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Abstract

Experiments were conducted to characterize the influence of texture and impact velocity on the dynamic, high-strain, tensile extrusion
of zirconium. Bullet-shaped samples were machined from a clock-rolled, highly textured Zr plate. Specimens in two orthogonal direc-
tions were tested: the extrusion direction aligned with either the in-plane (IP) rolling or the through-thickness (TT) direction of the plate.
The post-extrusion microstructure and texture evolution were examined using electron backscatter diffraction microscopy and modeled
using the viscoplastic self-consistent model. It was found that extrusion deformation was accomplished through a combination of twin-
ning and slip with their relative activity greatly depending on the initial texture. In this regard, higher elongations in the IP samples as
compared to the TT samples were observed at similar test velocities. This difference in ductility is discussed in terms of the material’s
ability to accommodate plastic deformation. Due to the availability of a larger number of slip systems with relatively high Schmid factors
in the IP samples under this configuration, plastic deformation by prismatic slip can be easily achieved, resulting in larger elongations. On
the contrary, for TT samples, twinning preceded deformation by slip. This sequential deformation process, driven by the need to reorient
the microstructure favorably to slip, led to diminished elongations to failure.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium (Zr) has received considerable attention in
numerous investigations due to its relatively high ductility,
good corrosion resistance and low absorption of neutrons.
These properties, in particular, make Zr attractive to the
nuclear and chemical industries [1,2]. To understand the
deformation response and observed texture evolution dur-
ing various types of mechanical loadings, the substructural
evolution of Zr has been studied in numerous investiga-
tions, primarily under uniaxial stress conditions [3–9].
The mechanical response of high-purity Zr has been shown
to be sensitive to interstitial content, grain size, texture,
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temperature and strain rate. Increasing strain rates and
decreasing temperatures have been shown to lead to
increased yield stresses and work-hardening rates [10].
Additionally, for high-purity, clock-rolled plates [10] the
uniaxial stress response has been shown to display a higher
yield stress in the through-thickness (TT) direction of the
plate as compared to specimens loaded along a direction
within the plane of the plate, referred to as an in-plane
(IP) specimen. Additionally, the effect of the rolling texture
yields an initially parabolic work-hardening behavior that
transitions to a “concave-up” behavior when loaded in IP
compression and a “concave-down” work-hardening when
loaded in TT compression [11]. This is reversed in the ten-
sile case.

The influences of strain rate, temperature and texture on
the mechanical response have all been explained in terms of
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the relative activation of twinning vs. slip [6]. In this regard,
Zr single crystals, like other ductile, hexagonal close-
packed (hcp) metals does not possess in general the five soft
independent slip systems, therefore deformation is accom-
modated through a combination of slip and twinning
[12]. For Zr, the most commonly observed slip systems
are the prismatic (f1 0 �1 0gh1 �2 1 0i) and to a lesser extent
the pyramidal (f1 �1 0 1gh1 1 �2 0i and f1 1 �2 2gh1 1 �2 �3i)
systems. Notably, basal slip is not typically observed in
high-purity Zr. The most frequently observed twin systems
are the f1 �1 0 2gh1 0 �1 �1i and f1 1 �2 1gh1 1 �2 �6i tensile
twins, and the f1 1 �2 2gh1 1 �2 �3i compressive twins. The
designation “tensile twin” indicates that for a given c/a
ratio, the twin accommodates hci-axis expansion in the
hcp crystallographic unit cell; the opposite is the case for
“compressive” twins [3,4]. The relative activation of these
systems has been an active area of study with appreciable
contributions by Tomé and co-workers [1,13–16]. It has
been shown that under most loading conditions, prismatic
slip is dominant and activation of both prismatic and pyra-
midal slip systems is highly dependent upon loading direc-
tion with respect to the texture of the material.
Additionally, pyramidal slip may be important in regions
of high stress concentrations. Just as for slip, twin activa-
tion is highly dependent upon loading direction for a highly
textured Zr specimen but is also highly sensitive to stress
state as deformation twinning is dependent upon the sense
of shear. This has been shown by Bingert et al. [17] where
the Schmid factors have been plotted as a function of the
angle between applied load and the basal pole for Zr
loaded in tension and compression.

The effects of shock prestrain on the mechanical
response of Zr have been investigated by Cerreta et al.
[18], who observed that shock prestraining Zr to a peak
shock stress below the alpha to omega high-pressure phase
transition (�7.1 GPa) obeys the Cottrel–Stokes law [19]
and thus exhibits no enhanced hardening. However, for
specimens shock prestrained to peak shock stresses above
the alpha to omega phase transition, an enhanced harden-
ing behavior was observed as compared to as-annealed Zr.
This was attributed to reduced available glide distances
within the microstructure due to significant twinning,
retained metastable omega phase and stored dislocations
within the substructure.

Although considerable work has been devoted to exam-
ining the mechanical response of Zr deformed in uniaxial
stress states, and to a lesser extent some work has been ded-
icated to understanding the response of Zr under uniaxial
strain, relatively little is understood about the behavior of
Zr under more complex loading conditions. Additionally,
while considerable attention has been paid to the compres-
sive behavior of highly textured Zr as a function of loading
direction, there is a lack of tensile data particularly in the
high-strain and high-strain-rate regimes. Therefore, the
purpose of this study has been to investigate the dynamic
tensile extrusion response of Zr subjected to large plastic
strains. The influence of texture and impact velocity on
the microstructure and texture evolution has been charac-
terized in detail in order to understand the response of Zr
under this complex loading condition.

2. Experimental methods

2.1. Material characterization

The metallurgical characterization of the initial and
post-extrusion microstructures of the Zr samples was per-
formed using optical microscopy and electron backscatter
diffraction (EBSD) microscopy. In preparation for these
measurements, each piece was mounted in an epoxy resin
and the surface was prepared by standard metallographic
procedures to a 4000 grit SiC finish followed by chemical
polishing with a solution comprising 45H2O:45HNO3:
10HF. The samples were then polished with a mixture of
10 parts of 0.05 lm colloidal silica and 1 part of H2O2 to
minimize the relief caused by the chemical attack. EBSD
microscopy was performed on a Phillips XL30 FEG
equipped with TSL data acquisition software. The instru-
ment was operated at 20 kV and a spot size of 5. For the
local texture determination, orientation measurements
were performed with a step size of 2 lm over two or three
large areas (250 lm � 500 lm), and the results were then
averaged. The purpose of this procedure was to mimic bulk
texture measurements, such as those performed by neutron
diffraction. Orientation measurements using a smaller step
size of 0.2 lm were performed to characterize the fine
details of the microstructure and their evolution before
and after the extrusion deformation; measurements were
performed two or three times on a given area to test repro-
ducibility and generate a statistically valid representation
of the deformation fields.

All targets were prepared from clock-rolled and
annealed, high-purity Zr. Clock-rolling is a multiple pass
rolling sequence in which the plate is rotated to various
multiples of 45� between passes (Fig. 1a). The plate was
then annealed at 550 �C for 1 h in vacuum to produce a
fully recrystallized and homogeneous microstructure. The
initial characterization of the Zr plate is shown in Fig. 1;
the orientation (Fig. 1b) and texture (Fig. 1c) results are
presented with respect to the through-thickness (TT) direc-
tion of the plate. A microstructure with an average grain
size of 15–20 lm is measured. The plate exhibits a strong
basal texture aligned with the TT direction (Fig. 1c).
Approximately 90% of the orientation measurements of
the angle between the hci-axis and the TT direction show
a deviation of less than 40�, as shown in the distribution
graphs in Fig. 1d. The chemical composition of the Zr stud-
ied is given in Table 1.

2.2. Dynamic extrusion experiments

Dynamic tensile extrusion tests were conducted in a
modified 7.62 mm diameter Taylor cylinder apparatus
[20]. The schematic of the experimental configuration is



Fig. 1. (a) Schematic of the clocked-rolled Zr plate. (b) Orientation map of the microstructure with the sample normal aligned with the {TT} direction. (c)
Pole figure showing texture of annealed material. (d) Distribution of hci-axis orientation with respect to the {TT} direction.

Table 1
Chemistry of the zirconium plate (wt. ppm).

Element

Al C Fe Hf N O Ti V

20 30 263 37 10 50 25 25

All values are equal to or less than the values given above.

Fig. 2. (a) Schematic of experimental configuration. (b) Geometry of the
Zr bullets. (c) Schematic of the steel die.
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shown in Fig. 2a. The barrel is 1219 mm long with two
machined holes that hold piezoelectronic pressure trans-
ducers. The holes are 38.1 mm apart from each other with
a machine tolerance of 0.03 mm. The distance between the
second transducer and the extrusion die is 66 mm. The
pressure readings were recorded on a Tektronik TDS744
digitizer with a sample rate of 2 GS s�1. The specifications
of the pressure transducers used are less than 1 ls rise time.
Thus, the error in the measurements is not greater than
1.5% or 6–9 m s�1 for the velocity range of the experiments
pursued in this study (400–600 m s�1). Preliminary photon
Doppler velocimetry (PDV) data, focused on the axis of the
barrel, determined that the sample was already at terminal
velocity when it crossed the area where the pressure trans-
ducers are mounted. The velocity measured using PDV
correlated well with velocity measured using pressure trans-
ducers [21]. Bullet-shaped specimens were fired and the
fully extruded pieces were soft recovered by decelerating
them in a low-density foam. The in situ extrusion process
was captured using high-speed photography [20–22]. All
recovered pieces from each shot were weighed and com-
pared to the starting bullet weight to ensure that no seg-
ments were lost during recovery.

The dimensions of the bullets are shown in Fig. 2b. Two
types of specimens were machined: (1) with the long axis of
the bullet parallel to the normal of the plate or TT direc-
tion; and (2) with the long axis of the bullet perpendicular
to the normal of the plate or IP direction. Bullets were
accelerated in a He-gas launcher at speeds in the 400–
600 m s�1 range, and impacted into a high-strength steel
extrusion die (A2 or S7 tool steel with a Rockwell Hardness
of 56 and 54, respectively). Dies were designed with an
entrance diameter of 7.62 mm and an exit diameter of
2.79 mm (Fig. 2c). Upon impact, the die geometry imposed
an oblique shockwave in the Zr samples. For the upper
limit velocity of 600 m s�1 and considering the mass imped-
ances (density and sound speeds) of the steel die and Zr



Fig. 4. Elongation (%) vs. impact velocity.
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samples, a shock match of �3.5 GPa for the shock peak
stress, along with associated shear stresses, is calculated
for these specimens. Calculations were based on techniques
reported by Cao et al. [22]. This stress is well below the
value of �7.1 GPa necessary to induce the a–x phase tran-
sition observed in shock-loaded high-purity Zr [18].

3. Results

3.1. High-speed photography and total elongation

Representative high-speed photography results of exper-
iments at two velocities are shown in Fig. 3a and b. Images
similar to these were utilized to reassemble extruded seg-
ments from all tests conducted in this study. In all cases,
specimens were not fully extruded and a piece remained
in the die after the test was complete. The piece remaining
in the die (hereafter referred to as “Piece 1”) and all fully
extruded pieces are shown in the correct sequence in the
micrographs in Fig. 3c and d. When examining the high-
speed photography and stereographic images, it is observed
that with increasing impact velocity, the propensity for
plastic instability increased. This resulted in more segments
or sample particulation during the extrusion.

From the reassembled segments, total elongations were
calculated. The total elongation as a function of the impact
velocity for the two tested textures is shown in Fig. 4. To
establish statistically reliable trends, from the total number
of experiments (�22 for each direction), six groups were
created with each group containing the elongation mea-
surements of two or three experiments for which impact
velocity was within 7 m s�1, a value close to the uncertainty
in the velocity measurement. For the two tested directions,
an increase in total elongation with increasing impact
velocity is observed in Fig. 4. Additionally, for any given
impact velocity, the IP specimens display relatively higher
total elongations than the TT samples. To further support
these observations, an analysis of variance (two-way
Fig. 3. (a and b) High speed photography showing the sequence in which s
reassembled Zr specimens.
ANOVA) of the experimental data was performed consid-
ering the impact velocity and texture factors. The analysis
yielded P-values of <0.0001 for the velocity, <0.0005 for
the texture. With a P-value <0.05 necessary to establish
any statistical trend or difference, these results quantita-
tively support the trend observed in Fig. 4: both velocity
and the texture have significant effects in the total elonga-
tion experienced by the samples during dynamic extrusion,
and they are mutually independent.

The higher elongations in the IP samples with respect to
the TT samples, at similar test velocities, may be rational-
ized in terms of the dominant deformation modes under
the current loading configuration. Due to the texture pos-
sessed by the specimens, extrusion deformation was
achieved primarily by an applied tensile load orthogonal
to the basal poles for the IP case, whereas the load direc-
tion was aligned parallel to the average orientation of the
basal poles in the TT case. Under these conditions, as
shown in Bingert et al. [17], higher Schmid factors are cal-
culated for the prismatic slip systems in the IP samples as
amples exited the die after extrusion. (c and d) Stereographic images of
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compared to the TT samples. This availability of high Sch-
mid factor slip systems is likely to lead to more slip activa-
tion, and, hence, larger elongations are expected for the IP
cases. In the following sections we present experimental
evidence, as well as modeling, that supports this scenario.

3.2. SEM and optical microscopy

For all experiments, a significant amount of recrystalli-
zation was observed to dominate the microstructure in all
pieces that exited the die. These results suggest that these
pieces exhibit an advanced deformation stage and adiabatic
heating during the extrusion process. Hence, a thorough
examination of Piece 1 was pursued in this study to eluci-
date the mechanisms during the early and subsequent
stages of extrusion deformation. In this regard, due to
the lateral constraints imposed by the steel die, in all tests
Piece 1 was forced to adopt a final shape similar to the
die (conical with an opening angle of �18�). This condition
was observed throughout the piece, except at the back free
surface and the tip of this piece. As both of these regions
correspond to free surfaces of the specimen, these regions
were allowed to exhibit any inherent material response dic-
tated by the initial, highly textured microstructure. In what
follows, the results of the characterization efforts to probe
these two regions are presented.

Scanning electron microscopy (SEM) images of the frac-
ture surfaces of Piece 1 are shown in Fig. 5. In the TT cases,
Fig. 5. SEM images of the fracture surfaces of P
an isotropic (round in shape) fracture surface is observed
(Fig. 5a and b). In contrast, the fracture surface of the IP
case (Fig. 5c and d) is oval in shape, and the superimposed
arrows show the orientation of the original basal poles.
Similar ovalization has been observed in highly textured
Zr IP samples deformed under quasi-static tension. This
effect is qualitatively explained in terms of the relatively
easier prismatic slip [11,15,16] for this specimen orientation
under this stress state.

To further elucidate the effect of initial texture on the
overall deformation process, samples from the TT and IP
orientations were prepared to expose two perpendicular
cross-sections for each case. Each of these orthogonal
planes contained the extrusion direction. Optical micro-
graphs corresponding to Piece 1 of two TT samples
( Fig. 6a) extruded at similar velocities are shown in
Fig. 6b and c. A similar overall contour, specifically the
wavy contour of the back free surface of the segment, is
observed in both samples, independent of the plane
exposed. Conversely, for the IP samples (Fig. 6e), depend-
ing on the plane exposed, two different contours are
observed, as shown in Fig. 6f and g. While a contour sim-
ilar to that observed in the TT cases is observed in Fig. 6f, a
perpendicular section shows a different profile, with a back
free surface with a concave contour (Fig. 6g). These obser-
vations are shown schematically in Fig. 6d and h and will
be further discussed later in this section in the context of
EBSD measurements.
iece 1. (a and b) TT case. (c and d) IP case.



Fig. 6. Macroscopic shape details in deformed specimens. (a–d) TT case. (e–h) IP case.
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By using optical micrographs, width measurements were
taken every �5 mm from the back free surface of Piece 1
for locations 1–3 (hereafter referred to as Regions 1–3)
and then at two select places close to the tip: Regions 4
and 5. This is shown schematically in Fig. 6d and h. Due
to the shape of the bullets, the strain calculation for a given
region was performed by estimating how much volume was
stuck in the die from the back free surface to the location of
the region. Then, by considering conservation of volume it
was possible to track back the dimensions of the original
diameter of the cross-section of a given region. Based on
these considerations, the true strains were calculated to
be 0.25–0.35 for Region 1, 0.55–0.65 for Region 2, 0.95–
1.05 for Region 3, and about 3.5 and 5 for Regions 4
and 5, respectively. These calculated strains can be used
as relative indicators of the local extent of deformation.
Details of the microstructure as a function of deformation
in these areas are discussed next.

3.3. EBSD characterization

3.3.1. Microstructure as a function of deformation

A series of optical micrographs and representative
EBSD orientation maps of the cross-section of Piece 1
for specimens tested at impact velocities of �600 m s�1 in
the IP and TT directions are shown in Figs. 7 and 8, respec-
tively. As indicated by the texture keys in Figs. 7 and 8, the
orientation and texture maps are presented such that the
TT direction corresponds to the sample normal direction,
represented as the center of the direct pole figures in the
texture plots. The extrusion direction is projected onto
the transverse direction (TD) for the IP maps and onto
the center of the pole figures in the TT cases. In addition,
the EBSD measurements were taken in the interior, close
to the centerline of the sample, away from the shaded
regions shown in the optical micrographs (Figs. 7a and
8a). The shaded regions mark the areas affected by fric-
tional forces between the Zr samples and the die. By utiliz-
ing optical micrographs, the width of these regions affected
by friction was measured to be no more than 100 lm for all
cases.

For the IP case, an equiaxed grain structure is seen to be
preserved in Region 1 of Piece 1 (Fig. 7b). A continuous evo-
lution of the grain structure from equiaxed to progressively
elongated, to recrystallized grains is observed along the
extrusion direction (Fig. 7b–e). This gradient in microstruc-
ture in Piece 1 was representative of all the tested TT and IP
specimens, independent of shot velocity. It should be noted
in the IP case, the deformed microstructures preserved the
(00 01) texture similar to the annealed Zr plate. However,
for the TT case, a clear difference is observed in the crystal-
lographic orientation of the microstructures in all regions.
The texture has significantly shifted from the original basal
(00 01) shown in Fig. 1b and c to a strong ð1 0 �1 0Þ pole par-
allel to the extrusion direction (Fig. 8g–j). Further details for
each region are discussed next.

While some similarities in microstructural evolution
were observed amongst all specimens, metallographic anal-
yses revealed significant differences in deformation mecha-
nisms activated in each specimen. In Region 1, which
experienced local strains of 0.25–0.35, the main differences
between the IP and TT cases are the presence of twins eas-
ily identified in the IP case (Fig. 7b) and by the shift in tex-
ture for the TT case (Fig. 8g). These observations can be
explained in terms of the volume fraction of twinned mate-
rial in each case. Quantified measurements of twinning are
presented in the next section.

After the clear texture shift that occurs in Region 1 of
the TT case, Regions 2 and 3 of both the IP and TT cases
display similar microstructures. In Region 2, which experi-
enced strains in the 0.55–0.65 range, the microstructures
exhibit elongated grains aligned parallel to the extrusion
direction (Figs. 7c and 8c). The textures show a strong
ð1 0 �1 0Þ component along the extrusion direction (Figs.
7g and 8h). In Region 3, with larger calculated strains of
�1, grains with larger elongation are observed (Figs. 7d



Fig. 7. IP specimen. (a) Optical image of Piece 1. Orientation maps of Regions (b) 1, (c) 2, (d) 3 and (e) 4. (f–i) Corresponding pole figures of Regions 1–4
showing the development of ð1 0 �1 0Þ fiber texture during extrusion along TD.
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and 8d). The textures in these regions possess a somewhat
stronger ð1 0 �1 0Þ fiber developing along the extrusion
direction (Figs. 7h and 8i).

Region 4 for both IP (Fig. 7e) and TT specimens
(Fig. 8e) show deformation-free microstructures with aver-
age grain sizes of �4 lm. The deformation-free microstruc-
tures, lacking intragranular misorientation, likely result
from the competition between grain annealing, associated
with thermal processes due to adiabatic heating, and grain
refinement due to the large strain (>3) mechanical defor-
mation [23,24]. It should be noted that for the majority
of the IP cases, Region 4 corresponds to the tip of Piece 1.

For the TT specimen, there is an additional Region 5
(Fig. 8f) at the tip of Piece 1. The microstructure in this
region shows larger grains with no clear preferred orienta-
tion (Fig. 8k). It should be noted that the IP samples expe-
rienced the higher strains. It could be possible that a similar
microstructure might have also been developed at the tip of
these samples, but then lost during the more catastrophic
rupture process due to the larger strains experienced by
the IP samples as compared to the TT samples for a given
shot velocity. The details of a likely mechanism to explain
the microstructure in this region are discussed later in this
paper.
3.3.2. Microstructure as a function of impact velocity

Additional EBSD-based analyses were performed on
Region 1 of the IP and TT specimens to investigate the
effect of impact velocity on microstructural evolution; spe-
cific focus was on the propensity of twinning as a function
of test velocity (i.e. strain rate [16]). However, due to the
extensive plastic deformation experienced by the extruded
samples, with strains in the 0.25–0.35 range for Region 1,
the characterization of individual twinning modes was
not possible by conventional approaches such as that
reported in McCabe et al. [25], as those methods require
proper identification of a parent grain–daughter twin pair.
However, based on the premise that any tensile twinning
process reorients the hci-axis by at least 64.2� [4,25,26],
the EBSD data can be partitioned to selectively analyze
the orientation measurements with crystallographic orien-
tations of �75� or greater away from the original (0001)
pole orientation. The threshold value for the angle value
was taken to be larger than the minimum 64� to compen-
sate for spread in the original distribution of the hci-axes
(Fig. 1d). Using this scheme, the twinned fractions can be
indirectly extracted.

The orientation maps for Region 1 of IP specimens
tested at �428 and �592 m s�1 are shown in Fig. 9a and



Fig. 8. TT specimen. (a) Optical image of Piece 1. Orientation maps of Regions (b) 1, (c) 2, (d) 3, (e) 4 and (f) 5 (g–j) Corresponding pole figures of Regions
1–4 showing the development of ð1 0 �1 0Þ fiber texture during extrusion. (k) Pole figure of Region 5 showing a randomized texture.
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b, respectively. By using the scheme just detailed, the
twinned fractions were measured to be �3% for the sample
deformed at 422 m s�1 (Fig. 9c), increasing to �6% as the
velocity increased to 592 m s�1 (Fig. 9d). For both cases,
the amount of twinning was not significant enough to cause
an extensive reorientation of the (00 01) poles, and there-
fore the textures in this region remained relatively
unchanged with respect to the original texture, as shown
in Fig. 9e. The orientation distribution plot in Fig. 9f shows
a more quantified measurement. Slight differences are
observed in the distribution of the hci-axes with respect
to the annealed structure. For instance, there is a small
increase in the right tail of the distribution as signaled by
the arrow. This increase in the fraction of orientations
away from the (000 1) pole has been associated with com-
pressive twinning for this specific specimen orientation [25].

The results from similar, selective measurements per-
formed in TT samples tested at 422 and 600 m s��1 are
shown in Fig. 10a and c. A value of �0.78 for the twinned
fraction was measured for both cases. This significant shift
in the texture from the original basal (0001) to a strong
ð1 0 �1 0Þ parallel to the extrusion direction, as observed in
Fig. 10e, has been qualitatively explained by the activation
of f1 �1 0 2g tensile twins that reorient the crystals by 85.22�
[17,25–27]. The velocity does not seem to significantly affect
the amount of twinning for the TT case. Thus, to further
assess the effect of test velocity, grain misorientation maps,
generally associated with plastic deformation, are presented
in Fig. 10c and d. A larger degree of plastic deformation is
observed in the sample deformed at 600 m s�1 (Fig. 10d) as
compared with the one deformed at 422 m s�1 (Fig. 10b).
These measurements correlate with the more well-defined
ð1 0 �1 0Þ texture developed at 600 m s�1 as shown in
Fig. 10e. The quantification of these measurements in the
orientation distribution plot (Fig. 10f), further confirms
these observations. For both velocities, substantial reorien-
tation of the hci-axes by 85� is observed in Fig. 10f, and then
the fraction of reoriented hci-axes is observed to increase
with increasing impact velocity, further strengthening the
ð1 0 �1 0Þ texture.

These findings, i.e. (i) a lack of difference in twin volume
fraction as a function of velocity but (ii) a significant dif-
ference as a function of texture, suggest that, overall, the
influence of impact velocity on microstructural evolution
during dynamic extrusion was not as significant as the
influence of texture. This is further evidenced by the devel-
opment of macroscopic specimen morphologies previously
shown in Fig. 6. These morphologies clearly reflect the tex-
ture evolution in each case. For instance, for the TT case it
was observed that the deformed samples possess a micro-
structure with ð1 0 �1 0Þ directions preferentially oriented
along the extrusion direction and (0001) directions ori-
ented radially (Fig. 8h–k). Thus, as shown in Fig. 6d,
any two given orthogonal planes are aligned with their



Fig. 9. Orientation maps of Region 1 in IP samples tested at (a) 428 m s�1, (b) 592 m s�1. (c and d) Corresponding maps showing only measurements with
orientations greater than 75� away from the c-axis. (e) Texture plots from (a and b). (f) Distribution of the angle between c-axis and the TT direction.
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normal parallel to the basal direction. Hence, the same
contour can be observed at any given exposed plane. For
the IP cases, it was found that the deformed samples
retained a microstructure with a preferred (0001) orienta-
tion along the original TT direction, while a ð1 0 �1 0Þ tex-
ture developed along the extrusion direction (Fig. 7f–i).
This anisotropic behavior renders similar contours as the
TT cases to any section parallel to the basal (000 1) direc-
tion (Fig. 6h) and a different contour for sections orthog-
onal to it.

3.3.3. Deformation modes
As shown in the previous section, information obtained

in Region 1 provides an insight into the early stages of
anisotropic deformation for this complex loading path
and can aid in the identification of the predominant
deformation mechanisms, i.e. twinning or slip, during the
onset of the extrusion process. Unfortunately, as already
stated, due to the large deformation, the assessment of
individual deformation modes was not possible by any of
the automated approaches using EBSD data reported in
the literature [25,26]. However, as already introduced in
Fig. 10c and d, the local variation in misorientation within
individual grains is generally seen as an indicator of plastic
strain in crystalline materials. Thus, by measuring misori-
entation within different grains, it was possible to infer
the activity of individual deformation modes and, in
particular for this study, the activation of deformation
modes with hci-component, such as pyramidal slip or twin-
ning. Such modes are the signature of the reorientation of
crystallites toward or away from the basal direction
[25,27,28]. Misorientation vector profiles were measured
on orientation maps from Region 1 and projected onto
inverse pole figures. Three colors served to mark the activ-
ity of a deformation mode with hci-component within a
grain. Blue lines correspond to tangential lines in the
inverse pole figure and therefore are indicative of absence
of hci-component. Red lines indicate the presence of a com-
ponent towards the (00 01) pole. The gray color is used to
indicate misorientation measured within twins.

The orientation map of Region 1 of an IP sample is
shown in detail in Fig. 11a. Several misorientation profiles
were measured along the directions indicated by the arrows
and are shown as projected lines in the inverse pole figure
in Fig. 11b. As depicted in Fig. 11b, most of the misorien-
tation vector profiles are blue in color. This indicates that
the activity of deformation modes with hci-components is
either absent or kept at a minimal value. This observation
further confirms that, for IP samples, prismatic slip domi-
nated the deformation during the initial stages of extrusion.

The results for the TT case are shown in Fig. 12. The
misorientation profiles in this case (Fig. 12b) show a signif-
icant activity of deformation modes with hci-component in
the misorientation profile vectors measured within grains



Fig. 10. Orientation maps of Region 1 in TT specimens showing only measurements with orientations greater than 75� away from the c-axis of samples
tested at (a) 422 m s�1, (b) 600 m s�1. (c and d) Corresponding grain misorientation maps. (e) Texture plots from Region 1. (f) Distribution of the angle
between c-axes and TT direction.

Fig. 11. (a) Orientation map and (b) inverse pole figures showing misorientation profiles of an IP specimen tested at 592 m s�1. The color of the arrows in
the orientation map is associated with the color of the lines in the IPF maps. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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(red) and twins (gray). These results confirm that pyrami-
dal slip and twinning are significantly active in these
regions, causing a reorientation of the microstructure away
from the hci-axis pole.
3.4. Modeling of texture evolution using VPSC

To further elucidate the contribution of each deforma-
tion mode responsible for the texture evolution, simula-



Fig. 12. (a) Orientation map and (b) inverse pole figures showing misorientation profiles of a TT specimen tested at 600 m s�1. The color of the arrows in
the orientation map is associated with the color of the lines in the IPF maps. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Table 2
Voce hardening parameters used for VPSC simulations.

Deformation mode Voce hardening parameters

s0 s1 h0 h1

Prismatic slip 1 0.8 67.8 4.3
Pyramidal slip 7.6 10.2 88.6 39.5
Tensile twinning 5.4 0.9 5.3 1.6
Compressive twinning 14.2 1.6 52.6 44.7
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tions of texture evolution based on polycrystal plasticity
were performed using the viscoplastic self-consistent
(VPSC) model developed by Lebensohn and Tomé [13].
Due to the lack of an adequate model to simulate recrystal-
lization textures, only deformation textures, corresponding
to Regions 1–3 were modeled.

The methodology consisted in utilizing the initial orien-
tation map from Fig. 1b to generate a set of weighted ori-
entations (based on grain size) as input textures for the
model. The deformation modes used for the simulations
were prismatic and pyramidal slip, and tensile and com-
pressive twinning. Despite the obvious differences in strain
rates between the present experiments and the quasistatic
experiments of Tomé et al. [15,16], the same relative values
of the initial critical resolved shear stresses of these modes
Table 3
Relative velocity gradient components used for VPSC simulations.

Sample Velocity gradient components

_ux;x= _uz;z _uy;y= _uz;z

TT �0.5 �0.5
IP �0.8 �0.2
were assumed, while the corresponding hardening parame-
ters were slightly modified to better match the present
observations on twinning activity and texture evolution.
The adopted parameters, relative to the initial value of
the prismatic critical resolved shear stress, are shown in
Table 2. The type of boundary conditions applied to simu-
late the IP and TT cases are shown in Table 3. In the TT
case, the velocity gradient tensor applied was such that
the sample was extended in the normal direction, while vol-
ume conservation was achieved by imposing equal shorten-
ing of both transverse directions. For the IP case, the
boundary conditions were based on the observation made
on the ovalization of the fracture surfaces and the aniso-
tropic shape of the cross-sections, indicating that larger
strain occurs in the direction orthogonal to the hci-axis.
It was found that the velocity gradient that best reproduces
the experimental observations is one having a 1:4 ratio
between the two transverse components, the smaller being
along the hci-axis ( _uy;y in Table 3, IP case).

The simulated textures for the IP case are shown in
Fig. 13a–c; the strains are as indicated. The simulated tex-
tures correlate well with the measured textures correspond-
ing to Regions 1–3 (Fig. 13d–f). The relative activity of the
different deformation modes is shown in Fig. 13g. The cal-
culated activity for each mode is consistent with the exper-
imental observations that deformation is dominated
primarily by prismatic (prism) slip, with limited contribu-
tion of twinning (tensile and compressive) and pyramidal
slip (pyr). This type of deformation causes the basal pole
to remain invariant while the ð1 0 �1 0Þ poles are aligned
parallel with the extrusion axis (TD), as measured experi-
mentally (Fig. 13d–f) and in simulation (Fig. 13a–c). In
addition, the calculated twinned fraction at a 0.30 strain



Fig. 13. Pole figures for the IP case at the indicated regions and strains. (a–c) Simulated. (d–f) Experimental. (g) Relative activity of individual
deformation modes calculated using VPSC.

Fig. 14. Pole figures for the TT case at the indicated regions and strains. (a–c) Simulated. (d–f) Experimental. (g) Relative activity of individual
deformation modes calculated using VPSC.
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is 2.8%, close to the experimentally measured value of 3%
for the sample deformed at 422 m s�1.

The results of the extrusion simulations for the TT case
are given in Fig. 14a–c, the strains are as indicated. Good
agreement between the simulated and the measured tex-
tures from Regions 1–3 (Fig. 14d–f) is observed. The
(0001) poles are predominantly orthogonal to the extru-
sion axis (pole center), while a strong ð1 0 �1 0Þ component
clearly develops parallel to the extrusion axis (pole center).
The relative activity of the different deformation modes
(slip and twinning) is shown in Fig. 14g. These results con-
firm the experimental observations that at the early stages
of extrusion deformation, tensile twinning is very active
(with a peak at �0.05 strain). Then, as strain increases
beyond �0.05, there is a gradual decrease in twinning activ-
ity, while both prismatic and pyramidal slip start to domi-
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nate the deformation. For this case, the calculated twinned
fraction at 0.3 strain is 82%, close to the 78% measured
experimentally. Compressive twinning remains close to
inactive throughout the simulations.

4. Discussion

The dynamically extruded IP specimens displayed con-
sistently higher total elongations compared with the TT
samples at a given velocity; however, instability and sample
fragmentation as a function of shot velocity did not signif-
icantly differ for the two orientations. The experimental
observations and the calculated activity of deformation
modes, using VPSC, show clearly that in both the IP and
TT cases, extrusion deformation is accommodated via a
combination of slip and twinning. However, the degree of
twinning is significantly higher in the TT compared to the
IP specimens. In the IP cases, due to the availability of slip
systems with high Schmid factor with respect to the extru-
sion direction, the samples accommodate deformation
through prismatic slip and scattered twinning during ten-
sile loading [11]. Interestingly, this results in greater total
elongations for a given shot velocity in IP specimens as
compared to TT specimens.

Conversely, the samples extruded along the TT direc-
tion, first develop a microstructure by lattice reorientation
prior to prismatic slip. This reorientation is attained pri-
marily due to extensive tensile twinning and contributions
from pyramidal slip. Once the crystallites are reoriented,
further deformation is dominated by prismatic slip,
strengthening the development of the ð1 0 �1 0Þ texture fiber.
These results establish the chronological sequence in the
deformation processes during extrusion deformation.

The process of grain elongation (Regions 2 and 3) lead-
ing to grain refinement and recrystallization (Region 4) was
not only observed in Piece 1, but also throughout all the
fully extruded segments. This type of severe grain deforma-
tion leading to grain refinement and recrystallization has
also been observed under other complex loading condi-
tions, such as mechanical testing of hat-shaped specimens
[23,29]. Other studies have suggested that this process takes
place through a mechanical, subgrain rotation process
aided by a deformation-induced adiabatic heating [23,24].

Significant grain coarsening and texture randomization
were observed at the tip of Piece 1 in all the TT cases,
and sporadically in smaller areas in a few IP specimens.
A viable mechanism to explain the emergence of new orien-
tations is as follows: adiabatic heating, induced by plastic
work, causes a temperature increase that likely causes the
material to undergo a a to b phase transformation
[30,31]. This inference is supported by the fact that this
necked region has sustained true strains larger than 5.0.
This would create regions not only experiencing the largest
increases in temperature but also the largest strains and
strain rates in the entire bullet. It follows that the largest
concomitant plastic deformation causes the highest disloca-
tion activity. The latter should be responsible for the
creation of high-angle grain boundaries but also crystal
reorientation [32]. This combined effect of deformation
and temperature increase causes a loss of texture memory,
normally seen when Zr samples undergo a–b–a phase
transformations in exclusive heat-treatment experiments
[30]. After rupture, the stress state drops to zero in this
region and the sample is allowed to undergo static anneal-
ing, i.e. recovery and grain growth. This sequential process
could potentially render the coarse, randomly oriented
microstructures observed in this study.

5. Conclusions

Based upon the present study of the influence of texture
and test velocity on the dynamic-tensile extrusion of high-
purity Zr, the following conclusions can be drawn:

� Extrusion deformation was accomplished through a
combination of twinning and slip. Their relative activi-
ties are seen to depend on the initial texture. In this
regard, TT samples showed a higher propensity for ten-
sile twinning, primarily during the early stages of defor-
mation (Region 1).
� The subsequent larger deformation (Regions 2 and 3)

was achieved primarily by prismatic slip as measured
experimentally and modeled by VPSC. It should be
noted that development of texture was irrespective of
the initial texture. All specimens tested in this current
study developed a ð1 0 �1 0Þ extrusion texture.
� The total elongation increased with increasing test veloc-

ity. Higher elongations in the IP samples were observed
with respect to the TT samples, at similar test velocities.
The difference in tensile ductility between the two orien-
tations may be rationalized in terms of the dominant
deformation modes. A relatively larger number of avail-
able slip systems with higher Schmid factor exists for the
IP samples as compared with the TT samples. The
enhanced availability of high Schmid factor slip systems
led to more slip activation, and, hence, larger elonga-
tions were measured in the IP specimens.

Currently, experiments are being performed at high tem-
peratures to investigate the effect of temperature in pro-
moting plastic deformation by dislocation slip. In
addition, in situ diagnostics are continuing to be developed
to measure the real-time response, during extrusion defor-
mation, complementing high-speed photography. In partic-
ular, the use of PDV systems is being employed to capture
the motion of the front end of the bullet [21,33]. Significant
results of these measurements and their implication for
microstructure evolution will be reported in due course.
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