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Abstract

In this work we compare measurements and numerical predictions of texture development along a forming
sequence of Zircaloy-4 tubes. Simulations were carried out using a viscoplastic self-consistent (VPSC) formulation in
order to account for the effect of the high intrinsic plastic anisotropy of hcp crystals. Using a set of active slip and
twinning systems with associated critical resolved shear stresses — selected in agreement with previously reported
experimental evidence — we were able to reproduce the main features of the rolling textures along the complete
sequence. Finally, we discuss the effect of different initial parameters (Q-factor, the area-reduction factor, initial

texture) on the final texture of the tube.

1. Introduction

Zirconium alloys are widely used in the nuclear
industry for different applications. Due to the hcp
structure of low alloyed Zirconium, single crystals are
usually highly anisotropic and, as a consequence, the
in-reactor performance of Zr-alloy polycrystal reactor
components and their relevant properties (such as
thermal expansion, irradiation creep and growth, hy-
dride orientation, etc.), are strongly affected by the
final texture of the specimen.

In this work, we are concerned with the manufac-
turing process of Zircaloy-4 cladding tubes, which are
used in various types of reactors. Starting from an
intermediate product: an extruded, reduced and recrys-
tallized (TREX 2) tube, this process consists of a se-
quence of rolling passes. After each pass, tube is heat-
treated at a certain annealing temperature, which is
sufficient to induce recrystallization, except for the last
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heat treatment which is done just for stress relieving.
Both rolling and recrystallization processes have asso-
ciated texture changes. Therefore, the final texture of
the cladding tube depends on the subsequent mechani-
cal and thermal treatments. This final texture must
fulfill certain conditions, i.e.: a high radial texture
factor (F,) improves the fracture ductility of the
cladding tube.

During each rolling step, three relevant features
affect the texture evolution of a tube: (a) the initial
texture, (b) the area reduction and the applied strain
path. While the former is determined by the previous
thermomechanical treatments, the latter depends on
the characteristics and configuration of the rolling tools.

The area-reduction factor (R,) for each rolling step
are defined as

a
Ry = —— X100, (1)

where A and a are cross-sectional area of the tube
before and after the rolling step.

Different applied strain path determine different
relative changes in the diameter and wall thickness of
the tube. The relationship between the relative varia-
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tions of the wall thickness and the tube external diame-
ter is known as strain-ratio factor or Q-factor.

_(E-e)/E

C=-a)/p’ @

where E, D and e, d are the thickness and the exter-
nal diameter before and after the rolling step, respec-
tively.

Different area-reduction and Q-factors [1] give dif-
ferent deformation textures after a given rolling step.
Thus, changes in these factors along the manufacturing
process can lead to different textures of the final
product. However, the complete set of area-reduction
factors and Q-factors cannot be arbitrarily chosen since
the rolling sequence must fulfill precise requirements
for the final dimensions of the tube.

Complex polycrystal models for numerical predic-
tion of deformation processes have undergone an im-
portant development during the last years. In this work
we show how these models can be used in relation with
technological requirements from the nuclear industry,
to obtain well-defined final textures for cladding tubes.
Realistic simulations of deformation texture develop-
ment of anisotropic materials, such as Zr alloys, can be
done using the viscoplastic self-consistent model
(VPSC) [2]. The VPSC model, used in combination
with a volume fraction transfer scheme (VFT) [3] to
deal with twinning reorientation, has been recently
applied to calculations of texture development of Zr
alloys at different temperatures and under different
strain states [2,4,5].

After describing the experimental and modelling
details in Section 2 and 3, respectively, we will com-
pare rolling textures at different stages of the manufac-
turing process and the corresponding predictions, cal-
culated with the VPSC + VFT model (Section 4). In
this way, we will show the influence of the initial
texture and the area-reduction and Q-factors on the
final texture and, moreover, we will be able to charac-
terize the deformation mechanisms acting at micro-
scopic level during the rolling process. Finally, in Sec-
tion 5, we will link the evolution of the radial texture
factor of the tube with the initial texture and the
applied strain, and identify the more efficient Q-fac-
tors in relation with the desired final properties of the
tube.

2. Experimental

Crystallographic textures were measured by X-ray
diffraction after each rolling step and each heat treat-
ment for a rolling sequence of Zircaloy-4 cladding
tubes. The manufacturing route, starting from a TREX
tube, is schematically represented in Fig. 1. Labels L1

TREX]
1st. RS — J Ist. HT

— LR
2nd. RS —| 2nd. HT

l

L2 —[

3rd. RS —=| 3rd. HT

3] —-[3F]

4th, RS ——— | 4th. HT

@ —0MK

Fig. 1. Schematic representation of a 4-passes rolling se-
quences of Zircaloy-4 tubes (RS: rolling step, HT: heat treat-
ment).

to L4 correspond to as-rolled samples, while labels
LIR to AR are assigned to as-annealed samples. The
Q and the area-reduction factors for each pass in the
rolling sequence are reported in Table 1.

Complete (0002) and (1010) pole figures were ob-
tained by X-ray diffraction, using Cu Ka radiation.
The reflection-transmission technique was employed
for the determination of the complete pole figures.
The reflection method was used for samples inclina-
tions between 0 and 70° while the transmission method
was used between 60 and 90°. The intensities in the
overlapping region were treated using Pernot’s method
[6]. Background corrections, defocalization corrections
for reflection measurements and absorption correc-
tions for transmission measurements were applied to
diffracted intensities.

Table 1

Q-factor, area reduction factor (R,), Von Mises equivalent
strain (e.,) and applied strain-rate (E) for each step in the
rolling sequence of Zircaloy-4 tubes

Step Q R, €eq E

L1 18 70% 125 1.0 0.0 0.0
0.0 -033 0.0
0.0 0.0 -0.67

L2 1.7 68% 107 10 0.0 0.0
0.0 -0.28 0.0
0.0 0.0 -0.72

L3 15 65% 1.02 1.0 0.0 0.0
0.0 -0.36 0.0
0.0 0.0 —-0.64

L4 55 53% 075 1.0 0.0 0.0
0.0 -0.11 0.0
0.0 0.0 ~-0.89
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Samples were prepared as follows: (1) machining of
the exterior and interior tube walls up to 0.2 mm
width; (2) thinning by chemical attack up to 0.05 mm
for reflection samples and 0.01 mm for transmission
samples; (3) elastic bending, to obtain a flat surface.

3. Modelling

Zr alloys exhibit high plastic anisotropy and non-
negligible twinning activity at low temperature. There-
fore, a model for texture development calculation of
these kind of materials must take into account the
strong directionality of the single crystal properties and
the effect of twinning reorientation. A code based on
the VPSC formulation and the VFT scheme has shown
to be a suitable numerical tool for these purposes.
Within the VPSC model each grain is regarded as a
viscoplastic inclusion deforming inside a fully
anisotropic homogeneous equivalent medium (HEM)
whose properties are found as an average over the
whole polycrystal (v.g.: the VPSC is a one-site ap-
proach). On the other hand, VFT is an Eulerian scheme
that allows to keep track of the exact twinned volume
fractions by using invariant orientations during the
calculation and updating the associated volume frac-
tions. The VPSC + VFT model accounts for grain re-
orientation takes place through crystallographic slip,
twinning activity, and grain shape effects coupled with
the non-homogeneous character of the deformation.
Complete descriptions of VPSC and VFT can be found
in Refs. [2] and [3], respectively.

Essentially, a texture development calculation con-
sists of successive plastic strain increments imposed to
a polycrystal having a given initial texture. In what
follows, the experimental textures measured after each
heat treatment are used as input for the simulation of
the subsequent rolling step (i.e.. TREX is taken as
input texture for the simulation of pass L1, L1R for L2,
etc.). In fact processing the original experimental data,
we built a set of orientations with associated weight
factors. For this discrete set of orientations, the radial
texture factor can be calculated as

F,=) cos’ 0] X w,, 3)
g

where g runs over the complete set of grains, w, is the
weight factor associated with grain g (Zgwg =1)and 0y
is the angle between the direction of the basal pole of
grain g and the radial direction of the tube. Similar
expressions can be written for the tangential and the
axial texture factors.

Imposing a macroscopic (homogeneous) strain-rate
E, the plastic response and the corresponding grain
reorientation are calculated along a given time step At
in such a way that the resulting Von Mises equivalent

strain after that time step is about 0.01. Successive
time steps are imposed until the final equivalent strain
is reached.

In the most general case of tube rolling the imposed
E adopts the form

1 0 0
E=|0 —¢& 0 | (4)
0 0 —é

where the tube axis parallel to x,, the hoop direction is
parallel to x, and the tube radius is along x;. In Eq.
(1) is 0<é,, €5<1, and since E must be traceless,
then (é,+¢é;)=1. The applied strain-rate, together
with the Von Mises equivalent strain (e,,) are shown in
Table 1 for each rolling pass in the tube forming
sequence.

Within the VPSC formulation, the description of
the local plastic behavior (i.e., at grain level) depends
on the selection of the active deformation modes and
their associated critical resolved shear stresses (CRSS).
This selection, for the case cold-rolled Zr alloys, has
been widely discussed in previous works [2-4]. As a
matter of fact, this selection is not unique: it depends
on the alloying, the microstructure and the accumu-
lated strain, among other factors. The experimental
evidence shows that {1010}1210) prismatic {a) slip
(pria)) is the softest and, therefore, the most active
deformation mode [7-10]. However, the accommoda-
tion of strain along the crystallographic (c¢)-axis re-
quires the activation of harder modes such as
{1012)€1011) tensile twinning (ttw) [7-10], {2112}€2113)
compressive twinning (ctw) [7-10] or {1011}{1123) pyra-
midal {c+a) slip (pyr{c +a))[11,12].

Lebensohn and Tomé [4] have shown that a good
qualitatively agreement with the experimental textures
and deformations systems activity [7-15] for cold-rolled
Zr alloys can be obtained selecting pr{a), ttw, and
either ctw or pyr{c +a) as active deformation modes,
with their relative CRSSs satisfying the relation .,
< Ty < Terw O Tpyrecaqy- We Will show that in the case
of the aforementioned tubing sequence, there is a good
agreement with several aspects of the measured tex-
tures and the VPSC simulations carried out with 7,
=10, 7, =15 and 7.4, =40 (arbitrary units).
Moreover, since a homotetic hardening law is assumed,
the relative critical stresses are not changed during the
calculation.

4, Results

In what follows, we present the comparison be-
tween measured and calculated (0002) and {1010} poles
figures (PF) for each of the rolling steps listed in Table
1. At the top of each figure, we display the PF mea-
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L1 — EXP

(b)

TO

TREX

L1 = EXP L1

Fig. 2. Experimental (EXP) and simulated (SIM) textures after the first rolling step (from_ TREX to L1). Lines are multiples of
random distribution (mrd). Dots indicate intensity lower than 1 mrd. (a) (0002) and (b) {1010} poles figures.

sured after each heat treatment, v.g.. TREX, LI1R,
I2R and L3R. These annealing textures are used as
initial input texture for the simulation of each rolling
pass. At the bottom, we show the PFs of both experi-
mental (labeled EXP) and simulated (labeled SIM)
rolling textures. Lines represent multiple of random
distribution (mrd) and dots are plotted for regions
where the calculated intensity remains below 1 mrd.
Fig. 2 shows the basal and prismatic PFs corre-
sponding to the first rolling step. The initial TREX
texture has a basal maximum in radial direction
(RD)-tangential direction (TD) plane, tilted 55° from
RD to TD while prismatic poles show a large spread,
being close to an uniform distribution. After rolling
with a low Q-factor, the measured basal PF (Fig. 2a)
remains almost unchanged while the predicted texture
shows a reinforcement in the main texture component,
which is not present in the measured L1 texture. Con-
cerning prismatic poles after L1 rolling step (Fig. 2b), a
good agreement between measured and predicted PFs
is observed. During the rolling process, prismatic poles
are reorientated towards the agial direction (AD).
Both effects described earlier, can be explained in
terms of a high pr{a) slip activity. Table 2 shows the
relative activity of the deformation modes correspond-
ing to the simulation of rolling step L1. Evidently,
pr{a) is the dominant mode throughout the calcula-
tion. This high pr{a) activity implies a low (but not
null) reorientation rate of basal poles. In fact, when a
grain deforms by pr{a) slip, the {c)-axis reorientation
takes place only due to a local rotation associated with
the evolution of the grain shape and the non-uniform
character of the deformation [2]. On the other hand,
pr{a) slip implies a high reorientation rate of pris-

matic poles provided crystal rotation due to pr{a) slip
are just simple rotations around the crystallographic
{¢)-axis.

Fig. 3 shows PFs corresponding to the second rolling
step L2, starting from the recrystallized sample L1R.
Differences between L1 and LIR textures, can be
ascribed to recrystallization effects, namely: (1) the
basal maximum in RD-TD plane rotates about 20°
towards RD, (2) the hexagonal prism rotates about 30°
around its {c) axis and, consequently, the prismatic
maximum moves out from AD. Same textures changes
due to recrystallization have been reported by Tenck-
hoff and Rittenhouse in Zircaloy-2 tubes [16]. Unlike
the first rolling step, substantial changes in basal PF
appear after the pass L2. Basal maxima are formed in
RD-TD plane, tilted about 30° from RD but also in
RD-AD plane, at 15° from RD. The latter maximum in
RD-AD plane has also been reported by other authors
[17]. Both maxima are present in the calculated texture
but the predicted tilt angle from RD towards AD of
the maximum in the RD-AD plane is higher than the
actual one. Since the Q-factor for L2 is not very
different from the one for LI, it is evident that the
difference between both final textures are due to dif-

Table 2
Calculated relative activity of deformation modes for rolling
step L1

g% Relative activity
pr{a) ttw pyr{c +a)
0.01 93.7% 6.3% 0.0%
0.63 99.6% 0.4% 0.0%
1.25 96.7% 0.2% 3.1%
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L2 - EXP

(b)

Fig. 3. Experimental (EXP) and simulated (SIM) textures after the second rolling step (frgm L1R to L2). Lines are multiples of
random distribution (mrd). Dots indicate intensity lower than 1 mrd. (a) (0002) and (b) {1010} poles figures.

ferences in the respective initial textures. The fact that
the LiR tube has a radial texture factor higher than
the TREX tube induces a higher activity of the sec-
ondary pyr{c + a), specially during the second half of
the rolling process (see Table 3), leading to a higher
reorientation rate of basal poles. Finally, prismatic
PF’s after this second rolling step (Fig. 3b) are very
similar to the ones corresponding to L1: a high concen-
tration in AD due to a still dominant pr{a) slip.

L3 —= SIM
Fig. 4. Experimental (EXP) and simulated (SIM) textures after the third rolling step (from L2R to L3). Lines are multiples of
random distribution (mrd). Dots indicate intensity lower than 1 mrd. (a) (0002) and (b) {1010} poles figures.

L3 — EXP

Table 3
Calculated relative activity of deformation modes for rolling
step L2

g% Relative activity
pr{a) ttw pyr{c + a)
0.01 93.3% 6.7% 0.0%
0.53 99.5% 0.5% 0.0%
1.07 85.9% 4.7% 9.4%

L3 - EXP
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Table 4
Calculated relative activity of deformation modes for rolling
step L3

Table 5
Calculated relative activity of deformation modes for rolling
step L4

g% Relative activity g% Relative activity

pria) ttw pyr{c +a) pr{a) ttw pyr{c+ a)
0.01 93.9% 6.1% 0.0% 0.01 91.9% 8.0% 0.1%
0.51 97.7% 0.7% 1.6% 0.37 74.0% 2.9% 23.1%
1.02 78.8% 1.4% 19.8% 0.75 70.6% 2.7% 26.7%

Fig. 4 shows the results for the third rolling step:
from L2R to L3. The recrystallized tube L2R exhibits a
basal maximum in RD. The formation of this maximum
can be explained in terms of the reorientation towards
RD of the RD-TD and RD-AD maxima appearing in
the previous as-rolled tube L2. Texture evolution dur-
ing this third rolling step is very similar to that corre-
sponding to the former L2 step, namely: two basal
maxima in RD-TD, together with a prismatic maxi-
mum in AD, appear after rolling. Once again, those
maxima are predicted by the VPSC model but the tilt
angle of the RD-AD maximum is higher than the
measured one. Moreover, the intensity of the basal
maximum in the RD-TD is higher in the predicted
than in the measured texture. The relative activities for
steps L2 and L3 (Table 4) are also similar but in the
latter case, a well-defined inial radial texture is respon-
sible of an even higher activity of pyr{c + a) slip.

Unlike the former cases, the last rolling step — from
L3R to L4, Fig. 5 - is characterized by a high Q-factor.
On the other hand, the initial texture L3R is similar to
L2R for the same aforementioned reasons: Basal max-
ima in L3 are tilted towards RD during the recrystal-
lization process. Therefore, differences between L3
and L[4 textures are mainly due to different applied
strain paths. The actual L4 basal PF (Fig. 5a) is almost

AD

(a)

3%F ™

L3R

L4 - SIM
Fig. 5. Experimental (EXP) and simulated (SIM) textures after the fourth rolling step (fr_qm L3R to L4). Lines are multiples of
random distribution (mrd). Dots indicate intensity lower than 1 mrd. () (0002) and (b) {1010} poles figures.

L4 — EXP

axisymmetric with respect to RD: the maximum is
distributed along a ‘fiber’ that surrounds the RD and
that cuts the RD-TD plane at 30° and the RD-AD
plane at 15° from RD. This effect is only partially
reproduced by the calculations. The theoretical results
show well-defined maxima appearing in RD-TD and
RD-AD planes while the predicted intensity inside the
‘fiber’ is appreciably lower outside these planes. The
effect of a high Q-factor on prismatic poles can be
seen in Fig. 5b. The intensity of the prismatic maxi-
mum in AD is lower than the intensity for the former
rolling steps and a good agreement between experi-
mental and predicted PFs is obtained. The relative
activity table (Table 5) shows that pyr{c + a) activity is
the highest among the four rolling steps considered
here.

5. Discussion

We have found an acceptable agreement between
several aspects of the actual sequence of rolling tex-
tures and the corresponding predictions. The VPSC
modelling has proven to be suitable to predict - at
least, qualitatively ~ the effect of the different input

[
L4 — EXP L4 = SIM
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parameters (v.g. initial texture, area reduction, applied
strain-path) on the final texture of the rolled tube.

We have also found some discrepancies between
the measured and the predicted textures. This differ-
ence may be due to some intrinsic limitations of our
modelling, i.e., the assumptions of homogeneous
macroscopic strain or non correlation between the
plastic behavior of a twin and its parent grain. Macro-
scopic heterogeneities can be taken into account per-
forming a finite elements calculation. In this case, the
VPSC could be used for describing the plastic behavior
and the texture development of each element. On the
other hand, the actual correlation between the plastic
behavior of a twin and the parent grain can be taken
into account switching from the present one-site model
to a two-site approach [18].

Concerning the active deformation modes, their as-
sociated CRSSs, and their relative activities, we are
aware that they most probably vary during the forming
process. Nevertheless, the reasonable agreement with
the experimental evidence seems to indicate that the
values used here are qualitatively correct. It is worth
noting at this point the flexibility of the VPSC scheme,
which permits to accommodate most of the deforma-
tion in the grains by means of the easier prism slip.

Modelling deformation processes of materials can
be used to improve the final product performance.
Specifically, the prediction of texture development is
useful for the design of new manufacturing routes. An
appropriate use of them can diminish the number of
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Fig. 6. Predicted final radial texture factor (F?) as a function

of the initial radial texture factor (F}) for different values of
the Q-factor and a for given area-reduction factor (R, = 65%).

expensive in-plant experiments. Fig. 6 displays the de-
pendence of the final radial texture factor with the
initial radial texture factor after a single rolling pass

0.30+
0.25+ ‘
Fl=0.53
0.20 -t
0 20 40 60 80

Rq [%]

Fig. 7. Predicted final radial texture factor (F!) as a function of the area-reduction factor (R,) for different values of the Q-factor

and for a given initial radial texture factor.
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for a fixed area-reduction factor (R, = 65%). The cal-
culations were done for different Q-factors using the
VPSC model and the same set of deformation modes
and CRSSs described in Section 4. Several initial tex-
tures were considered, having their basal maximum in
RD-TD plane at different tilt angles from RD towards
TD (hence, for lower tilt angles, higher radial textures
factors). Regarding the curves, we can conclude that:
(1) For Q-factors equal or higher than 1, the predicted
final F, is always higher than the initial F,, irrespective
of the initial texture or the applied strain path, which
indicates a tendency of the {c)-axis to align with the
compressive direction. (2) On the other hand, for a
Q-factor lower than 1 the predicted F, decreases after
the rolling pass, except for the case of having a high
initial F, (> 0.50). (3) Rolling with high QO-factor gives
higher final F, when the initial F, is lower than 0.40
approximately. (4) When the initial F, is higher than
0.40 and for this area-reduction factor, the final F, is
only marginally larger independently of Q-factor im-
posed, and there is not a clear relation between the
Q-factor and the final F,.

Finally, Fig. 7 displays the predicted final radial
texture factor as a function of the area reduction factor
for different Q-factors. Two fixed initial textures hav-
ing different F,s (ie, F'=041 and Fi=0.53) are
adopted as input textures. Curves in Fig. 7a show that
for different area-reduction factors, higher values of
the Q-factor make for the obtainment of higher final
Fs, although the difference between cases Q@ =2 and
Q =5 are less evident for large values of area-reduc-
tion factor. Moreover, it is worth noting that for Q = 0.5
very low F, values are obtained when rolling up to a
high area-reduction factor. In the case of a higher
initial F, (Fig. 7b) it is interesting to analyze the
appearance of a relative maximum in each curve for
Q-factors equal or higher than 1. For increasing values
of Q-factors, this maximum occurs at smaller values of
area-reduction factor, while its height increases. This
theoretical result seems to indicate that a final rolling
pass with a high Q-factor and a relatively low area-re-
duction factor can provide a high radial texture factor,
in order to improve the fracture ductility of the cladding
tube.
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