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Abstract

In order to study texture formation during high temperature torsion tests of Zirconium alloys, results from ex-
periments and simulations are presented and compared in this paper. Simulations put in evidence that the Viscoplastic
Selfconsistent model (VPSC), in spite of some limitations for the description of plastic deformation at high tempera-
tures, gives a reasonable description of the experimental textures. Predictions show that prismatic and basal {a) slip are
necessary to reproduce the main texture components and that pyramidal (¢ + a) slip must have a low activity. © 2001

Elsevier Science B.V. All rights reserved.

PACS: 62.20.Fe; 81.20.Hy; 81.40.Lm

1. Introduction

Torsion tests are technologically important because
they are often used at the industrial level to simulate
high temperature deformation processes (e.g., rolling,
forging, and extrusion) or to assess the hot working
properties of steels and other metallic alloys [1]. In the
case of cubic metals, many investigations concerning
texture and materials properties evolution under hot
torsion tests were performed. In particular, many
comparisons between experiments and simulations of
texture evolution during torsion can be found in the
literature. For cubic face centered materials (fcc), Van
Houtte [2] was the first to use the Taylor Model in
order to simulate and interpret both rolling and torsion
textures for a wide variety of stacking fault energies. By
adding twinning to the more classical slip mode as a
possible deformation mechanism for low stacking fault
energy materials, the so-called Copper and Brass tex-
tures were obtained. Later, Canova et al. [3] showed
that the introduction of the relaxed conditions in the
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Taylor Model, allows a better description of torsion
texture development for high strains. The effect of
temperature on the evolution of torsion textures was
also studied by various authors [4-6] for fcc metals. By
contrast, much less is known about torsion texture
development in body centered materials (bcc). In these
materials, few experimental data concerning o-Fe are
reported [7,8] and more recently texture development
during room temperature torsion tests of a Ti-Nb IF
Steel was studied experimentally as well as theoretically
[9].

Another interesting feature of torsion tests is the
phenomenon of lengthening, which can takes place in fcc
and bee polycrystalline materials, depending on the
initial texture. This phenomenon is related to axial
stresses induced during the torsion test and was first
discussed by Swift in 1947 [10]. Later on, several ex-
perimental and theoretical studies were developed to
understand the physical origin of this lengthening
[11,12]. It was thus shown that induced axial stresses are
generally compressive at low temperatures and small
strains and they drop to small compressive values (Al) or
become tensile (Cu and o-Fe) when temperature and
strain are increased. These papers also clearly showed
that there was a strong correlation between the axial
stresses and the major texture components.
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In contrast to the situation concerning cubic mate-
rials, nothing is said in the literature about torsion tests
on hexagonal closed packed materials, in spite of the
wide use of titanium and zirconium alloys in chemistry,
aeronautical and nuclear industries. These alloys are
already well known for their good mechanical proper-
ties, especially at room temperature, their excellent re-
sistance to corrosion and — in the case of Zr for nuclear
industry — their low cross-section for neutron capture.
But few studies concern the behavior of these alloys at
elevated temperatures and high strains.

Zirconium alloys present anisotropic elastic, plastic,
thermal and irradiation properties at the single crystal
level. In polycrystals, these properties are strongly af-
fected by the existence of crystallographic textures, and
this is why the knowledge of texture and of its effects on
the mechanical behavior of zirconium alloys is of tech-
nological importance. In the case of rolling processes,
the texture evolution in Zr alloys has been studied at
room and high temperature [13-15]. The experimental
data have been compared with simulations performed
using the Viscoplastic Selfconsistent model (VPSC). In
order to obtain an accurate representation of rolling
textures at different temperatures, a systematic analysis
of the active deformation modes as well their critical
resolved shear stress (CRSS) dependence with tempera-
ture was carried out. CRSS values were chosen within
the ranges reported in the literature to assure the best
agreement with experiments.

In order to extend the study of texture formation in
Zr alloys under different deformation processes, results
from experiments and simulations for torsion tests of
Zircaloy-4 samples at high temperature (7 = 750 °C) are
presented in the present paper. Similarly to previous
studies, predictions of torsion textures are performed
using the VPSC model and the activation of different
deformation modes and their effect on texture develop-
ment are also analyzed.

2. Experimental procedure

Torsion test samples were obtained from cylindrical
rods of Zry-4 (1.5% Sn, 0.21% Fe, 0.10% Cr, 0.01% O)
which were machined to a diameter of § mm and a gauge
length of 12 mm. Fixed end torsion tests (i.e., the sample
length remains constant during straining) were per-
formed for two true strains: ¢ = 0.8 and ¢ = 1.8 (with a
deformation rate of 1 s7!). The tests were carried out at
a temperature equal to 750 °C. The sense of the torsion
shear strain, which was the same for all the torsion ex-
periments, is indicated in Fig. 1; according to previous
works [6], the used convention corresponds to negative
shearing. Equivalent stress—strain curves obtained from
the torsion tests show that for equivalent strains greater
than ¢ = 0.3, the stress does not evolve with strain, in-

SD
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Fig. 1. Definition of principal reference axes for torsion tests in
rods: SPN direction, SD and RD.

dicating the presence of a steady state region. This result
indicates that the material undergoes some dynamic
recovery.

Experimental information about texture was ob-
tained by using conventional X-rays diffraction tech-
niques. Incomplete {0002}, {1010} and {1011} pole
figures were obtained using the reflection method and
texture analysis was performed using the orientation
distribution function (ODF) description given by both
Harmonic Method developed by Bunge [16] and Vector
Method developed by Vadon [17].

3. Experimental textures

Pole figures are plotted on the plane defined by the
axial direction (Z) of the rods, which is also the normal
to the shear plane in torsion experiments (SPN), and the
shear direction (SD), the radial direction (RD) of sam-
ples being perpendicular to this axis (Fig. 1). The sample
and crystal reference systems, which need to be defined
for the analysis of texture, are thus (SPN, SD, RD) and
(1010,1120,0001), respectively. Accounting for both
crystal (hexagonal) and process (centro-symmetry from
torsion) symmetries, the Euler angles (¢, ¢, ¢,), which
define the rotation from the sample reference system to
the crystal reference system, can be varied in the reduced
Euler space [0°, 180°], [0°, 90°], [0°, 60°] [16].

The stereographic projection plane (SPN-SD) can be
divided into four quadrants. Considering the sense of
rotations induced by the torsion tests as well as the used
conventions for representation, the upper right and the
lower left quadrants of the pole figures represented in
this work can be considered as extension quadrants. The
direction of greatest extension rate being initially placed
at 45° from the SPN axis is labeled with the sign (+) in
the figures. The other quadrants can be considered as
compression quadrants and the direction associated to
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Fig. 2. Experimental pole figures (0002) and (1010) for the initial state of the Zircaloy-4 rod.
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Fig. 3. Experimental pole figures (0002) and (1010) after a high temperature torsion test (750 °C) for an effective deformation ¢ = 0.8.

the greatest compression rate is labeled with the sign (-)
(Fig. 1) [18].

Figs. 2-4 show the {0002} and {1010} pole figures
corresponding to the textures measured on the initial
state and after torsion tests performed at the two strains
of ¢=0.8 and ¢ = 1.8. The associated ODFs are pre-
sented in Figs. 5-7. Figures are plotted using lines of
isodensity 1.

In the case of the initial sample, the main texture
component is a fiber texture around the axial axis, which
is parallel to a (1010) direction and a more or less
uniform distribution of {0002} poles in the (RD, SD)
plane. This {1010} (uvtw) ' fiber is described by the

! For torsion, {hkil} represent the Miller indices of the shear
plane normal and (uvtw) those of the SD.

Euler angles (0°, ¢, 0°) (or equivalently (0°, ¢, 60°)) and
the maximum intensity is found for (0°,90°,0°), which
corresponds to the orientation (0001). A minor com-
ponent {1120}(1010) is also visible on the pole figures,
which corresponds to the Euler angles (0°,0°,0°) (the
radial direction is then parallel to the (c) axis).

The {0002} and {1010} pole figures for the de-
formed samples show that the main texture component
is also an approximate fiber whose axis is still located in
the (SD, SPN) plane. It rotates roughly from the axial
direction towards the (+) direction with increasing strain
(i.e., the rotation is in the sense of shear, as expected [6]).
For a true strain of ¢ = 0.8, the distribution of (c¢) axes
presents two reinforcements located at ~30°-40° from
the radial direction (Fig. 3(a)). For the strain of ¢ = 1.8,
the principal reinforcement is clearly around the radial
direction (Fig. 4(a)).
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Fig. 4. Experimental pole figures (0002) and (1010) after a high temperature torsion test for an effective deformation & = 1.8.

The analysis of the ODF indicates that this rotated
fiber can be described by the following triplets of Euler
angles: (30°, ¢, 20°) for the strain of 0.8 and (60°, ¢, 0°)
for the strain of 1.8. For these two cases, some rein-
forcements are found along the fibers at (30°, 30°, 20°)
and (60°, 0°, 0°), respectively. By using the equivalent
description of orientations, it can thus be concluded that
the initial fiber component developed during rolling
transforms during torsion as follows:

(0°4,60°) at e =0 = (30°,¢,20°) at ¢ = 0.8
= (60°¢,0°) at ¢ = 1.8.

On the {0002} pole figure, ¢, corresponds to the angle
between the SPN axis and the axis of the fiber, whereas
¢ defines the angle between the radial direction and the
(c) axis of a given orientation. During negative torsion,
it is well known that an overall anti-clockwise rotation
of textures is usually observed [6], associated in this case
with an increase of ¢;. At the same time, the rein-
forcements of the {(c) axes along the rotating fiber go
from an outside position (¢ = 90°) at zero strain to-
wards a central one (¢ = 0°) at the maximum strain.

It is finally of interest to note that the overall rotation
measured at ¢ = 1.8(¢, = 60°) corresponds exactly to
the orientation of the so-called rotationless frame used in
continuum mechanics [19]. This frame rotates with the
principal axes of strain and its final position is equal to
tg~!(y/2) = 57.3°. Moreover, it has been shown that this
frame was close to the one in which the loss of ortho-
tropy is minimized [20]. It is somewhat surprising that
these observations are made for various temperatures as
well, i.e., both at room [20] and high temperature (pre-
sent work). This would then tends to indicate that the
rotation rate (i.e., the rate of evolution of texture) is not
so much affected by the test temperature.

There remains now to interpret the observed texture
evolution, and in particular to deduce from a compari-
son with predicted textures, the influence of the tem-
perature of the test. This is the aim of the following
section.

4. Torsion texture predictions
4.1. Details of the calculation

Torsion texture evolution was predicted using the
well-known 1-site VPSC model [21]. This model allows
each grain to deform differently, depending on the
strength of the interaction between the grain and its
surroundings. A viscoplastic constitutive equation is
assumed for the grain (associated to a single crystal):

where ¢ and ¢ are the local strain rate and deviatoric
stress, respectively, s identifies the active deformation
systems, m* is the Schmid tensor, 75 is the CRSS of each
system, 7 is the inverse of the rate sensitivity and y, is a
scaling factor. Micro and macro magnitudes are related
through the interaction equation:

mio
S
TC

i—E=—-M(o-2), )

where M is the interaction tensor that must be calculated
in a selfconsistent way.

It was pointed out before that possible dynamic
recovery effects are observed during torsion tests. As it
is well known, dynamic recovery allows dislocations,
which glide on a given slip plane, to climb from pile-
ups and to resume gliding on the same slip system as
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Fig. 5. ODF for the Zircaloy-4 rod at the initial state.

previously. This phenomenon, which is thermally ac-
tivated, facilitates the accommodation of plastic de-
formation in grains. In order to approximately account
for this fact, a viscoplastic coefficient value of n =7
was used in the single crystal constitutive equation
(Eq. (1)). This value is lower than the coefficient used
in room temperature simulations of texture develop-
ment in hcp materials (typically » = 19) and it implies

a higher strain rate sensitivity for plasticity in grains
[22].

The effect of the possible deformation modes on
torsion texture development was analyzed in order to
understand their effects on final textures. This was done
by predictions of torsion textures using each deforma-
tion mode separately (¢ = 0.8). The initial texture cor-
responds to a random distribution of orientations and
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Fig. 6. ODF after a high temperature torsion test (¢ = 0.8).

the results are presented in Fig. 8, in the form of (0002)
pole figures. Pole densities are plotted using lines of
isodensity 1 and dots correspond to regions presenting
values lower than 1.

Fig. 8(a) shows the effect of prismatic slip. This
deformation mode generates a distribution of (0002)
poles presenting an approximate fiber distribution
around the direction of greatest contraction. Pole

densities present a maximum value around the radial
direction. Basal slip (Fig. 8(b)) produce a well-defined
maximum on the (0002) pole density distribution
placed over the stereographic circle at the greatest
contraction direction. For high deformations, these
pole reinforcements rotate and a strong concentration
of (c¢) axes around SPN can be observed. The reori-
entation introduced by the activity of the pyramidal
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Fig. 7. ODF after a high temperature torsion test (¢ = 1.8).

(¢ +a) slip is completely different. In this case, basal
poles are distributed around the direction of greatest
extension (Fig. 8(c)). When the pyramidal (a) slip is the
active deformation mode, no significant differences
compared to basal slip results can be observed (Fig.
3(d)).

The comparison of these results with the experi-
mental pole figures allows us to choose the best combi-

nation of deformation modes and their CRSS to
reproduce the experimental textures. In our case, pris-
matic and basal slip must be the most active deforma-
tion modes. On the other hand, pyramidal (c + a) slip
must present a low activity mode and pyramidal {(a) slip
does not seem to introduce any significant change in the
pole figures. The selected CRSS values are thus listed in
Table 1.
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Fig. 8. Predicted (000 2) pole figures considering as deformation modes: (a) prismatic (a) slip, (b) basal (a) slip, (c) pyramidal (¢ + a)

slip, (d) pyramidal (a) slip.

Table 1
Slip modes and associated CRSS values (in units of ) for
torsion texture predictions

Slip mode CRSS

Prismatic {(a) or {1010}(1210) Tor = 1.0
Basal (a) or (0001) (1210) Thas = 4.0
Pyramidal {(a) or {1011}(1210) Tpyr(a) = 2.0

Pyramidal (c +a) or {1011}(1123)  Tpyrerq) = 8.0

4.2. Texture predictions and discussion

The predictions, which are shown below, are per-
formed with a set of initially random orientations, since
they were found to be very close to the ones obtained
with the measured initial texture. This result could in-
dicate that, like in rolling, the effect of the initial texture
is erased at high strains.

For a strain equal to 0.8, it can be observed that the
predicted (0002) pole figure reproduces the approxi-

mate experimental fiber having its axis around the (+)
direction (Fig. 9(a)). But, instead of having a single re-
inforcement (plus symmetrical) along the line of the (c)
axes located at 30° from RD, we see three maximums at
0°, 20° and 90° from RD. The main orientation is clearly
the orientation (30°, 90°, 20°), as seen from the {1010}
pole figure (Fig. 9(b)).

When deformation increases (¢ = 1.8, Fig. 10(a)), the
central reinforcement of (000 2) pole figure is correctly
predicted. But a second reinforcement is also clearly
visible at around 50° from RD (compared to the previ-
ous figure, the maximum located at the periphery of the
{0002} pole figure has been shifted towards the center).

Predicted {1010} pole figures look qualitatively
similar for both strains (Figs. 9(b) and 10(b)). As in the
experimental pole figures, a reinforcement of pole den-
sities around the (+) direction can be observed. Two
other reinforcements are also predicted (one in the axial
direction and the other at 30° from this direction), which
are associated with the orientation having a (c) axis
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(1010)

Fig. 9. Predicted (0002) and (1010) pole figures after a high temperature torsion deformation & = 0.8. Active slip modes: prismatic

and basal (@) and pyramidal (c + a).

SD

(0002)

SPN

Fig. 10. Predicted (0002) and (1010) pole figures for a torsion effective deformation ¢ = 1.8. Active slip modes: prismatic and basal

(a) and pyramidal (¢ + a).

along RD. No other combination of CRSS values could
be found to give a better agreement with experimental
textures.

Table 2 presents the relative activity of the different
deformation modes for the initial deformation stage

Table 2
Calculated relative activities
Activity
& pr{a) (%) b(a) (%) pyr{c +a) (%)
0.02 83 17 0
0.8 80 17 3
1.8 84 14 2

(¢ =0.02), for e=0.8 and ¢ =1.8. As in the case of
rolling textures simulations, the VPSC model favors the
activation of prismatic and basal slip. A low activity of
pyramidal {(c + a) slip (lower than 5% of the total) can
also be observed. At low and moderate strains (¢ = 0.02
and ¢ = 0.8), variations in the activities of the defor-
mation modes are not significant, being prismatic slip
the main deformation mode. The equivalent Von Mises
stress—strain curve corresponding to the material is
presented in Fig. 11. It puts in evidence the effects of
textural hardening. It can be observed that this effect is
not significant (around 5% of the stress mean value). For
large deformations, stress values can be considered as
constant (or even to go down smoothly). This fact is of



338 P. Sanchez et al. | Journal of Nuclear Materials 298 (2001) 329-339

...oou”oou..

o

.."......'0' 00000004 9°%%0 oot
o

6 0

€q

ol 1 1 1 1 1 1 1 )
0,00 025 050 0,75 100 125 150 175 2,00

& q

Fig. 11. Simulated equivalent strain—stress curve for the torsion
test.

course associated with the relative texture stability with
deformation.

The possible effect of the pyramidal (a) slip on tex-
ture generation was also studied. Simulations were thus
performed by still considerably lowering the value of the
CRSS for these slip systems (i.e., from 4 to 2). The ob-
tained results indicate that there are no significant dif-
ferences with predicted textures obtained considering
only prismatic {(a), basal (@) and pyramidal {(c + a) slip
as deformation modes. Then, we believe that the addi-
tion of the pyramidal {a) slip is not justified in terms of
the texture description.

5. Conclusions

Texture analysis using experimental X-rays pole fig-
ures and the further calculation of the Orientation Dis-
tribution Function allow us to obtain a good description
of texture components and their evolution during high
temperature torsion tests in Zr.

Comparison between experimental and predicted
textures put in evidence that the VPSC model can re-
produce part of the experimental features only. In par-
ticular, the model does not allow us to get in the present
case the same precision as the one obtained for the
simulation of the room temperature rolling textures in
hep materials or of the torsion textures in cubic mate-
rials. This could be due to the incompatibility of the
model to take into account, in its present version, the
possible effects of dynamic recovery (i.e., thermal acti-
vation of cross-slip and climb mechanisms as well as the
formation of polygonized grains), as usually visible at
high temperature.

Basal (¢) and prismatic (a) slip modes are necessary
to reproduce the two main (000 2) poles density maxima
located around radial direction and along the greatest

compression direction. When torsion deformation in-
creases (¢ = 1.8) the effect of (a) basal slip allows a ro-
tation of the (c) axes towards the axial direction. Then,
we believe that (a) basal slip activity might decrease with
deformation compared to (a) prismatic slip activity. On
the other hand, the activity of pyramidal (¢ + a) slip
must remain quite low in order to prevent the develop-
ment of any texture component along the direction of
greatest extension.

A more detailed study, considering results of detailed
microstructural analyses of the torsion tests, including in
situ studies using EBSD techniques in a SEM, could give
us more detailed information about the existence of
dynamic recovery and the activation of deformation
modes in grains during process.
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