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Texture dependent plastic behavior of Zr 702 at large strain
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Abstract

Three polycrystalline samples of Zr702o are deformed at room temperature under channel die compression until
about 40% strain. Samples are oriented differently in the die with respect to their texture, so that the influence of the
initial texture on the stress—strain response, the activated deformation systems, and the subsequent texture evolution
can be assessed. Experimental results are interpreted by using a viscoplastic self-consistent (VPSC) polycrystalline
model in which a saturating anisotropic intracrystalline hardening law is introduced. It is shown that the orientation
dependence of the activated slip systems strongly depends on the texture of the polycrystal. The main effect of intra-
crystalline hardening is found to be a redistribution of slip from the primary to the secondary systems, but in a
moderate way such that it does not affect significantly the development of texture. A simple analysis shows that the
increasing activity of the secondary slip systems can be assessed directly from the macroscopic stress—strain

curves. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The difficulty of understanding the plastic behavior
of zirconium alloys is mainly due to the fact that, owing
to the hexagonal symmetry of the lattice cell, less than 5
independent ‘easy glide’ slip systems (the so-called pri-
mary systems) are available. That is, for accommodating
any arbitrary deformation, hard glide systems (the sec-
ondary systems) should be activated [1]. The critical
resolved shear stress (CRSS) of the primary systems can
be relatively easily determined experimentally by defor-
mation tests on single crystals [2,3]. Due to the elongated
shape of the single crystal yield surface [4], it is more
difficult to perform proper mechanical tests for which
only secondary systems are activated. On the other
hand, the CRSS determined on single crystals are not
necessarily relevant for polycrystal plasticity owing to
effects of grain size, grain boundaries, etc. [5]. The ratio
between the CRSS of secondary and primary systems
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are generally found or assumed to lie between 1.2 and
15, see for example [6-9]. The significant width of this
interval clearly reveals the difficulty to assess a precise
determination of the critical stress of the hard systems.
At room temperature, zirconium polycrystals deform
essentially by dislocation glide on {1010}(1120) pris-
matic systems (which provide only two independent slip
systems) and by {1012}, {1121}, and {1122} twinning
[10-12]. Concerning secondary slip systems, many
experimental studies have shown the occurrence of
first-order pyramidal slips {1011}(1120) and
{1011}(2113) [10], the latter allowing a crystal reduc-
tion along the (c) axis. Several independent works have
also proved the possible activation of basal slip
{0001}(1120) [8,13,14]. Consequently, axial deforma-
tion along the c-axis is rather hard unless twinning
systems are activated, whereas axial deformation per-
pendicular to this axis is easily produced by prismatic
glide. This property renders the deformation rate highly
dependent on the crystallographic orientation of grains
in the polycrystal, leading also to a strong local inter-
action between the grains and their neighbors. At large
strains, the evolution of intracrystalline hardening,
crystallographic texture, and macroscopic plastic
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behavior are closely related since they are all the result
of dislocation glide. Hardening mechanisms are quite
well characterized in cubic single crystals since only a
few well identified slip families contribute to the defor-
mation [15,16]. In these materials, they were found to
have a significant influence on texture development [17—
19]. In hexagonal materials like zirconium, the experi-
mental characterization of intracrystalline hardening
becomes a very difficult task because several not well-
defined secondary slip systems may be active simulta-
neously. Its influence on texture development and mac-
roscopic behavior is not clear at present.

Owing to the large plastic anisotropy of single crys-
tals, a significant influence of texture on the plastic be-
havior is observed, e.g., see [9]. In previous work,
Francillette and coworkers [8,20-22] have deformed
several specimens of zirconium 702 under channel die
compression, so that the influence of the initial texture
on subsequent texture evolution, slip system activation,
and macroscopic behavior could be partially studied.
The aim of the present work is to go deeper into the
analysis by applying a polycrystal deformation model
inferred from homogenization. It is worth pointing out
that the use of such a physical based model is satisfac-
tory only if the model correctly describes (at least) the
contribution of each slip system to the total deforma-
tion, and particularly a realistic activity for the second-
ary systems. In several works published recently, the
static model (uniform stress), the Taylor model (uniform
strain rate), or an heuristic approach close to the Taylor
bound are applied to low symmetry crystals such as
zirconium, see for example [6-8,14,23]. The uniform
stress lower bound completely neglects intergranular
internal stresses, whereas the uniform strain rate upper
bound overestimates grain interactions and thus gives
rise to a too high contribution of the secondary slip
systems [1,24-26]. Here, we use the tangent formulation
of the viscoplastic self-consistent (VPSC) model [27,28]
which captures more accurately the main features of
polycrystal plasticity, i.e., a concentration of dislocation
glide in the primary systems together with strong inter-
granular interactions. This model has already been
applied to zirconium alloys, e.g., see [5,28,29]. More
recently [9,30], intracrystalline hardening was intro-
duced into the model using relatively simple hardening
law, and only a rapid comparison to experiment was
performed. Here, we apply the viscoplastic self-consis-
tent model to assess the influence of intracrystalline
hardening on (i) the activation of the different slip sys-
tems with respect to the crystallographic orientation, (ii)
the evolution of the crystallographic texture, and (iii) the
macroscopic behavior. The parameters of the hardening
law are identified on the bulk experimental response of
the specimens, and we verify each time that model
results are consistent with the experiments at both
microscopic and macroscopic scales.

2. Experimental results

Channel die compression tests up to about 40% strain
have been performed at room temperature on three Zr-
702 polycrystalline samples exhibiting similar chemical
composition and microstructure, but different initial
crystallographic textures. Further details on the experi-
mental procedure and results can be found in [8,20-22];
only an outline is given here. Tests were carried out with
a constant cross-head speed corresponding to a normal
strain rate of about 10~* s~!, and a thin Teflon film was
inserted between the sample surfaces and the apparatus
platen to avoid any friction [31]. Before testing, all
samples were annealed at 450°C for 3 h.

Initial textures are shown in Fig. 1(a), where the di-
rection ‘1’ denotes the longitudinal direction (LD) of the
channel die, 2’ denotes the transverse direction (TD),
and ‘3’ the normal direction (ND). The texture of sam-
ple T1 corresponds to the classical rolling texture, T3 is
obtained by cross-rolling, and T4 is a 90° rotation of T3
around LD. Deformation textures measured after about
40% normal deformation are shown in Fig. 1(b). As
compared to the initial textures, basal poles in T1 are
slightly closer to ND and slightly spread in the LD-TD
plane, while no significant evolution of prismatic poles is
observed. T4 presents a slight reorientation of basal
poles around ND with a significant alignment of pris-
matic pole along LD. T3 exhibits a particular behavior,
with almost no texture evolution.

Fig. 2 shows the macroscopic mechanical behavior of
the three samples. Since we are interested only in the
large strain plastic regime, the first 2% of deformation,
which corresponds to the elastic—viscoplastic transition
are not presented here. For T4, the normal stress in-
creases almost linearly with strain after about 5% strain,
whereas the stress—strain curve has a more curved shape
for T3. T1 exhibits an intermediate behavior. Note that
the strength of all samples is very different. For example
after 20% deformation, the flow stress of T3 is about
twice that of T4.

The active slip systems have been identified with a
scanning electronic microscope at 20% strain. The
technique consists in (i) measuring the crystallographic
orientation of the grain, (ii) measuring the orientation of
the slip trace(s) at the same position (the slip trace is the
intersection of a slip plane with the free surface of the
specimen), and (iii) identifying the possible activated slip
system. Table 1 indicates the number of grains in which
prismatic, pyramidal or basal slip traces are identified.
Due to the small grain size, the slip traces of a given
grain can be observed only on one free surface of the
specimen; therefore, the corresponding activated slip
system sometimes cannot be completely determined.
These ambiguous cases are also indicated in Table 1. For
T4, prismatic slip is largely dominant, and few traces of
pyramidal slip are identified. For T1, a globally similar
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Fig. 1. Experimental textures of T1, T3, and T4 specimens: (a) initial states; (b) after 40% plane strain, ] =LD, 2=TD, 3=ND.
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Fig. 2. Experimental plastic response of T1, T3, and T4 spec-
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behavior is found, however with more ambiguity be-
tween prismatic and pyramidal slips. For T3, the activity
of pyramidal slip is significant. Basal slip could have
occurred to a small amount in Tl and T3, but the
identification of the basal plane as slip plane is always
ambiguous for these samples. However, traces close to
the basal plane have been observed unambiguously in
two other samples (not presented here because of the
large activity of twinning) of the same initial zirconium
sheets loaded in different directions, indicating that basal
slip must be considered as a potentially active secondary
mechanism [21,22]. Table 1 also indicates the surface
twinned fraction (STF) at 20% axial strain. Here, only
tensile twining {1012}(1011) is observed. The highest
twinned fraction (about 5%) is found for T4.
Consequently, T3 and T4 exhibit ‘opposite’ behav-
iors, T1 being intermediate. T4 presents a large texture
development, the lowest stress level, and the largest ac-
tivity of prismatic slip, whereas T3 exhibits almost no
texture development, the highest stress level, and a sig-

imens. nificant activity of pyramidal slip.

Table 1

Sample, number of grains (in %) in which prismatic (pr.), pyramidal (pyr.), and basal (ba.) slip are observed, and STF in %*
Sample Pr. Pyr. Pr. or pyr. Pyr. or ba. Pr. or pyr. or ba. STF
T1 30 0 65 0 5 2.0
T3 37 17 33 7 7 23
T4 61 2 37 0 0 5.2

# Measurements were performed at 20% strain on 40, 30, and 51 grains for T1, T3, and T4, respectively. From [31].
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3. Local behavior and homogenization scheme
3.1. The polycrystalline model

For analyzing the experimental data, we use the
‘tangent’ formulation of the VPSC model developed in
a general framework by Molinari et al. [27] and ap-
plied to anisotropic materials by Lebensohn and Tomé
[28]. The self-consistent (SC) scheme allows the cal-
culation of the average mechanical quantities (stress
and strain rate) in each ‘phase’ of the material (a
phase denotes the set of all grains that have the same
lattice orientation). Basically, the SC scheme consists
in modeling the interaction between all the grains of a
phase with their surrounding by the interaction be-
tween an ellipsoidal inhomogeneity with the same
lattice orientation than the phase embedded in an in-
finite homogeneous equivalent medium (HEM) whose
behavior describes that of the polycrystal. The related
inclusion problem is solved by an extension of the
classical Eshelby formalism [32] to viscoplastic mate-
rials. To do so, the local constitutive relation needs to
be linearized with respect to the local stress, and,
within the VPSC model, the linearized behavior is also
used to relate the average strain rate of a phase to the
corresponding average stress. The advantages of the
self-consistent scheme is that it allows average stress
and strain rate to be different in each grain depending
on the lattice orientation, and calculations can be
performed with less than five independent slip systems
in each grain [33].

Recently, more accurate homogenization proce-
dures have been developed for viscoplastic polycrys-
tals, namely the ‘affine model’ [34], the ‘second-order
procedure’ [35], and the ‘variational estimates’ [36].
The main difference between these models is essen-
tially related to the method used for the linearization
of the local behavior and to the application of this
linearized behavior to local average stress and strain
rate. Although these methods are theoretically more
accurate than the VPSC model, they have never been
applied up to now to large deformation of poly-
crystals, so that their use is out of the scope of the
present work. Furthermore, they predict a relatively
stiff response of the material (except for the second-
order procedure) and for this point of view, the
VPSC model is generally closer to reality (but with a
less consistent formulation). A limitation of the VPSC
model is that it violates a new restrictive upper
bound [37] under specific circumstances (as does also
the affine model, but not the variational estimates).
However, even if not perfect, the VPSC model
captures the most important features for zirconium
plasticity, i.e., a dominant activation of the soft slip
systems, strong intergranular interactions, and texture
evolution.

3.2. Deformation mechanisms

To the authors’ knowledge, three different schemes
have been developed so far to incorporate deformation
twinning in polycrystal plasticity models. In these ap-
proaches, the twinned region of a grain is either
treated as a new grain — no difference is then made
between the new twin and an old deformed grain —
[38,39] or it is assumed to deform identically as the
untwinned region of the grain — invoking thus the
Taylor model — [40]. Furthermore, it is not clear how
twin and slip mechanisms interact, so that one can
hardly at present treat twinning and intracrystalline
hardening simultaneously in polycrystal models. As
shown in Section 2, the twinned fractions are very
small in our samples. Note that this is not the case
generally; in the present case, the small twinning
activity is directly linked to the texture of the material
and to the small grain size (15-20 pm). As a first
approximation, one can therefore consider that twin-
ning has a negligible influence on texture development.
Furthermore, it can be verified numerically that the
strength of twinning very poorly influences the flow
stress level of T1, T3, and T4. Consequently, twinning
can be neglected here. According to experimental
observations, the deformation mechanisms taken into
account are prismatic {1010}(1120), pyramidal
{1011}(1123), and basal {0001}(1120) slip. Pyra-
midal (a) was initially also taken into account, but its
activity was always found to be negligible. The reason
for that is that this slip system is geometrically not
very different than the softer prismatic slip. For this
reason, pyramidal {(a) is not considered anymore in the
following. The considered local constitutive relation is
a classical power law. The shear rate y* on the slip
systems s is expressed by [41]

g (1)

where 7, is a reference shear rate taken here equal to
unity (7, =1s7"), and ¥ is the resolved shear stress
on the system s. The stress exponent n and the CRSS
7, are the parameters of this constitutive relation.
The CRSS may vary with strain owing to intracrys-
talline hardening, as it will be discussed later. A
stress sensitivity n =19 is taken for all slip systems.
This value is close enough to the experimental value
(n = 30, [42]) to avoid significant errors in numerical
results, but it is small enough to avoid the VPSC
model to tend to the lower uniform stress bound as
observed for higher stress sensitivities [28]. Initial
textures consist in a set of 1944 orientations, with
associated volume fractions derived from the pole
figure measurements.
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3.3. Boundary conditions

A special attention has been paid to the prescribed
macroscopic boundary conditions in order to reproduce
as closely as possible a real channel die compression test.
This is particularly important owing to the significant
anisotropy of samples. Usually, calculations are per-
formed with a prescribed strain rate tensor of the form:
Dy, = Di3 = Dy; = 0, and initial textures are assumed to
exhibit an ideally orthotropic symmetry. According to
Canova et al. [43], the macroscopic stress takes a similar
form in that case: S1, = Si3 = S»; = 0. Here, calculations
are performed with experimental textures which are
approximately — but not exactly — orthotropic and
therefore no particular symmetry is assumed a priori.
We account for the fact that the surface normal to LD is
stress free and that no shear strain occurs in the ND-TD
plane. The macroscopic velocity gradient and deviatoric
stress finally read

- Ly L Lis _ Sii _0 _0
L= 0 0 _0 and S= 0 522 §23
0 0 L33 0 S32 S33

)

with |233| increasing with strain to reproduce the con-
stant cross-head speed.

4. Analysis of initial stress levels

The difficulty of using a micro-macro model to un-
derstand the plastic behavior of zirconium polycrystals
is that several parameters must be identified. In this
section, we first omit intracrystalline hardening to con-
centrate on the initiation of slip and in particular on the
influence of initial prismatic, pyramidal, and basal

™ / ™"

CRSS (', 70", 15%) on the macroscopic behavior of
polycrystals. The global procedure used here consists in
determining a first set of parameters for which the model
well reproduces the three initial macroscopic flow
stresses. Results will be interpreted in terms of the de-
pendence of slip system activity on the crystallographic
orientation.

It is possible to calculate with the VPSC model for
various values of )" /75" and 5*/1}', the flow stress of
T1, T3, and T4 corresponding to the initial texture, i.e.,
to the first deformation step. Results are shown in Fig. 3,
where the stress of T1 and T3 is normalized by that of
T4 for the sake of clarity. Experimental values of the
initial flow stress are 560 MPa for T1, 650 MPa for T3,
and 360 MPa for T4, that is experiments correspond to
the isovalue levels 1.57 for T1 (= ¢! /¢™) and 1.82 for
T3 (= ¢%/c™) as shown with dotted lines in Figs. 3(a)
and (b), respectively. A careful comparison of these
figures shows that both isolines are almost superim-
posed. This means that, if one considers only the mac-
roscopic compliance, several set of CRSS lead to
acceptable results. One could think using additional
mechanical tests to determine more precisely the CRSS.
But this procedure is not straightforward since other
orientations of sample with respect to the prescribed
deformation generally lead to an non-negligible activity
of twinning systems.

According to Fig. 4, the prismatic activity of each
sample keeps an almost constant value within this whole
set of solution for the three samples. One can therefore
favor either pyramidal or basal glide with neither con-
sequence on the prismatic activity nor on the initial
macroscopic flow stress. A simulation with conditions
favoring basal glide leads to texture development in
good agreement with experiments. However, the activity
of pyramidal systems is found to be insignificant and
basal activity is too large for T3 (more than 20%), in

(b,

0™ / T

Fig. 3. Isovalues of the ratio between normal stresses at the first step of deformation: (a) "' /a™; (b) ¢7* /™, calculated as a function

pyr /. pr ba /. pr
of ©f"" /7" and /1)),
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Fig. 4. Isovalues of the slip system activities calculated for T1, T3, and T4 as a function of =}*"/7}" and 75*/7}". The dotted line shows

the possible CRSS ratios.

disagreement with Table 1. On the other hand, for
conditions favoring pyramidal slip, the {0002} pole
figure of T1 and T3 exhibit a very low intensity along
ND. This discrepancy is not observed when basal glide is
activated. Consequently, texture development and slip
system activities can be best reproduced simultaneously
only if 7§”" and 5* have approximately the same value.
Thus, even if in the present case, a complete agreement
between experimental and predicted textures is not ex-
pected since hardening is not taken into account yet, we
choose the following initial values for the CRSS:

™ =0 = 3.2, (3)

with 75" = 164 MPa to reproduce the stress level of T4.
This value for the prismatic CRSS compares well with
those obtained by other authors on other zirconium
specimens [7,23,28,44].

The complete calculated behavior (texture develop-
ment, stress—strain curves, slip system activities) of T1,
T3, and T4 specimens is shown in Fig. 5 for this set of
parameters. The textures simulated after 40% strain are
globally similar to the experimental ones, however again
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Fig. 5. Prediction obtained without hardening for t§" =" =3.27)", and 1 =164 MPa: (a) textures after 40% strain
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with a too small intensity of {0002} poles along ND for
T3. Slip system activities are approximately independent
on strain (Fig. 5(c)). T4 deforms only by prismatic glide.
For T3, the relative contribution of pyramidal slip to the
total deformation is about 20%, and that of basal slip
about 7%. The activity of secondary systems is lower for
T1 than for T3. Globally, the activities are thus consis-
tent with experiments, see Table 1, which means also
that basal slip cannot be increased much to improve the
texture development of T3. In Fig. 5(b), we see that the
three initial flow stresses are very well reproduced.
However, all stress—strain curves are surprisingly flat,
indicating that geometrical hardening is insignificant,
even for T4 where the texture development is rather
large. Therefore, the experimental hardening of the three

x random intensity); (b) comparison of simulated macroscopic behaviors (lines) with experimental data (dots);
(c) relative activity of prismatic, pyramidal, and basal slip families.

samples can be fully attributed to intracrystalline hard-
ening. The question now is to understand how intra-
crystalline hardening affects texture development. This
point is investigated in the following section.

5. Influence of intracrystalline hardening on the plastic
behavior

5.1. Intracrystalline hardening law

Very few publications deal with hardening laws for
hexagonal materials and, to our opinion, no attempt was
really satisfactorily. In [30], strain hardening is intro-
duced in a self-consistent model but in a quite simple
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and unrealistic way since only self-hardening is consid-
ered. In [9], the hardening of prismatic and (¢ + a) py-
ramidal slip is assumed to be described by a Voce type
law, but the identification of parameters on two mac-
roscopic stress—strain responses leads to an unrealisti-
cally small activation of prismatic slip (30%). In [14], a
more elaborated ‘physical based’ hardening law is con-
sidered, but the author uses a homogenization scheme
that significantly underestimates strain heterogenity
(hard grains deform almost as much as soft grains) [45],
so that the physical relevance of the identified local pa-
rameters can hardly be interpreted; for example, the
dislocation densities are found to be approximately
equal on primary and secondary systems, in disagree-
ment with TEM observations.

From the stress—strain curve of T3, it is clear that the
hardening law should be able to reproduce a decreasing
hardening rate with increasing strain for an almost
constant texture. It should also be able to reproduce the
different shapes of the macroscopic stress—strain curves
as observed experimentally. Furthermore, due to the
complex geometry of slip systems, self- and latent-
hardening should behave differently [46]. On the other
hand, for the sake of simplicity, the hardening law
should not contain a too large number of parameters to
be determined. A first attempt to use a hardening law
with a constant hardening matrix was performed, and
almost linear stress—strain curves were obtained, in dis-
agreement with experiments. Therefore, we choose the
anisotropic law proposed by Bronkhorst et al. [47],
which captures in a simple way the main hardening
features, i.e., saturation of the CRSS and anisotropy. A
similar expression was also used in [45]. The CRSS
evolution rate reads

Ty = Z:H.‘-/ ?/)7 (4)

where the components of the hardening matrix H are
given by the following expression:

) \*
H:l:HO( _l_()) Qsl (5)
Tsat
with
1 ifs=1
Qv = {Qo otherwise. ()

The term Q,; allows to account for a smoother self- (Q;)
than latent- (Qy,s # I) hardening, i, is a saturation
stress, and the coefficient H, and the exponent a describe
the average hardening rate. Therefore, apart from the
initial values of the CRSS of the three slip families, six
additional parameters (5, oy, %, a, Hy, Qy) must be
calculated by the identification process in order to
characterize the selected hardening law. It is worth

noting that the VPSC model allows the grains to deform

differently from each other and therefore a different
hardening matrix must be calculated for each grain at
each deformation increment. Consequently, the macro-
scopic hardening is generally not isotropic even when
intracrystalline hardening reduces to Taylor-type iso-
tropic hardening (a = 0, Qp = 1). It will be shown in the
next section that some results are qualitatively inde-
pendent on the particular form of this hardening law.

5.2. Effect of hardening on the plastic behavior

Results are plotted in Fig. 6. It is worth pointing out
that the identification problem has not a unique solu-
tion, i.e., several sets of parameters lead to very similar
simulated stress—strain curves, texture development, and
slip system activities. The coefficients corresponding to
the best fit are indicated in Table 2. They have been
obtained using an optimization code especially designed
to derive quantitative hardening parameters from ex-
perimental data by the way of a standard minimization
procedure. As in Section 4, parameters are identified
here on the macroscopic stress—strain curves. For T4, a
good reproduction of the experimental macroscopic
stress—strain curves is obtained. For T3, however, the
asymptotic shape of the experimental curve is not very
well described. It is not clear at present why it is so: the
polycrystalline model, the shape of the hardening law, or
the too small amount of experimental data could be
increminated. This is currently under investigation. Ac-
cording to Fig. 6(a), intracrystalline hardening has only
a small influence on texture development, and slightly
better results were obtained without hardening. Indeed,
the intensity of {0002} poles along ND is much smaller
than expected for both T1 and T3. Intracrystalline
hardening therefore does not improve texture prediction
at all. As compared to Fig. 5(c), slip system activity is
now clearly evolving with strain. It is in good agreement
with experiments for the softer sample (T4), for which
secondary systems very poorly contribute to the defor-
mation. For T3 and T1, the large number of ambigu-
ously determined slip traces (see Table 1) makes the
comparison more difficult, but experimental and simu-
lated activities are not contradictory. Therefore, intra-
crystalline hardening mainly increases the stress level by
increasing the activity of secondary systems, this without
any improvement of the predicted texture.

6. Discussion

The deformation of three samples, exhibiting almost
identical initial textures, for different orientation in the
channel die clearly highlights the large texture depen-
dent macroscopic plastic anisotropy of Zr polycrystals.
Two samples present somehow an ‘opposite’ behavior,
T4 (significant texture development, low stress level,
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Fig. 6. Predictions obtained with intracrystalline hardening for the three samples: (a) textures after 40% normal strain
(levels = 1,2,3,... x random intensity); (b) calculated normal stresses (lines) as compared to experiments (dots); (c) relative activity

of prismatic, pyramidal, and basal slip families.

Table 2
Values of the initial CRSSs and the parameters of the hardening
law®

Pr. Pyr. Ba.
79 (MPa) 164 525 525
Tt (MPa) 410 1280 1220
Hy="1TT71 Qp = 1.47 a=191
MPa

#Note that 79/t & 0.4 for each slip family.

large activity of the primary slip system) and T3 (al-
most no texture development, high stress level, signifi-
cant activity of secondary slip systems), the third
sample T1 being always intermediate. We will therefore

mainly discuss the behavior of T3 and T4. Due to the
small grain size and the texture orientation in the
channel die, twinning is almost not activated, so that it
can soundly be neglected. The experiments are inter-
preted using a VPSC model, where the CRSSs and
their subsequent evolutions with strain have been
identified to reproduce the macroscopic mechanical
responses. Globally, the flow stress levels and texture
development are well reproduced numerically, whereas
a slightly better agreement is obtained for T4. As
compared to bcc materials [17,18], intracrystalline
hardening has here very little influence on texture de-
velopment. Indeed, for the three investigated speci-
mens, prismatic glide always remains the most active
system. This is particularly true for T4 for which other
slip systems are almost not activated.
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In the initial texture of T4, grains are mainly oriented
with the (c) axis approximately parallel to TD. They are
thus mainly subjected to axial deformations perpendic-
ular to the (c) axis, which can be fully accommodated by
prismatic glide. For channel die compression and
spherical grains, the plastic rotation rate is the leading
term for texture development. It corresponds to a rota-
tion around an axis parallel to the slip plane and normal
to the Burgers vector. Consequently, the large prismatic
activity of T4 essentially leads to a reorientation of the
{1010} poles. The slight reorientation of {0002} poles
observed experimentally (Fig. 1) can thus be attributed
to second-order features such as intergranular interac-
tion, slip on secondary systems, grain shape, etc. The
situation of T3 is more complicated. One cannot de-
scribe this sample as if it would consist of a single ori-
entation with (c¢) axis parallel to ND since in that case
only pyramidal glide would be activated. Concerning the
evolution of the {0002} pole figure, pyramidal and
basal slips have opposite effects; the former reorients
{0002} poles along LD while the latter reorients them
along ND. The very small texture evolution of T3 can
therefore only be explained by a selected combination of
the activity of both slip systems.

A feature found here is that the activity of the sec-
ondary systems significantly increases with strain for
both T1 and T3. This was also obtained with other
hardening laws, so this result seems to be general and
not dependent on the particular form of Eq. (5). In fact,
it can be shown that the increasing activity of the sec-
ondary systems is directly linked to the form of the
macroscopic stress—strain curves. According to Fig. 7,
the flow stress of T4 is almost insensitive to the CRSS of
the secondary systems for CRSS ratios larger than 2. In
a first approximation, one can therefore conclude that
the flow stress of T4 is directly proportional to the CRSS
of prismatic glide only. According to Fig. 2, 7 thus

increases by a factor 1.55 between 0% and 20% strain.
More slip systems are activated in T3 than in T4 owing
to the texture which favors the secondary systems. With
a larger latent- than self-hardening, t§ for T3 should
thus increases by a factor of at least 1.55 between 0%
and 20% strain. That is, for this sample, pyramidal and
basal glides would keep a constant activity with strain
only if both " and 5 increase to a same amount as 3},
i.e., a factor 1.55. In that case, the macroscopic flow
stress of T3 would become at 20% strain as high as 1010
MPa instead of 910 MPa as observed experimentally.
Secondary slip systems thus necessarily harden less than
the primary system, relatively to their initial CRSS va-
lue. As shown in Fig. 8, the net increase Az, of the CRSS
is very similar for the prismatic, pyramidal, and basal
systems, but the ratio 7" /77" decreases with strain as
also found in [9]. That is, even with a quite larger latent-
than self-hardening (Qy = 1.47), prismatic slip remains
by far the softest slip system. Note that this feature is
directly linked to the relatively large value (~3.2) of the
ratio 0™ /<" at the beginning of the deformation. The
main effect of hardening is a redistribution of slip from
primary to secondary systems, but in a moderate way
such that its effect on texture development is not sig-
nificant. This is particularly the case for T4 for which
prismatic glide remains by far the most active system.
Concerning texture evolution in T1 and T3, a worse
agreement with experiment is obtained when hardening
is taken into account in the model, the main difference
being a too small intensity of the {0002} poles along
ND. This feature can be directly attributed to larger
increase of the pyramidal slip as compared to basal slip.
One way to avoid this effect would be to take into ac-
count tensile twinning observed (to a very small amount)
experimentally. According to Francillette [31], the
twinned parts of grains have (c) axes approximately
parallel to ND. But it is not clear at present how

T3 T4

2
1 1 1 — ;
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
0™ / o™ 0™/ T 0™/ ™

Fig. 7. Relative initial flow stresses ¢/t as a function of )" /70" and t5* /5" for T1, T3, and T4. The dotted line shows the possible

CRSS ratios.
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Fig. 8. Predicted evolution with strain of: (a) the prismatic, pyramidal, and basal CRSS for T1, T3, and T4; (b) the ratio t5"* /"

between CRSS of secondary and primary slip systems.

twinning and hardening can be treated simultaneously
as discussed before, and this problem is beyond the
scope of this work.

So far, we have verified that the distribution of dis-
location glide on the primary and secondary slip systems
is well reproduced in average for the whole polycrystal.
A more local analysis is presented in Fig. 9, which shows
the activated slip systems for each crystallographic ori-
entation and each sample, as predicted by the model and
compared to experiments. The third Euler angle ¢,
(rotation around the (c¢) axis) is not considered here
since its influence is small. It appears clearly that, for a
given lattice orientation, the activation of a particular
slip system is not only dependent on the lattice orien-
tation, but also strongly depends on the texture of the
polycrystal. This is because the interaction between each
phase with the rest of the material depends on the
overall behavior of the polycrystal. From Fig. 9, the
agreement of T4 with experiment is very good. Recall
that, for this specimen, very good results were also
found for texture development and stress—strain curve.
T4 appears thus as a sample quite ‘easy’ to reproduce
numerically, and it is so because (i) the prescribed de-
formation largely favors prismatic slip in all phases and
(ii) all phases have approximately the same lattice ori-
entation, so that the contrast (in terms of rheology)
between the phases is small. For T1 and T3, results of
Fig. 9 are globally consistent with experiments, but the
comparison is not as straightforward as for T4 because
of the large number of ambiguous cases between pris-
matic and pyramidal slip. One should also keep in mind
that the VPSC model gives only quantities (here activi-
ties) averaged over a whole phase, whereas experiments

provide informations concerning individual grains, i.e.,
concerning a small part of the phase. However, it seems
more probable from Fig. 9 that these ambiguous cases
correspond to prismatic slip in agreement with expec-
tations based on TEM observations. For T3, the result
concerning basal slip is of particular interest. Indeed, it
is found that the grains in which basal slip could have
occured (ambiguous cases) correspond effectively to
orientation where basal slip is predicted, showing that
the activation of basal slip is mostly probable.

7. Conclusion

Texture development, macroscopic mechanical re-
sponse, and activity of slip systems were studied exper-
imentally for the three samples of zirconium 702 with
different orientations of the initial texture. Two samples
can be distinguished by their ‘opposite’ behavior: T4
exhibits a large texture development, a low stress level,
and a large activity of prismatic slip, whereas T3 exhibits
almost no texture development, a high stress level, and a
significant activity of pyramidal slip. Sample T1 is in-
termediate between T3 and T4. Experiments are inter-
preted using a VPSC model. This model is believed to
capture the main feature of polycrystal plasticity, i.e.,
the orientation dependence of the activation of the dif-
ferent slip systems. Prismatic, pyramidal (¢ + a), and
basal slips were taken into account in the numerical
calculations, whereas tensile twinning could be soundly
neglected since it was found to be poorly active experi-
mentally. It is shown that geometrical hardening is in-
significant for all samples, even for T4 for which the
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Fig. 9. Relative activity of prismatic, pyramidal, and basal slips predicted with the VPSC model (isolines) as compared to experiments
for T1, T3, and T4 (dots). Open circles are used for ambiguously determined traces of slip planes and are thus plotted at least twice
(e.g., prismatic and pyramidal). ¢, and ¢ are the Euler angles of the lattice cell with respect to channel die (Bunge convention). It is
worth noting that the experimental points only indicate the occurence of an activity of a given system but does not indicate, as the
prediction does, the percentage of activity. The non-uniform repartition of experimental points reflects the textures of the samples.

texture development is rather large. The increase of the
applied stress during the deformation can thus fully be
attributed to intracrystalline hardening. The orientation
dependence of the slip system activity is found to be
strongly influenced by the texture. The relative CRSSs of
primary and secondary systems are determined accord-
ing to the three mechanical responses, using a simple
anisotropic and saturating hardening law. Globally, all
model results (texture development, slip system activi-

ties, mechanical response) are in agreement with exper-
iments. Independently on the form of the hardening law
used here, it is shown that the activity of the secondary
systems necessarily increases with strain for a proper
reproduction of the macroscopic stress—strain curves,
even with a stronger latent- than self-hardening.
However, prismatic slip remains always the dominant
deformation process. The main effect of hardening is
a redistribution of slip from primary to secondary



26 O. Castelnau et al. | Journal of Nuclear Materials 297 (2001) 14-26

systems, but in a moderate way such that it does not
affect significantly the development of textures. For
sample T4, intracrystalline hardening has really no in-
fluence on the texture, since secondary systems are al-
most inactive also at large strain. For T1 and T3, it is
shown that the increasing activity of pyramidal slip leads
to a too low intensity of {0002} poles along ND as
compared to experiments. This could be avoided only if
tensile twinning {1012}(1011) is taken into account,
but this requires further investigations concerning the
interaction between twin and slip mechanisms.
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