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Abstract—Hot extrusion of Zircaloy-4 tubes usually starts fromβ-quenched microstructures and induces
strong textures. Individual crystallographic orientations were investigated by transmission electron
microscopy using the electron backscatter pattern (EBSP) technique as well as Kikuchi patterns. Basal poles
were found close to the tangential direction of the tubes in regions exhibiting fine and homogeneously distrib-
uted precipitates (FHDPs). In contrast, regions with large and isolated precipitates (LIPs) had more variable
orientations. Laboratory plane strain compression tests were performed and the induced textures were com-
pared with numerical simulations using a polycrystalline viscoplastic self-consistent model. Theβ-quenched
material was modeled as a mixture of LIP and FHDP regions, each having a different set of slip system
hardnesses, with a volume fraction depending on the previous thermal history. The model was subsequently
applied to predict the texture evolution during extrusion with metadynamic recrystallization taking place
thereafter. The calculation suggests that recrystallization modifies the orientation of those grains where
kc + al crystallographic slip has been significantly activated during deformation. 2000 Acta Metallurgica
Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION

Zircaloy-2 and Zircaloy-4 products have found a
large range of applications in the nuclear industry,
owing to their low probability of neutron capture and
their resistance to high-temperature corrosion. In the
sequence of forming processes leading to planar or
tubular products, particular attention is usually paid
to the induced crystallographic textures, as they dic-
tate the extent of mechanical anisotropy of the final
product. Indeed, Zircaloys are made primarily of zir-
conium (see Table 1) whose hexagonal symmetry
[hexagonal close-packed (hcp)] lattice exhibits both

Table 1. Chemical compositions of Zircaloy-2 and Zircaloy-4 (wt%). The balance zirconium content is about 98 wt%

Sn O Fe Cr Ni

Zircaloy-4 1.5 0.11 0.21 0.12 , 0.005
Zircaloy-2 1.5 0.11 0.13 0.12 0.05

* To whom correspondence should be addressed.

1359-6454/00/$20.00 2000 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.
PII: S1359-6454(00 )00179-8

elastic and plastic anisotropy [1, 2]. The plastic ani-
sotropy can be attributed to the c-axis direction in the
unit cell being the “hardest” one. During plastic
deformation, and thus when texture is evolving, this
anisotropy leads to predominant activity of slip sys-
tems with thek112̄0l or kal Burgers vector [3].

Intermediate stages of forming processes of Zirca-
loy products are usually carried out in the highα-
region; i.e., close to the phase transition between the
hcp α-phase and the body-centered cubic (bcc)β-
phase, around 1083 K. Textures resulting from hot
rolling [4–6] or extrusion [7–10] of zirconium-based
alloys have been studied in detail. The temperature
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range of interest (873–1073 K) is, however, charac-
terized by strong variations in many properties like
ductility, stiffness and strain-rate sensitivity [11], and
by many microstructural events like the change of
preferential deformation modes [2, 12], recovery and
recrystallization [13]. This is why slight variations in
the forming process conditions (temperature or
friction) or in the initial microstructure may induce
substantial texture modifications [10, 11]. The role of
temperature is particularly unclear since it influences
both the relative slip system hardnesses [2, 12, 14]
and the proportion of recovery and/or recrystallization
[11, 13].

Hot extrusion of Zircaloy tubes usually involves
dynamic recovery, andmetadynamic recrystalliz-
ation* [8, 11, 13]. The extents of these phenomena
vary along the radial direction of the tubes, due to
both the thermo-mechanical conditions of the process
and the initial microstructure. For example, metadyn-
amic recrystallization proceeds after extrusion, upon
air cooling of the tube, as long as the temperature is
in a good temperature range. The cooling rates are
typically a few degrees per second, but vary along
the radial direction. On the other hand, theinitial
microstructural gradient (i.e., before extrusion) comes
from the water-quenching, or “β-quenching”, oper-
ation. This quenching operation is performed on cyl-
inders being heat-treated in theβ-phase. Only after
this operation is done, is the cylinder drilled into a
tube and ready for extrusion. The cooling rate from
the β-phase varies along the radial direction and dic-
tates the type ofWidmansta¨tten microstructure ther-
eby obtained [16, 17].

In this paper we focus on the effect of theβ-
quenched microstructure on the high-temperature
deformation textures of Zircaloy-4 (Zy4) in the 873–
1023 K temperature range. The extrusion deformation
path along the inner boundary of a tube is approxi-
mated by that of laboratory plane strain compression
(PSC) tests. In these tests, two types of initial micro-
structure, typical of low and high cooling rates from
the β-phase, are chosen to study the microstructure
effects on texture evolution. Metadynamic recrys-
tallization is avoided in most cases by using a con-
stant and sufficiently low deformation rate. Parallel
to the PSC tests, the microstructures of hot extruded
samples are examined, and related to measurements
of individual crystallographic orientations. A viscopl-
astic self-consistent polycrystalline model [18] is then
extended to include the observed relevant microstruc-

* Here, metadynamic recrystallization designates the
particular mechanism by which the structure starts recrys-
tallizing right after deformation (no incubation period), pro-
vided that the temperature remains high enough. This kind
of recrystallization initiates, like static recrystallization, only
after some amount of deformation. However, unlike pure
static recrystallization, its extent is also strongly related to
the deformationrate applied to the material [15]. The defor-
mation rate is assumed to influence the number of recrys-
tallization nuclei formed during deformation.

tural features in texture calculations. The model is
calibrated with respect to the PSC tests, and then used
to predict extrusion textures. The complication arising
from the recrystallization effects is finally discussed,
as well as the physical interpretation of the selected
set of slip system hardnesses and the relevance of
the model.

2. EXPERIMENTAL WORK

This study used a set of Zy4 cylinders that had
been heat-treated in theβ-phase at 1323 K and sub-
sequently water-quenched. The experimental work
involved laboratory mechanical testing, i.e., PSC
tests, as well as industrial hot extrusion tests. The
PSC samples were cut from a single cylinder, either
close to the external surface or far from it, giving two
categories: the rapidly quenched (RQ) samples and
the slowly quenched (SQ) samples, respectively. Hot
extrusion tests were performed on tubes obtained by
drilling along the center line of theβ-quenched cylin-
ders, as explained earlier.

2.1. Initial microstructure and texture

The microstructure varies along the radial direction
of the cylinder as a function of the cooling rate from
the β-phase. Two extreme cases are given by the SQ
and RQ microstructures described above. They are
illustrated in Fig. 1, using both optical microscopy
and transmission electron microscopy (TEM).

With an optical microscope, the dependence of the
platelet thickness on the cooling rate is clear [16].
At the TEM scale, this dependence is not as obvious
because a narrow platelet was selected to illustrate
the SQ microstructure. This allows us to visualize the
interior of a platelet, and to compare the spatial distri-
bution of precipitates with the RQ one. The precipi-
tates are formed during cooling from theβ-phase
because of the very low solubility of both iron and
chromium in theα-phase. In the SQ microstructures
most of the precipitate volume fraction is made of
large and isolated precipitates (LIPs), because the
slow cooling rate allowed for some coarsening of the
precipitates. In contrast, the RQ microstructure dis-
plays high volume fractions of fine and homo-
geneously distributed precipitates (FHDPs) inside the
platelets, while coarser precipitates still appear at
their boundaries. Some coarse precipitates also appear
rarely inside the platelets, but they should not be con-
fused with the long hydrides that have grown perpen-
dicular to the platelet boundaries. These hydrides
form at low temperature, and dissolve well before
reaching the highα-region.

Fig. 2 shows how the initial texture varies along
the thickness of the cylinder, which in turn gives the
initial SQ and RQ textures, together with an inter-
mediate one at mid-thickness. The (0002) pole figures
exhibit several peaks of high intensity, but distributed
quite randomly. The peaks can be attributed to colon-
ies of α-platelets which grew, upon quenching, from
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Fig. 1. Widmansta¨tten structures at different scales. RQ and SQ refer to rapidly and slowly quenched from
the β-phase, respectively.

largeβ-grains, retaining close crystallographic orien-
tations [19].

2.2. Plane strain compression (PSC) tests

As stated earlier, PSC tests were used to study the
effect of a “rolling” deformation mode on texture
evolution, without the complication of recrystalliz-
ation phenomena if the combination of strain rate and
temperature is well chosen. The plane strain defor-
mation mode is used as a representation of the defor-

mation path along the inner surface of a tube being
extruded.

2.2.1. Experimental set-up. Fig. 3 shows the
experimental configuration with the dimensions of the
tools and the samples. These dimensions ensure a
deformation mode close to ideal plane strain [20] in
the deformed zone, all the way to the final thickness
of 2.2 mm (62% reduction).

Tests were carried out at temperatures of 873, 923,
973 and 1023 K, and at strain rates of 0.1 s2 1 and
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Fig. 2. Three initial (0002) pole figures at three different thickness levels in aβ-quenched cylinder.

Fig. 3. PSC configuration.

1 s2 1, for both SQ and RQ samples. MoS2 combined
with graphite was used as lubricant between the tools
and the specimen. Reaching a homogeneous tempera-
ture took about 15 min so that samples were deformed
only after some annealing. After deformation, the
samples were air-cooled and the crystallographic tex-
ture was measured systematically at mid-thickness of
the specimens. Going from 0.1 s2 1 to 1 s2 1 did
not significantly change the results in terms of texture
evolution or microstructure evolution.

2.2.2. Final textures. Fig. 4 gives the three differ-
ent types of (0002) pole figure obtained after PSC
tests. The first type [Fig. 4(A)] is the most common
one and refers to SQ samples. Most of the c-axes are
close to the ND. The second and third types [Fig.
4(B) and (C)] refer to RQ samples. In these cases, a

texture component appears with c-axes close to the
TD (hereafter, we shall call this component a “T” tex-
ture component). At 923 K, other maxima appear
close to the RD as well [Fig. 4(B)], but they disappear
at 1023 K [Fig. 4(C)].

The effect of a 1 h annealing at 1023 K prior to
deformation at 923 K was also investigated. Some
differences were observed only in RQ samples for
which TD- and RD-oriented basal maxima tend to
decrease as shown in Fig. 5.

2.2.3. Recrystallization. Samples deformed in the
873–973 K interval retained the lamellar character of
the initial Widmansta¨tten structure. This indicates that
no recrystallization took place during or after defor-
mation. Samples deformed at 1023 K, however,
showed a non-negligible volume fraction of recrys-
tallization as seen in Fig. 6. This means that, with
strain rates of 0.1 s2 1 and 1 s2 1, the effects of
deformation and recrystallization could only be deco-
upled at temperatures less than or equal to 973 K.

2.3. Analysis of individual crystallographic orien-
tations in extruded samples, as a function of the
microstructure

The PSC tests led most of the time to non-recrys-
tallized microstructures with high dislocation den-
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Fig. 4. Typical (0002) pole figures obtained after PSC test. The samples were previously cooled from theβ-
phase at a low (A) or high rate (B, C) (SQ and RQ microstructures, respectively), and deformed at various
temperatures. The rolling, transverse and normal directions (RD, TD and ND respectively) refer to those shown
in Fig. 3. Level lines are given in (A) and (B) as multiples of random distribution (mrd), and in (C) as 0.5

mrd.

Fig. 5. Effect of prior annealing (1 h at 1023 K) on the PSC
texture, for case (B) in Fig. 4.

sities. TEM observations of such materials are there-
fore not easy, and crystallographic orientations are
difficult to identify from TEM or electron backscatter
pattern (EBSP) Kikuchi patterns. In contrast, extruded
samples have a lower dislocation density because of
metadynamic recrystallization and dynamic recovery.
The thermally activated processes may of course
influence grain crystallographic orientations. In what
follows, both the thermally activated processes and
the β-quenched microstructural features are investi-
gated in their relationship with grain orientations.

2.3.1. Linking crystallographic orientations to
chemical composition using EBSP/EDX techniques.

The surface preparation was different from the one
used for optical observations because anodic oxi-
dation must be prevented. After conventional pol-
ishing, etching was performed using a solution made
of 100 ml H2O, 23 ml HNO3 and 2 ml HF applied
during approximately 30 s. The grain structure was
difficult to reveal by scanning electron microscopy
(SEM), and therefore is not presented.

Eighty-three EBSP measurements were performed



3922 LOGÉet al.: DEFORMATION TEXTURES

Fig. 6. Partial recrystallization of PSC samples after being
deformed at 1023 K.

and are summarized in Fig. 7. The global (0002) and
(101̄0) pole figures are each split into two parts. The
splitting procedure depends on the results of a chemi-
cal analysis obtained from the electron diffraction X-
ray (EDX) technique in the neighborhood of the area
where the crystallographic orientation was measured.
If a line-scan across the area showed smooth, non-
negligible variations of iron and/or chromium con-
tent, then the structure was assumed to exhibit,
locally, variations of precipitate density. The corre-
sponding area was labeled “FHDP area”, in reference
to the initial microstructure (see Section 2.1). Fig. 8
illustrates such an FHDP area, with variations of iron
content. The measured spot for crystallographic orien-
tation is indicated by a cross in the middle of the line-
scan. If, on the contrary, only random, discrete and
strong peaks of iron and/or chromium appeared, then
the structure was assumed to contain only a few large
and isolated precipitates, and the area was labeled
“LIP area” (see Section 2.1).

Fig. 7 shows that, with the distinction made from
the EDX analyses, the “T” texture component clearly
appears to be connected to FHDP areas.

2.3.2. Linking individual crystallographic orien-
tations to dislocation density and precipitate struc-
ture, using TEM observations and Kikuchi patterns.

As for EBSP measurements, TEM Kikuchi patterns
can be used to identify crystallographic orientations
of individual grains with high precision and excellent

resolution thanks to the small size of the electron
beam [21].

In TEM, the heritage of the Widmansta¨tten struc-
ture is usually very apparent and the former platelets
are subdivided into a collection of equiaxed grains
because of the combined effect of recovery and
recrystallization, as shown in Fig. 9. The long axes
of the former platelets are clearly along the axial
direction. Some regions have completely recovered or
recrystallized and their former platelet envelope has
disappeared. It is noticed that some grains exhibit LIP
structures while others are closer to an FHDP struc-
ture. Of course, FHDP grains are more frequent when
the initial microstructure is RQ, as along the external
boundary of the tube.

Individual crystallographic orientations were
determined from the Kikuchi lines patterns, using the
EDTEM code developed by Zaefferer and Schwarzer
[21]. Several zones were analyzed, in order to identify
possible rules linking the grain microstructural state
to the “T” orientation; i.e., the orientation of FHDP
areas in Fig. 7.

Fig. 10 gives the result of the analysis for 94 grains
over an area of about 300µm2 corresponding to only
a few platelets of the initial microstructure (see Sec-
tion 2.1). It is shown here that these 94 grains reason-
ably account for the global texture, which indicates
that a grain refinement has taken place and has led
to very distinct orientations. Indeed, the substructure
formed within the former platelet structure is made
of highly misoriented neighboring grains.

The grain structure refinement observed is the
consequence of dislocation structure reorganizations
taking place during and after deformation, which may
influence the final texture. We therefore measured
grain dislocation densities and tried to correlate them
to crystallographic orientations. The result was nega-
tive. Instead of looking at the dislocation densities,
we then examined the distribution of precipitates.
FHDP and LIP grains were considered separately and,
even if this distinction was not always easy to make,
we found that most of the typical FHDP grains had
a “T” orientation. These grains are illustrated at three
different scales in Fig. 11. Thus we confirmed with
this TEM study that the FHDP areas previously meas-
ured on the SEM indeed correspond to regions exhib-
iting fine and homogeneously distributed precipitates.

3. TEXTURE CALCULATION

3.1. The polycrystalline viscoplastic self-consistent
model

The self-consistent model developed by Lebensohn
and Tome´ [18] takes into account the interaction
between each grain and the surrounding anisotropic
polycrystal. This interaction is based on an Eshelby-
type approach, each grain being considered as an
elliptic inclusion embedded in a matrix having the
average properties of the polycrystal. The two-site
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Fig. 7. (0002) and (1010̄) poles from EBSP measurements. Distinction is made between LIP areas and FHDP
areas.

Fig. 8. Typical EDX line-scan showing variations of Sn, Fe
and Cr concentrations in an extruded sample, across an FHDP

area.

version of the code differs from the one-site approach
by the introduction of a second inclusion representing
the close neighborhood of the grain [22]. The two
adjacent inclusions may have specific orientation
relationships. The two-site approach is therefore suit-
able when two phases spatially close to each other
have defined morphological and crystallographic
relationships. When this information is not available
or when the type of microstructure does not fit within
this description, the one-site approach may be used by
simply specifying the volume fraction of the different
phases and the corresponding crystallographic

description of the active deformation modes. In what
follows, the calculation is made using the one-site
version of the polycrystalline model.

The initial texture of a polycrystal is represented
by a set of discrete orientations (or grains) charac-
terized by a set of three Euler angles and a weight
associated with the corresponding volume fractions.
In this work, a set of 1000 random orientations with
equal weights was used for the initial texture, as it is
usually observed that theβ-quenching operation more
or less randomizes the texture (see Fig. 2).

As in [23], the assumed active deformation modes
are {101̄0}k12̄10l prismatic slip, {0001}k12̄10l basal
slip, {101̄1}k12̄10l pyramidal slip in thekal direction,
and {101̄1}k112̄3l pyramidal slip in thekc + al direc-
tion. These deformation modes will be referred to as
prkal, baskal, pyrkal and pyrkc + al, respectively. Pyr-
kal slip is usually not considered to be active at tem-
peratures above 873 K because of the increasing acti-
vation of basal slip [14]. However, non-negligible
cross slip in the pyramidal planes may play a role in
accommodating basal shears, especially in the pres-
ence of alloying elements in solid solution, as will be
discussed later.

3.2. Plane strain compression test

In principle, the velocity gradient matrix describing
the PSC test is complex, due to the friction effects.
From torsion tests [24], it is known that shearing may
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Fig. 9. TEM images showing a typical microstructure after hot extrusion: a mixture of elongated platelets with
recovered and recrystallized grains.

Fig. 10. (0002) and (1010̄) pole figures corresponding to: (A) measured individual grain orientations using
TEM and (B) a global X-ray measurement.

lead to a non-orthotropic (0002) pole figure, with the
basal poles localized near the ND. However, the
simulation was used to reproduce the microstructure
effects on texture evolution, reported in Fig. 4. The
influence of friction effects was therefore neglected
for this purpose.

Simulations [6] have already shown that it is poss-
ible to match the (0002) pole figure of Fig. 4(A) with
a realistic set of critical resolved shear stresses
(CRSS). The other two pole figures in Fig. 4(B) and
(C) are not as easy to reproduce. An inverse method
developed by Signorelliet al. [25] was applied to the
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Fig. 11. Examples of FHDP grains exhibiting a “T” orientation. Each image is at a different scale.

latter experimental results to decide if any selection of
CRSS may produce the required texture components,
assuming the four active slip systems described pre-
viously, and a microscopic strain-rate sensitivity of
0.14. The result of the calculation was negative,
which might be attributed to some inadequacy of the
self-consistent model. However, the microstructure
examinations reported in Section 2 have shown that
it is meaningful to consider theβ-quenched material
as made of two different classes of grains, the LIP
and FHDP grains. As the deformation proceeds, they
systematically form distinct texture components, and
must therefore have distinct properties. Theβ-
quenched material is in that respectheterogeneous.
Consequently, thetwo-phaseversion of the model
was used, taking the CRSS reported previously [6]
for LIP regions and a new set of CRSS for FHDP
regions. In the latter regions, the effect of iron was
thought to favor pyramidal slip, as will be discussed
later. Since prismatic slip is always the principal
deformation mode in zirconium alloys, prkal, pyrkal
and pyrkc + al slip systems were considered to be

Table 2. CRSS values in the LIP/FHDP model

Prkal Baskal Pyrkal Pyrkc + al

LIP regions 1 1.5 – 10
FHDP regions 1 – 2 5.5

active in FHDP regions, but the basal slip systems
were not. The best fit with experimental results was
obtained with the CRSS values reported in Table 2.

The calculated (0002) pole figures are shown in
Fig. 12 for various relative volume fractions of the
two classes of grain. Increasing the FHDP volume
fraction leads to stronger “T” texture components.
Tables 3 and 4 show, on the other hand, that the sum
of pyrkal and baskal activities remains more or less
constant, regardless of the FHDP volume fraction. In
contrast, pyrkc + al activity increases with FHDP vol-
ume fraction. The calculation indicates that this
activity also increases with strain, and results in an
“A”-texture component; i.e., c-axes close to the RD.

3.3. Extrusion textures

Using the set of CRSS presented in Table 2 it is
possible to calculate textures at various thickness lev-
els of an extruded tube. Of course, the calculation
only takes into account the effect of the precipitates’
structure, and not the thermally activated processes.

The deformation path was evaluated quantitatively
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Fig. 12. Calculated PSC (0002) pole figures for various proportions of LIP/FHDP regions. FHDP volume
fraction increases from (A) to (E).

Table 3. Calculated average activities of the different deformation modes during the PSC test, with 50% LIP and 50% FHDP

Prkal Baskal Pyrkal Pyrkc + al

LIP regions 0.32 0.25 – 102 4

FHDP regions 0.31 – 0.11 0.01

Table 4. Calculated average activities of the different deformation
modes during the PSC test, with 100% FHDP

Prkal Pyrkal Pyr , c + a >

0.61 0.34 0.05

by using a Eulerian finite element formulation such
as LAM3 [26] and assuming a steady-state flow.
Knowing the friction coefficients between the die and
the material, a sequence of velocity gradients was cal-
culated along various streamlines [24]. The texture
evolution was then computed along streamlines at the
inner and outer surfaces of the tubes and at mid-thick-
ness. The results are presented in Fig. 13 and com-
pared with experimental measurements. Recall that,
prior to hole drilling and extrusion, the cylindrical
part was water-quenched from theβ-phase so that the
cooling rates were higher at the surface than in the
center of the cylinder. Bearing in mind that the cylin-
der should then display a microstructure gradient, the
relative volume fractions of LIP and FHDP regions
were varied along the radius of the tube.

Fig. 13 shows that the calculation can reasonably
reproduce the c-axes distribution in the plane perpen-
dicular to the axial direction (AD). However, the “A”-
texture component associated with c-axes close to AD
is not found experimentally. As explained in Section
3.2 for the PSC tests, this “A” component is generated
by the pyrkc + al activity in the FHDP regions at large
deformations. The intensity level appears very high
because all grains take almost exactly the same orien-
tation. However, even along the outer surface where
the FHDP/LIP ratio is maximum, the “A”-texture
component does not represent more than 23% of the
total volume fraction.

4. DISCUSSION

4.1. Effect of metadynamic recrystallization

Given the results of Section 3.3, it is assumed that
the “A”-texture component is removed after
extrusion, due to metadynamic recrystallization. This
assumption is further supported by several experi-
mental facts, as presented below.

1. The PSC textures in Fig. 4(B) (RQ sample,
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Fig. 13. Calculated and experimental extrusion textures. The volume fractions of LIP/FHDP regions are chosen
according to the cooling rate duringβ-quenching.

deformed at 923 K) and Fig. 4(C) (RQ sample,
deformed at 1023 K) show that the “A” orien-
tations have disappeared while recrystallization
has appeared, as seen in Fig. 6.

2. Annealing experiments were performed on
extruded samples only partially recrystallized (i.e.,
recrystallized fractions of about 50%). The
annealed textures showed a significant weakening

of “A”-type texture components while the distri-
bution of c-axes in the radial–tangent (RD–TD)
plane remained about the same.

3. An extrusion process was stopped while the
material was still flowing inside the extrusion die.
The material cooled down because of heat conduc-
tion, and the cooling rate was in turn faster than
the one induced by air convection. Using TEM it
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Fig. 14. (0002) pole figure of a partially extruded sample, with
no metadynamic recrystallization (internal boundary).

was checked that such a cooling rate prevented
recrystallization. The associated texture measure-
ments showed a pronounced “A”-texture compo-
nent, as seen in Fig. 14.

A tentative explanation of the Zircaloy-4 recrys-
tallization behavior may be given in terms of the
theory developed by Lee [27] which, so far, has been
used only for cubic materials (e.g., [28]). The model
is based on the assumption that the nuclei that grow
during recrystallization will have orientations minim-
izing the elastic energy related to the dislocations’
stress field in the surrounding parent grain. This stress
field is considered to be of highest intensity in the
direction parallel to that of the average Burgers vec-
tor. To minimize the energy, a growing nucleus will
have its direction of minimum Young’s modulus
aligned with the direction of maximum stress. In zir-
conium in the temperature range of interest, the
Young’s modulus is minimum in the basal plane and
maximum along the c-axis [1]. The ratio of maximum
to minimum is approximately 2. According to the
model, only when a non-negligible pyrkc + al activity
has occurred would c-axis reorientation take place
during recrystallization. Since we know this is the
case for “A”-oriented grains, it is not surprising to
see them disappear during recrystallization.

4.2. Precipitation and slip activity

According to the calculation, pyrkc + al slip is only
quite active in the FHDP regions (see Tables 2–4).
More generally, we may discuss the physical reasons
for the differences in CRSS for FHDP and LIP
regions on the basis of previous work reported in
the literature.

At low temperature, the effect of oxygen on the
active deformation modes in titanium has been

explained [29]. When interstitial sites are filled by
oxygen atoms they reduce both basal and prismatic
slip, but do not greatly influence pyramidal slip, as
long as the solute concentration remains low. As a
consequence, pyramidal slip is favored. The preferen-
tial selection of the pyramidal planes due to oxygen
content has been observed in the Ti–6Al–4V alloy at
low and intermediate temperatures [30, 31]. On the
other hand, in cold-rolled zirconium and Zircaloy,
cross slip from a prismatic to a pyramidal plane with
a commonkal Burgers vector was observed [32] using
TEM. Further, this cross slip was more active with
increasing oxygen content. It was also noted that
pyrkc + al glide was frequent when twinning did not
occur. These experimental results show that the effect
of interstitial oxygen is similar in zirconium and
titanium alloys.

Dynamic strain aging has been reported in Zirca-
loy-4 over the temperature range we are concerned
with [33]. It was shown that the extent of this
phenomenon was inversely proportional to the
amount of iron in the second-phase particles [33].
Also, a finer dispersion and smaller volume fraction
of these particles—i.e., an FHDP microstructure in
our vocabulary—were found to promote strain aging.
This effect was correlated with the formation of Cot-
trell atmospheres around dislocations, created by the
iron present in solid solution, and implies that iron
diffusion in zirconium is faster than the self-diffusion
of zirconium in the high-temperature range. This has
subsequently been confirmed experimentally [34].
Moreover, it has been shown that iron atoms start dis-
solving from Zr3Fe precipitates inα-Zr in a tempera-
ture interval close to 923 K and then enter the solid
solution as interstitials [35]. This supports the idea
of an interaction between dislocations and iron atoms
present in the zirconium matrix asinterstitials, as is
usually the case in strain aging, and not assubsti-
tutional elements as was assumed by Garde [33].

According to [36], Zr(Fe,Cr)2 precipitates in Zy4
quenched from theβ-phase have a face-centered
cubic (fcc) structure C15 which evolves with sub-
sequent annealing towards the hcp structure C14. As
this transformation proceeds, more iron atoms diffuse
into Zr(Fe,Cr)2 precipitates and a second type of iron-
bearing particle appears at the same time. Annealing
prior to deformation is therefore able to modify the
structure, composition and size of Fe-based precipi-
tates. The variation in size is related to a change of
spatial distribution of these precipitates [37, 38], and
therefore to a change of LIP/FHDP volume fractions
[see Fig. 5, compare with Fig. 4(B)]. This is anal-
ogous to the segregation phenomena of iron-rich pre-
cipitates that have been observed by Hood and
Schultz [39] in Zr–0.1 at% Fe single crystals, super-
saturated in Fe. Pre-annealing at 1100 K yielded an
inhomogeneous distribution of the precipitates
throughout the bulk of the material. Single-crystal
specimens were then extracted, ground, polished and
subjected to additional annealing. This induced are-
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precipitationprocess of iron from the bulk to the sur-
face of the crystals. The pre-annealing effect on iron
distribution was attributed to a material “partly trans-
parent and partly opaque” to the emission of iron to
the surface. Other experiments using thermoelectric
power measurements [16] detected precipitation
phenomena at the platelet boundaries ofβ-quenched
samples. Around 923 K, the phenomenon took only
a few minutes. However, the amount precipitated cor-
responded to only about 150 ppm of solute, and was
related to precipitation of the excess iron and/or chro-
mium atoms in solid solution that remained after
quenching. As seen in Fig. 1, precipitation at the plat-
elet boundaries does not mean that there is no
FHDP structure.

The above studies lead us to the interpretation that
FHDP regions are those where the mean diffusion
length of iron atoms, released from the precipitates,
is comparable to the average precipitate spacing.
Most of the volume fraction of the material is then
influenced by diffusing iron atoms. Since they can
interact with moving dislocations, they can also mod-
ify the relative CRSS, as oxygen does at lower tem-
perature. Their assumed effect is to make pyramidal
slip easier, as explained elsewhere [29], and to inhibit
basal slip. The latter effect may be related to the
lower diffusion coefficient of iron in the direction per-
pendicular to the c-axis, compared with the value in
the direction parallel to the c-axis [34]. If one looks
at basal slip as the result of cross slip from a prismatic
plane [14], the basal plane should be sensitive to any
dislocation obstacle and easily inhibited when other
slip planes are available.

4.3. The extended polycrystalline model

The LIP/FHDP model presented in Section 3 had
the primary purpose to support the SEM and TEM
studies of Section 2.3 made on extruded samples. It
showed that, even when no recrystallization takes
place as in the PSC tests, the distinction between LIP
and FHDP regions is useful and allows one to explain
the observed microstructure dependency of texture
evolution. In other words, the conclusion that LIP and
FHDP grains evolve towards different texture compo-
nents was not influenced by the effects of thermally
activated processes. This, in turn, gave the possibility
of using the model to predict extrusion textures and
to deduce recrystallization effects.

In doing so, we have introduced a simple model
which accounts for the precipitate structure, with the
FHDP volume fraction depending on the cooling rate
from theβ-phase. Also, the CRSS values used in the
model can be justified on the basis of previous work
reported in Section 4.2. In what follows, we therefore
examine some details of the texture calculations
found in Section 3, and discuss further the
LIP/FHDP model.

According to our calculations, and as is generally
agreed for zirconium alloys [6], prismatic slip is the
predominant slip mode. Basal slip is on average the

second most active slip system, but is restricted to
LIP regions or to regions without precipitates, while
pyramidal slip activity becomes significant only in
FHDP regions. The important feature enforced in the
polycrystalline model was to remove basal slip for
the FHDP regions. Should the prismatic slip be very
active,a grain-shape effectcan then promote rotation
of the c-axes towards the TD [22]. On the contrary,
when basal slip is significant, reorientation always
tends to push c-axes close to the major compression
axis. It is interesting to notice that basal slip is tra-
ditionally believed to be more and more active as the
temperature approaches theα→β phase transition
[14]. We find here that, for the particular FHDP
regions in Widmansta¨tten microstructures, increasing
temperature leads to an increase in both the amount
of iron dissolved from precipitates and the diffusion
length of iron. This then leads to an overalldecrease
in basal activity, which is consistent with observed
variations of extrusion textures with extrusion tem-
perature [11]. When the phase transition has occurred,
a similar argument can be invoked to understand the
formation of “T” textures. Indeed, it has been shown
that the presence of a softerβ-phase leads to an
increase in prismatic activity in theα-phase of lamel-
lar titanium alloys [22].

A grain subdivision mechanism has been described
in Section 2.3.2, where the platelet structure splits up
with deformation into “cells” of increasing misorien-
tation, thereby transforming those cells into real
grains. Such a phenomenon has been observed in
other materials (e.g., [40, 41]) and is designated as
“extended recovery” or “continuous recrystalliz-
ation”. Unlike discontinuousrecrystallization, this
phenomenon does not prevent the formation of pro-
nounced textures and its effects on the texture evol-
ution have therefore not been explicitly considered.
However, the resulting highly misoriented substruc-
ture allows us to approximate the properties in the
immediate neighborhood of the grains by the polycry-
stal properties (see Fig. 10), and to validate the so-
called one-site approximation in the self-consistent
model [18].

Finally, one should note that the proposed
LIP/FHDP model for Widmansta¨tten structures has
introduced an additional degree of freedom, namely
the volume fraction of FHDP regions. It may be
argued that this volume fraction represents a fitting
parameter, since no independent validation of the
model was presented. However, as stated above, the
FHDP volume fraction may be evaluated as a direct
function of the cooling rate duringβ-quenching and
of subsequent annealing time. We believe that a sin-
gle value can be used for a given microstructure to
simulate various deformation modes, including the
more complex ones such as extrusion. For example,
the FDHP volume fractions reported in Fig. 13 have
shown a good agreement with those assessed from
torsion tests, where we took advantage of the axial
effects resulting from the texture-induced anisotropy.
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The latter procedure will be discussed in a future
paper.

5. CONCLUSIONS

In this study we have shown that microstructure
considerations may become very important for the
control of texture evolution in high-temperature for-
ming processes involving zirconium-based alloys.
The role of β-quenching prior to deformation is
emphasized, both in terms of microscopic defor-
mation modes and texture evolution. An LIP/FHDP
model is presented and calculated texture evolution
agrees with experimental measurements for plane
strain compression laboratory tests. The same model
is used to predict hot extrusion textures at different
thickness levels of the tubes, and suggests an effect
of metadynamic recrystallization on the deformation-
induced texture.

A detailed explanation of the influence of the pre-
cipitate structure on high-temperature texture evol-
ution of zirconium-based alloys is still needed. A few
clues have been proposed, based on existing work,
and are consistent with the LIP/FHDP model. It is
clear, however, that the phenomenological approach
adopted here, essentially based on the variation of
CRSS values, should be confirmed and/or improved
by additional appropriate microscopic observations
associated with intra-crystalline modeling.
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