zy-4 at room temperature. Fandeur et al. [59] have
also applied the same type of modeling to the unirradiated as well
as the irradiated cold-work stress relieved Zy-4 tested at 350 �C.
More recently, developments [23] have been proposed in order
to take into account the dislocation channeling mechanism, for
the irradiated material, into the polycrystalline modeling. How-
ever, the explicit introduction of the geometry of channels turned
out to be very complex. For the present purpose, a novel approach
is proposed for the modeling of the mechanical behavior of the
irradiated recrystallized zirconium alloys tested at 350 �C. This ap-
proach is based on well established homogenization procedure and
well known intra-granular behavior.

4.2. Plastic deformation modes of zirconium alloys

As reviewed by Douglass [24] and Tenckhoff [25], in the a struc-
ture of zirconium two major deformation modes can be activated:
slip and twinning. According to various authors [14,26,28] for
recrystallized Zy-4 or M5� deformed up to 4% plastic strain at
350 �C twinning is rarely observed. At this temperature the defor-
mation is known to occur mainly by slip on the f1010g first order
prism slip planes along the h1120i direction of the HCP lattice, cor-
responding to dislocations with <a> type Burgers vector. The basal
{0001} and the first order pyramidal f1011g slip systems with <a>
Burgers vectors are also known [25] to operate in zirconium alloys.
As reviewed by Tenckhoff [25], numerous evidences for <c + a>
glide are reported in the literature. Indeed, this slip system is very
important since it allows the accommodation of the plastic strain
in the <c> direction as opposed to the other slip systems. According
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to Akhtar [60], Merle [61] and Numakura et al. [62], <c + a> glide
occurs on first order pyramidal slip systems. In the case of rolled
sheet or cladding tubes made of industrial recrystallized zirconium
alloys, it has been shown by various authors [58,14,26,27] that
prism slip is mainly activated, the first order pyramidal <a> glide
being the cross-slip system. According to these authors basal <a>
slip and first order pyramidal <c + a> slip are observed sporadically
at low plastic strain, but become important as plastic strain
increases.

Four types of slip systems are therefore taken into account in
the model: the three prism slip systems, the three basal slip sys-
tems, the six first order pyramidal slip systems with <a> Burgers
vector and the twelve first order pyramidal slip systems with
<c + a> Burgers vector.

The geometry of the slip systems of the HCP lattice is taken into
account explicitly in the modeling by defining the orientation of
the normal of the slip planes (ns) and the slip directions (ms) into
the crystal frame. The orientation of the crystal frame with respect
to the specimen frame is given by the three Euler’s angles (u1, /,
u2) for each crystallographic phase (g). A set of 240 orientations
(u1, /, u2, fg) describing the texture of the material is used. It can
be seen on Fig. 1 that the orientation set is representative of the
texture of the recrystallized zirconium alloys cladding, either
Recrystallization Annealed (RXA) Zy-4 or M5�. Indeed the textures
measured for these two materials are very similar. For the adjust-
ment of the C–P model on the B–Z model, an isotropic texture is
used (Fig. 2(a)).

4.3. Crystal plasticity constitutive laws

The condition of activation of a slip system (s) of phase (g) is
such that when jssj < sc

s no slip occurs but when jssjP sc
s slip oc-

curs on the slip system (s). The coefficient sc
s is the Critical Resolved

Shear Stress (CRSS) of the slip system (s).
The resolved shear stress ss on the slip system (s) of phase (g)

can be computed as Eq. (5) from the local stress given by the con-
centration rule (Eqs. (2)–(4))

ss ¼
1
2
rg : ðns �ms þms � nsÞ; ð5Þ

where the normal direction of the slip plane (ns) and the slip direc-
tion (ms) are expressed in the specimen frame. Details of the nota-
tion are given in the Appendix.

It has been assessed experimentally [38,63,43] that unirradi-
ated recrystallized zirconium alloys undergo very low isotropic
strain hardening. The CRSS (sc

s ) are therefore believed to increase
very slowly with plastic strain. For the sake of simplicity, it is cho-
sen that the CRSS are constant with plastic strain. Additionally, it
has been shown that the deformation occurs homogeneously at
the grain scale for low plastic strain level [27,58,26], as seen by
the homogeneous dislocation microstructure and the homoge-
neous distribution of slip lines observed on the surface. Thus, in-
tra-granular kinematic strain hardening is not believed to occur
for non irradiated recrystallized zirconium alloys tested up to
low plastic strain levels (<5%). The strong kinematic strain harden-
ing observed experimentally is thus only due to strain incompati-
bilities between grains. These strain incompatibilities between
grains are computed thanks to the polycrystalline model.

As pointed out, the approach proposed here is restricted to elas-
to-plastic behavior. However, a visco-plastic framework is chosen
for the expression of the local constitutive behavior, in order to
avoid problems related with the determination of the active slip
systems in plastic models [49]. A low strain rate sensitivity is
therefore adopted for the constitutive flow law, in order to benefit
from the numerical advantage of the visco-plastic formulation
while remaining in the case of a quasi elasto-plastic behavior. Be-
sides, it is known that recrystallized zirconium alloys exhibit a low
strain rate sensitivity around 350 �C [23] during strain hardening
tests.

The flow law expressed at the slip system scale is chosen as a
power law given in Eq. (6) and the critical resolved shear stresses
are chosen as constant with plastic strain

_cs ¼
jssj � sc

s

K

� �n

signðssÞ: ð6Þ

The notations are defined in the Appendix. Both coefficients, K
and n, of the flow law (Eq. (6)) are chosen respectively equal to
K = 5 MPa s1/n and n = 10. These two coefficients are kept fixed in
the following. With these coefficients, an increase of the applied
strain rate from 10�6 s�1 up to 10�4 s�1 induces an increase of
the flow stress at 0.2% plastic strain lower than 1 MPa, confirming
that the chosen model is quasi elasto-plastic. This therefore allows
the adjustment of the C–P model on the self-consistent B–Z model
which is restricted to elasto-plastic behavior.

From the computation of the slip rate on each slip system, the
plastic strain rate second rank tensor of each crystallographic
phase can eventually be deduced according to the following
equation:

_ep
g ¼

1
2

X
s2S

_cs ns �ms þms � nsð Þ: ð7Þ
4.4. Refinement procedure

The model has eight fitting coefficients:

– the Young’s modulus (Y) and the Poisson’s ratio (m),
– the four CRSS (sc

P; sc
p<a>; sc

B; sc
p<cþa>) of the four families of slip

systems (prism, first order pyramidal <a>, basal and first order
pyramidal <c + a>),

– the two tuning parameters, D and d, for the empirical concentra-
tion rule.

The coefficients are fitted on the mechanical behavior of the
unirradiated recrystallized zirconium alloys, RXA Zy-4 and M5�

cladding tube obtained at 350 �C. Indeed the tensile behaviors of
these two materials are very similar despite the difference in the
alloying elements content. This is due to the fact that the grain
microstructure, the dislocation microstructure as well as the tex-
ture are very similar for these two materials. The cladding tubes
are approximately 0.6 mm thick with an external diameter close
to 9.5 mm. The tests are performed on various recrystallized Zr al-
loys up to 1.5% total strain at a strain rate of 2 � 10�4 s�1, in trans-
verse tensile (or pure hoop direction, with Rrr � 0, Rhh, Rzz = 0),
internal pressure (Rrr � 0;Rhh;Rzz ¼ Rhh=2) and axial tensile
(Rrr ¼ 0;Rhh ¼ 0;Rzz) loading conditions. Tests conditions are given
in Table 1. The hoop stress is computed by using the usual thin wall
formula. The transverse tensile test is performed on a cladding in
the hoop direction only by using a biaxial mechanical test device
allowing the application of both an axial compression loading
and an internal pressure loading at the same time. A pure hoop
tensile test can therefore be performed with this device.

The tests are simulated using the texture characteristic of a
recrystallized zirconium alloy cladding (Fig. 1) and the adjustment
of the six material coefficients are performed on the macroscopic
mechanical behavior. Simultaneously, a transverse tensile test
(Rrr ¼ 0;Rhh;Rzz ¼ 0) is simulated, using an isotropic texture
(Fig. 2(a)), with both the B–Z and the C–P models. This allows
the fitting of both parameters D and d on the local stress and strain
obtained by the B–Z model for ten different crystallographic orien-
tations. The {0002} pole figure for the ten crystallographic orien-



Table 1
Irradiation and test conditions of the specimens used for the modeling.

Test Material Fluence (nm�2) Irradiation temperature Strain rate (s�1) Test temperature

Transverse [57] RXA Zy-4 – – 2.0 � 10�4 350 �C
Internal pressure [43] M5� – – 2.0 � 10�4 350 �C
Axial [57] RXA Zy-4 – – 2.0 � 10�4 350 �C
Transverse (ring) [23] RXA Zy-4 3.1 � 1025 350 �C 1.6 � 10�4 350 �C
Internal pressure [43] M5� 3.5 � 1025 350 �C 3.0 � 10�4 350 �C

Fig. 3. Stress–plastic strain curves of four grains used for the adjustment of the C–P
model on the self-consistent B–Z model. In gray lines is shown the B–Z model local
response and in black lines the C–P model local response. The computed stress is a
transverse tensile test.

Fig. 4. Experimental (Exp) and Simulated (Sim) stress–strain curves of the
Transverse Tensile test (TT), the Internal Pressure test (IP) and the Axial Tensile
test (AT) for the non irradiated material.
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tations chosen is given on Fig. 2(b). The tests simulation and the
refinement procedure are performed using the SIDOLO program
described in [64]. The slip systems activities (As) are also computed
during the simulation and compared to TEM observations. The rel-
ative slip system activities (e.g. for prism slip) are defined as the
sum of the modulus of the slip rate of all three prism slip systems
for each crystallographic phase, then averaged over the whole
polycrystal and eventually normalized

AP ¼
1P
i2SAi

X
g2G

fg

X
s2P

j _csj: ð8Þ

When refining the four CRSS, a special attention is paid to the
fact that the majority of slip occurs by prism glide, the other slip
systems being less activated, thus imposing that the prism CRSS
is lower than the other CRSS. For the computation of the internal
pressure tests, an iterative procedure is used in order to ensure
that the applied axial stress (Rzz) is equal to half of the computed
hoop stress (Rzz ¼ Rhh=2), the hoop strain rate ( _Ehh) remaining con-
stant during the simulation.

4.5. Results of the refinement

The coefficients obtained after the refinement are given in Table
2. It can be first noticed on Fig. 3 that thanks to the two tunable
parameters D and d, the local stress and plastic strain for four
out of the ten different crystallographic orientations obtained by
the C–P model with an isotropic texture are in relatively good
agreement with the local response computed with the B–Z model.
This ensures that the C–P model is close to a secant self-consistent
model. Simulated and experimental stress–strain curves are com-
pared on Fig. 4. In the case of the internal pressure test, the hoop
stress and hoop strain are plotted. It can be seen that the tests per-
formed in the transverse tensile and internal pressure loading con-
ditions are correctly reproduced by the model. However the
computed flow stress during the axial tensile test is slightly lower
than the experimental flow stress. The refined CRSS are in good
agreement with the values obtained by Brenner et al. [27] in the
case of thermal creep performed at 400�C on recrystallized Zr–
Nb1%–O alloys.
Table 2
Coefficients obtained after the refinement for the unirradiated material.

Parameter Value

Y (MPa) 80000
m 0.4
n* 10
K* (MPa s1/n) 5
sc

P (MPa) 45
sc
p<a> (MPa) 60

sc
B (MPa) 85

sc
p<cþa> (MPa) 140

D 260
d 0.26

* Fixed coefficients.

Table 3
Slip systems activities obtained at Ep = 1% for the unirradiated material. In bold letters
are indicated the principal slip systems.

Activity Transverse tensile Internal pressure Axial tensile

AP 46% 8% 77%
Ap<a> 32% 25% 20%
AB 16% 44% 3%
Ap<cþa> 6% 23% 0%
The relative slip system activities computed for the tests at 1%
macroscopic plastic strain are given in Table 3 (hoop plastic strain
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is considered for the internal pressure test). Relative activities
computed for axial tensile test and transverse tensile test show
that mainly prism slip is activated (respectively 77% and 46%), in
good agreement with TEM results. However, it is shown that for
internal pressure test prism slip activity, due to the orientation
of the slip systems, is very low (8%) and activities of secondary slip
systems are high, especially the basal slip (44%). This shows that
the model leads to an over-estimation of the secondary slip sys-
tems activation, especially in the case of internal pressure test,
whereas the prism slip system is not sufficiently activated. This
phenomenon can be mainly due to the homogenization procedure,
based on the secant formulation of the self-consistent problem,
that can be too ‘‘stiff” according to various authors [65,66,27], lead-
ing to an over-estimation of the secondary slip systems activation.
More recently, advanced polycrystalline models, such as affine, or
second order self-consistent estimates, have been proposed
[47,67–69]. These models give a better description of the interac-
tions between the grains and therefore a better estimation of the
activation of the secondary slip systems.
5. Polycrystalline modeling of the mechanical behavior of
irradiated recrystallized Zr alloys

The polycrystalline model developed for the unirradiated
recrystallized zirconium alloys can be adapted to the irradiated zir-
conium alloys by taking into account the mechanisms described in
the first part of the paper. The homogenization procedure used to
compute the mechanical response of the polycrystal from the
knowledge of the intra-granular behavior is not modified. Only
the intra-granular constitutive laws are adapted in order to take
into account the radiation effects.
5.1. Intra-granular constitutive behavior

5.1.1. Irradiation induced hardening
It is known that the radiation induced loops act as obstacles

against dislocation glide in the same way as forest dislocations.
This therefore leads to an increase of the critical resolved shear
stresses for all slip systems. According to the classical dispersed
barrier hardening model [70,8,71] the increase of the critical re-
solved shear stress can be expressed as

Ds ¼ alb
ffiffiffiffiffiffi
Nd
p

; ð9Þ

where l is the shear modulus (in MPa), N is the loop density (in
m�3), d is the loop diameter (in m), b is the Burgers vector (in m)
and a is a proportionality factor characteristic of the strength of
the obstacle.

In the case of recrystallized zirconium alloys irradiated in PWR
conditions, it is shown that the loop density increases up to
N0 = 5 � 1022 m�3 with a mean loop diameter of d = 10 nm accord-
ing to Régnard et al. [15] and seems to saturate for fluences above
5 � 1025 nm�2. In the model, the values for N0 and d are kept fixed
in the following and are chosen as N0 = 5 � 1022 m�3 and
d = 10 nm.

Due to the differences in the interaction between loops and dis-
locations gliding either in the basal plane or in other planes, the in-
crease in the critical resolved shear stresses (CRSS) is believed to be
different for each slip system. This can be taken into account by
introducing different obstacle strength for each slip system. The
irradiation induced hardening is therefore modeled according to
the following equation:

sc
s ¼ sc0

s þ Dsc
s ¼ sc0

s þ aslb
ffiffiffiffiffi
ql
p

with ql ¼ Nd: ð10Þ
5.1.2. Softening behavior at the grain scale
Due to the progressive cleaning of irradiation defects by basal

channeling, softening occurs inside the channels. An intra-granular
softening behavior is therefore introduced at the grain scale. Since
full clearing of loops only occurs inside basal channels, only the ba-
sal CRSS is assumed to be affected by the strain softening, the other
CRSS remaining constant with plastic strain (Eqs. (11) and (12)) in
a first approximation

sc
B ¼ sc0

B þ aBlb
ffiffiffiffiffi
ql
p

with ql ¼ Nd: ð11Þ
sc

s ¼ sc0
s þ Dsc

s with Dsc
s being constant for s–B: ð12Þ

The clearing up process can be modelled, as proposed by Rod-
ney et al. [18] and Pokor et al. [72], by considering that all the loops
lying within a given distance (H=2) to the dislocation plane (basal
plane in this case) are captured and cleared up by the dislocation.
Taking into account the dislocation density q inside the channel
gliding at the velocity v , it is shown that during a time dt, the num-
ber of cleared loops inside the channel is NHqvdt. From the Oro-
wan equation ( _c ¼ qbv), the number of loops cleared up inside
the channel during the time dt can be expressed as H

b N _cdt. There-
fore, the equation governing the evolution of the loop linear den-
sity (or ql = Nd) can be deduced, written here (Eq. (13)) in a
more general way by adding the contribution of all the dislocations
gliding on the three basal slip systems (s 2 B)

dql

dt
¼ �kBql

X
s2B

j _csj
" #

ð13Þ

with ql = Nd, ql(0) = N0d, kB = H/b, N0 = 5�1022 m�3 and d = 10 nm.
5.1.3. Intra-granular kinematic strain hardening and flow law
The analysis of various experimental data described in the first

part of the paper has pointed out the importance of the kinematic
strain hardening induced by the localization of the plastic strain in-
side the channels. This additional kinematic strain hardening can
be simply taken into account at the intra-granular scale by intro-
ducing, as proposed in [73,46], a non linear kinematic strain hard-
ening term into the flow law, similar to the Armstrong–Frederick
law [74], as shown in Eqs. (14) and (15). Since only fully cleared ba-
sal channels are observed the intra-granular kinematic hardening
is believed to affect only the basal slip system, in a first
approximation

_cs ¼
jss � xsj � sc

s

K

� �n

signðss � xsÞ ð14Þ

with xs = 0 for non basal slip systems (s – B) and
_xs ¼ CB _cs � DBxsj _csj for the basal slip systems ðs 2 BÞ, with

xsðt ¼ 0Þ ¼ 0: ð15Þ

The equations of the model are recalled in the Appendix as well as
the variables and the coefficients. It can be noticed that in this first
approach, the dislocation channeling occurring in the prismatic and
in the pyramidal planes, only observed for axial tensile test [16],
have not been taken into account. Indeed, in this first approach only
internal pressure tests and transverse tensile tests are simulated
and for these two tests, only basal channels have been observed.
Moreover, as pointed in [16], inside prismatic and pyramidal chan-
nels the defects did not seem to be fully cleared. Therefore, the soft-
ening as well as the intra-granular kinematic hardening is assumed
to be lower in that case. An improvement of the modeling could
probably be obtained by introducing a low softening as well as a
low intra-granular kinematic hardening for prismatic and pyrami-
dal slip.



Table 4
Coefficients for the irradiated material obtained after the refinement.

Parameter Value

Y* (MPa) 80000
m* 0.4
n* 10
K* (MPa s1/n) 5
sc

P
* (MPa) 45

Dsc
P (MPa) 195

sc
p<a>

* (MPa) 60
Dsc

p<a> (MPa) 180
sc
p<cþa>

* (MPa) 140
Dsc

p<cþa> 160
sc0

B
* (MPa) 85

qbð0Þ
* (m�2) 5 � 1014

aB 0.5
kB 40
CB (MPa) 1 � 105

DB 3000
D 280
d 0.53

* Fixed coefficients.

Fig. 5. Stress–plastic strain curves of four grains used for the adjustment of the C–P
model on the self-consistent B–Z model. In gray lines is shown the B–Z model local
response and in black lines the C–P model local response. The computed test is a
transverse tensile test.

Fig. 6. Experimental (Exp) and Simulated (Sim) stress–strain curves of the
Transverse Tensile test (TT) and the Internal Pressure test (IP) for the irradiated
material.
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5.2. Refinement procedure

The model has now nine fitting coefficients:

– three coefficients for the constant increment in the CRSS (for the
prism (Dsc

P), the pyramidal <a> (Dsc
p<a>) and the pyramidal

<c + a> slip systems (Dsc
p<cþa>)),

– two coefficients for the irradiation hardening and the strain soft-
ening of the basal CRSS (aB the obstacle force and kB the strain
softening coefficient, the value ql(0) = N0d being fixed),

– two coefficients for the intra-granular kinematic hardening for
the basal slip system (CB and DB),

– two tuning parameters, D and d, for the empirical concentration
rule that need to be fitted on the B–Z model whenever the intra-
granular behavior is modified.

The other parameters fitted on the behavior of the non irradi-
ated recrystallized zirconium alloys are not modified.

Two mechanical tests, performed at 350 �C, are used for the fit-
ting: an internal pressure test (Rrr � 0;Rhh;Rzz ¼ Rhh=2) performed
on an irradiated cladding tube specimen made of M5� alloy and a
transverse tensile test (Rhh) in the hoop direction performed on an
irradiated cladding tube specimen made of recrystallized Zy-4. For
the internal pressure test the hoop strain is accurately known dur-
ing testing thanks to precise extensometers. The test is performed
up to 0.8% total hoop strain at a strain rate of 3 � 10�4 s�1. On the
contrary, in the case of the transverse tensile test (in the hoop
direction) which is performed by using a ring shaped specimen,
only the displacement is recorded during testing. Moreover the
specimen undergoes a slight bending at the beginning of the test.
The test is performed at a strain rate of 1.6 � 10�4 s�1 at 350 �C un-
til failure of the specimen. Irradiation and test conditions are given
in Table 1.

As for the non irradiated material, the test is computed using
the texture characteristic of recrystallized zirconium alloys clad-
ding tubes (Fig. 1). Simultaneously, a transverse tensile test is com-
puted, using the isotropic texture (Fig. 2(a)), in order to adjust both
parameters D and d on the local stress and strain obtained by the
B–Z model.

In order to account for the reversal of the principal slip system
shown by the TEM observations, the CRSS hierarchy is modified.
The prism, the pyramidal <a> and the pyramidal <c + a> CRSS are
more increased than the basal CRSS in order for the basal CRSS to
be the lowest. As the plastic strain proceeds, the basal CRSS de-
creases from the initial basal CRSS of the irradiated material down
to the basal CRSS of the unirradiated material due to loop clearing
by moving dislocations.

5.3. Results of the refinement

The refined coefficients are given in Table 4. Firstly, it can be no-
ticed on Fig. 5 that a good adjustment of the C–P model on the B–Z
model is obtained ensuring that the C–P model is close to a self-
consistent model both at the micro and macroscopic scale. It is also
shown on Fig. 6 that the flow stress computed for the internal pres-
sure test is slightly underestimated and the flow stress for the
transverse tensile test is slightly over-estimated. The relative slip
systems activities at 0.2% hoop plastic strain for the internal pres-
sure test and the transverse tensile test are given in Table 5. It is
shown that the basal slip is strongly activated for both internal
pressure and transverse tensile tests (respectively 68% and 61%)
in good agreement with the TEM observations. Nevertheless it
can be noticed that the pyramidal <c + a> slip system is signifi-
cantly activated (27%) for the internal pressure test in order to
accommodate the high local stress in the ‘‘hard” grains. In addition,
for the ring test, the pyramidal <a> slip system is also significantly



Table 5
Slip system activities obtained at Ep = 0.2% for the irradiated material. In bold letters
are indicated the principal slip systems.

Activity Transverse tensile Internal pressure

AP 8% 1%
Ap<a> 31% 4%
AB 61% 68%
Ap<cþa> 0% 27%

Fig. 8. Computed cyclic strain softening behavior of the irradiated recrystallized
zirconium alloy in low cycle fatigue test with 0.9% total strain amplitude compared
to the non irradiated material with 1% total strain amplitude. The computations
(Sim) are compared to the experimental data (Exp) obtained from [39].
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activated (31%). However, no pyramidal channel has been observed
by TEM for transverse tensile tests and internal pressure tests. This
could be explained, as pointed out previously, by the too ‘‘stiff”
homogenization procedure. It is nevertheless possible that limited
pyramidal slip occurs without significant clearing of loops.

The obstacle strength obtained for the basal slip system,
aB = 0.5, is consistent with the literature data [70,8,71]. The incre-
ments in the CRSS obtained for the non basal slip systems also
allow the estimation of the obstacle strength using Eq. (9) with
N = 5 � 1022 m�3 and d = 10 nm. The obstacle strength for the
prism slip, the pyramidal <a> slip and the pyramidal <c + a> slip
are respectively 0.94, 0.87 and 0.78. These values seem to be over-
estimated according to the literature data.

The initial basal and prism CRSS ðsc
Bð0Þ ¼ sc0

B þ aBlb
ffiffiffiffiffiffiffiffiffiffiffi
qlð0Þ

p
¼

188 MPa;sc
P ¼ sc0

P þ Dsc
P ¼ 240 MPaÞ obtained by fitting the poly-

crystalline model are higher than the CRSS estimated in [16] from
the flow stress at 0.005% plastic strain. This is mainly due to the
very low offset chosen in [16]. Nevertheless the differences be-
tween the basal and prismatic CRSS obtained in these two studies
are similar.

5.4. Simulation of low cycle fatigue tests

In order to validate the approach, the polycrystalline model
developed for irradiated recrystallized zirconium alloys is used
to simulate low cycle fatigue tests that have not been used for
the refinement. Low cycle fatigue tests in tension and compres-
sion along the transverse direction have been computed for both
the unirradiated and the irradiated material, in agreement with
the low cycle fatigue tests performed by Wisner et al. [39]. The
first thirty and a quarter cycles are computed at a fixed total
strain amplitude (where the term ‘‘amplitude” refers to half of
the total peak-to-peak excursion according to [75], convention
used in [39]) of E = 1% for the unirradiated material and E = 0.9%
Fig. 7. (a) Simulated stress–plastic strain curves (Sim) for the non irradiated material an
with respectively 1% and 0.9% total strain amplitude. (b) Stabilized hysteresis loops com
recrystallized material with respectively 1% and 0.9% total strain amplitude. The compu
for the irradiated material. The stress–plastic strain curves are
shown in Fig. 7 and compared to the experimental results ob-
tained from the figures and the other experimental data given
in [39]. The maximum tensile stress is recorded during the test
and is reported in Fig. 8. The experimental data are also reported
on Fig. 8 using both the figure and the number of cycles to failure
given in [39]. It is shown on Fig. 7 that the model reproduces cor-
rectly the strong Bauschinger effect observed experimentally
although it has only been adjusted on monotonic tests. It is also
shown that the model reproduces the rapid cyclic softening ob-
served experimentally for the irradiated material (Fig. 8), the soft-
ening rate being slightly higher in the modeling than in the
experiment.

6. Discussion

Although the main objective of this work is to model the
mechanical behavior of irradiated zirconium alloys, it is shown
that the polycrystalline model proposed for the unirradiated
recrystallized zirconium alloys gives satisfactory results. Indeed,
it is seen that the macroscopic behavior computed by the model
d the irradiated material obtained during the computation of low cycle fatigue tests
puted (Sim) after thirty and a quarter cycles for the unirradiated and the irradiated
tation is compared to the experimental data (Exp) obtained from [39].
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is in correct agreement with the experimental results obtained at
350�C despite the simple intra-granular behavior chosen (no in-
tra-granular strain hardening). Only the flow stress computed for
the axial tensile test is slightly underestimated. At the microscopic
scale the relative slip system activities computed for the transverse
tensile test and the axial tensile test are in agreement with the ob-
served slip systems reported in the literature [14,27,26,58]. In the
case of the internal pressure test the prism slip system activity is
low and the basal slip activity is high which is in disagreement
with the literature data. It has to be pointed out that the coeffi-
cients set obtained is not unique. Indeed, a better fit can be ob-
tained for the macroscopic flow stress with different CRSS sets
but in that case the relative slip system activities are in disagree-
ment with the TEM observations. This disagreement is mainly
due to the ‘‘secant” approximation used for the homogenization
procedure. Better estimation of the slip system activities could
probably be obtained by using an ‘‘affine” [47,68] or a ‘‘second
order” [67] approximation. The low cycle fatigue test computed
for the non irradiated material (Figs. 7 and 8) is in agreement with
the results obtained by Wisner et al. [39] on RXA Zy-2 tested at
343 �C. Indeed, the Bauschinger effect is also reproduced as well
as the nearly constant maximum stress measured during the low
cycle fatigue test. The value of the flow stress is also in correct
agreement with the experimental value.

The polycrystalline model adapted to the irradiated recrystal-
lized zirconium alloys tested at 350 �C is also able to reproduce
the macroscopic flow stress for the transverse tensile test and
the internal pressure test. The flow stress is however slightly
underestimated for the internal pressure test and slightly overesti-
mated for the transverse tensile test. At the microscopic scale, the
computed slip system activities show that the basal slip is mainly
activated for transverse tensile test and internal pressure test, in
good agreement with the TEM observations of basal channels for
these two loading conditions. The modeling is thus able to repro-
duce, for the transverse tensile test, the change of principal slip
system with neutron irradiation. However, the important activa-
tion of other slip systems, such as the pyramidal <a> glide for
transverse tensile test and the pyramidal <c + a> glide for internal
pressure test, indicates that the polycrystalline model tends to
overestimate the activities of the secondary slip systems. The low
cycle fatigue test computed for the irradiated material is also in
good agreement with the results obtained by Wisner et al. [39]
on Zy-2 tested at 343 �C. Indeed, a strong Bauschinger effect is also
reproduced as well as the important cyclic strain softening ob-
served. The computed values of the flow stress are in good agree-
ment with the experimental results. The magnitude of the strain
softening seems however to be slightly underestimated and the
strain softening rate is slightly overestimated by the model com-
pared to the experimental results.

The good agreement obtained between the computation of the
low cycle fatigue tests and the experimental results suggests that
the main features of the mechanical behavior of the irradiated mate-
rial have been captured by the polycrystalline model. Indeed, by
attributing all the intra-granular strain hardening to the intra-gran-
ular kinematic strain hardening (on the basal slip system), and
adjusting the kinematic strain hardening behavior only on mono-
tonic loading, the model gives a satisfactory cyclic response. This
confirms that the observed strain hardening is mainly due to the
kinematic strain hardening in irradiated zirconium alloys in good
agreement with the experimental analysis described in the first part
of the paper. The introduction of the intra-granular strain softening
is also able to reproduce the cyclic softening observed although dur-
ing monotonic loading the strain softening is not observed at the
macroscopic scale, in agreement with the experimental results.

Improvement of the modeling can probably be achieved by
using more accurate self-consistent models (‘‘affine” or ‘‘second
order” estimates) [47,67], leading to a lower activation of the sec-
ondary slip systems. In addition, models that are not restricted to
elasto-plastic behavior could be used to compute the strain rate
sensitivity as well as stress relaxation tests [43]. The model pro-
posed here is also restricted to transverse tensile tests and internal
pressure tests since only the basal channeling is taken into ac-
count. In order to compute axial tensile tests prism and pyramidal
channeling must also be taken into account in the modeling.

Compared to macroscopic models [43,36,76,77], this polycrys-
talline model has the great advantage to compute explicitly the
kinematic strain hardening as a consequence of the interaction be-
tween the grains instead of a full empirical kinematic strain hard-
ening. The isotropic strain hardening, consequence of the evolution
of the various CRSS, is also modeled more physically by taking into
account the activation of the different slip systems, such as the
main activation of the basal slip in the case of the irradiated
material.
7. Conclusions

The objective of this work was to propose the first polycrystal-
line modeling for neutron irradiated zirconium alloys based on the
microscopic deformation mechanisms.

Firstly, an analysis based on various experimental data has been
performed, both at the microscopic and at the macroscopic scale. It
has been discussed that the kinematic strain hardening is signifi-
cantly increased due to the plastic strain localization inside the dis-
location channels as well as the only basal slip activation observed
for internal pressure tests and transverse tensile tests. This ex-
plains that macroscopic strain hardening is observed although in-
side the channels strain softening occurs. This also accounts for
the presence of the channels before the yield drop observed for
the transverse tensile test.

Then, the first polycrystalline model adapted to irradiated zir-
conium alloys, that takes into account the change in the deforma-
tion mechanisms due to irradiation, has been developed. The
irradiation induced hardening has been taken into account by
increasing the critical resolved shear stresses of all slip systems.
In order to take into account the reversal of the principal slip sys-
tem, the non basal CRSS have been more increased than the basal
CRSS. In addition, the dislocation channeling mechanism has been
modeled by taking into account the strain softening of the basal
CRSS occurring inside basal channels. A non linear kinematic strain
hardening term, which increases with basal slip, has also been
introduced at the grain scale. The model reproduces the mechan-
ical behavior for internal pressure tests and transverse tensile
tests, in agreement with the slip system activities observed by
TEM. Low cycle fatigue tests in the transverse direction have been
simulated and compared to the experimental results obtained by
Wisner et al. [39]. The simulated tests are in good agreement with
the experimental results. The strong Bauschinger effect observed
after irradiation is reproduced as well as the significant cyclic
strain softening. The fact that this novel physically based model
is able to reproduce this variety of testing conditions shows that
this model captures the main features of the mechanical behavior
of the irradiated material. This original polycrystalline model, the
first proposed for neutron irradiated metals, constitutes a step to-
ward a fully predictive modeling of the behavior of irradiated zir-
conium alloys.
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Appendix: Notations, equations of the polycrystalline model
and symbols

Notations
The scalar quantity kxk, where x is a second rank tensor, is de-

fined as kxk ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2
3 x : x

q
. The constricted product x : y is defined by

x : y ¼
P

i

P
jxijyij.

The scalar quantity J2(x) is given by J2ðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
2 devðxÞ : devðxÞ

q
,

where dev(x) is the deviator of a second rank tensor which is de-

fined as devðxÞ ¼ x� 1
3 trðxÞI. The tensor I is the identity second

rank tensor. Its components are equal to dij, where dij is the Kro-
necker’s symbol. The scalar quantity tr(x) is the trace of the second
rank tensor x and is equal to trðxÞ ¼

P
ixii. The fourth rank tensor I

which appears in the Hooke’s law corresponds to the symmetrical
identity fourth rank tensor with components (dikdjl + dildjk)/2. The
components of the fourth rank tensor I � I can be expressed as
dijdkl. The components of the second rank tensor ns � ms + ms �
ns are nimj + njmi. The notation appearing into the flow law <x> is
defined as <x> = 0 if x < 0 and <x> = x when x P 0. The notation
sign(x) correspond to the sign of the scalar quantity x and can be
expressed as sign(x) = x/|x| .
Equations of the polycrystalline model adapted to the
irradiated material

Averaging relationships and Hooke’s law

Ep ¼
X
g2G

fgep
g ; R ¼

X
g2G

fgrg ¼ 2l Iþ m
1� 2m

I � I
n o

ðE� EpÞ

Concentration rule:

rg¼Rþ2lð1�bÞðB�bgÞ with B¼
X
g2G

fgbg and b¼2ð4�5mÞ
15ð1�mÞ

_bg¼ _ep
g�Dðbg�dep

gÞk _ep
gk

Intra-granular constitutive behavior:
Resolved shear stress:

ss ¼
1
2
rg : ðns �ms þms � nsÞ

Plastic strain rate of the grain:

_ep
g ¼

1
2

X
s2S

_csðns �ms þms � nsÞ

Flow law:

_cs ¼
ss � xsj j � sc

s

K

� �n

signðss � xsÞ

Evolution of the CRSS: irradiation induced hardening and strain
softening for the basal slip

sc
s ¼ sc0

s þ Dsc
s with Dsc

s being constant for s–B

sc
B ¼ sc0

B þ aBlb
ffiffiffiffiffi
ql
p

with ql ¼ Nd for the basal slip

dql

dt
¼ �kBql

X
s2B

j _csj
" #

with qlð0Þ ¼ N0d

Intra-granular kinematic strain hardening for the basal slip:
_xs ¼ CB _cs � DBxsj _csj for the basal slip systems (s 2 B), with

xs(t = 0) = 0 and xs = 0 for non basal slip systems (s–B).
Table of symbols used in the polycrystalline model
Symbol
 Units
 Variables and coefficients
R
 MPa
 Macroscopic stress

E; Ep
 –
 Macroscopic strain and macroscopic

plastic strain

rg
 MPa
 Local stress

ep

g ; e �p
g
 –
 Local plastic strain and local plastic strain

rate

bg, b �g
 –
 Internal variable for the concentration rule

and its time derivative

fg
 –
 Volume fraction of the crystallographic

phase

ss
 MPa
 Resolved shear stress on the s slip system

xs
 MPa
 Intra-granular kinematic stress on the s

slip system

_cs
 s�1
 Shear strain rate on the s slip system

ms
 –
 Glide direction

ns
 –
 Normal direction of the slip plane

Y
 MPa
 Elasticity coefficients (Young’s modulus,

Poisson’s ratio)
m
 –

n*
 –
 Coefficients of the flow law

K*
 MPa s1/n
sc
s
 MPa
 Critical resolved shear stress (CRSS)
Dsc
sðfor s–BÞ
 MPa
 Increment in the CRSS for non basal slip

systems

qlð0Þ ¼ N0d*
 m�2
 Irradiation defects density

aB
 –
 Obstacle force for the basal slip

kB
 –
 Strain softening coefficient for the basal

slip

CB
 MPa
 Coefficients of the intra-granular

kinematic strain hardening for the basal
slip
DB
 –
D
 –
 Tuning coefficients for the empirical
concentration rule
d
 –
*Fixed coefficients.
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