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Abstract Twinning is an important deformation mode in
hexagonal metals to accommodate deformation along the
c-axis. It differs from slip in that it accommodates shear by
means of crystallographic reorientation of domains within
the grain. Such reorientation has been shown to be reversible
(detwinning) in magnesium alloy aggregates. In this paper
we perform in-situ neutron diffraction reversal experiments on
high-purity Zr at room temperature and liquid nitrogen temper-
ature, and follow the evolution of twin fraction. The experi-
ments were motivated by previous studies done on clock-rolled
Zr, subjected to deformation history changes (direction and
temperature), in the quasi-static regime, for temperatures
ranging from 76 K to 450 K. We demonstrate here for the
first time that detwinning of 1012

� �
1011
� �

tensile twins is
favored over the activation of a different twin variant in grains

of high-purity polycrystalline Zr. Avisco-plastic self-consistent
(VPSC) model developed previously, which includes com-
bined slip and twin deformation, was used here to simulate the
reversal behavior of the material and to interpret the experi-
mental results in terms of slip and twinning activities.

Keywords Neutron diffraction . Zirconium . Twinning .

Texture . Plasticity

Introduction

The work presented here is part of a general study to
characterize and model the mechanical behavior of different
hexagonal close-packed (hcp) metals over a wide range of
temperatures under monotonic, strain-path change or tem-
perature change loadings. One of these materials is high-
purity zirconium with an interstitial impurity level lower
than 100 ppm. Zirconium exhibits several slip and twinning
modes to accommodate deformation due to its hcp
crystallographic structure. The diversity of the deformation
mechanisms explains the highly anisotropic mechanical
behavior displayed by this material. The activation of one
specific mode depends on composition, crystallographic
orientation, loading direction, temperature and strain rate.
Various studies have been realized to understand the effect
of these parameters on the activation of the deformation
modes, for example see references [1–6].

This particular material was clock-rolled and then
annealed at 550°C for an hour, which results in a
microstructure of equiaxed twin-free grains of 20–25 μm
average grain size and a strongly in-plane basal texture: the
majority of the grains are oriented such that their c-axis is
almost aligned with the through-thickness direction of the
plate [see Fig. 1(a)]. Figure 1(b) shows some of the
previously obtained stress–strain curves at different temper-
atures and at a strain rate of 10−3 s−1 [6]. The occurrence of
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the different deformation mechanisms during these tests has
been characterized experimentally [5, 7] and by using a
visco-plastic self-consistent (VPSC) model [8–10]. From
these experiments, we were able to draw the following
observations regarding twinning:

1) at room temperature, during in-plane tension (IPT),
there is no twinning activity;

2) during in-plane compression (IPC), 1012
� �

1011
� �

tensile twinning was observed for temperatures ranging
from 76 to 450 K; the twin fraction increases with
decreasing temperature at a given strain;

3) during through-thickness compression (TTC), 1122
� �

1123
� �

compressive twinning was observed for temper-
atures ranging from 76 to 150 K. For temperatures above
room temperature no compressive twins were observed.

In parallel to the Zr study, work has been carried out to
characterize and model the mechanical behavior of magne-
sium alloy AZ31. Detwinning is an additional deformation
mechanism that has been observed in AZ31 during strain-
path change deformation [11] and also during in-situ
neutron diffraction reversal experiments realized at the
Manual Lujan Jr., Neutron Scattering Center, LANSCE,
Los Alamos National Laboratory [12]. The crystal defor-
mation process of detwinning is similar to re-twinning,
although nucleation is not required [13]. Detwinning is
activated within the primary twins, and reorients the twin
domain back to its original orientation. According to
experiments realized on various hcp metals, the stress

required for detwinning is less than that for twin nucleation,
but greater than that for twin growth [14]. To verify if such
mechanism occurs also in high-purity Zr, we have designed
a set of in-situ neutron diffraction experiments that were
realized at LANSCE and the results obtained during these
experiments are described and analyzed in the rest of the
paper. We also used our VPSC model [10] to predict and
interpret the reversal experiments; the results of these
simulations are presented in the last section of the paper.

As mentioned earlier, different twinning modes can be
activated during the deformation of Zr, but here we focus
our attention on 1012

� �
1011
� �

tensile twins and we want
to study its behavior during reversal loading. We know
from our previous work on this material that tensile twins
1012

� �
1011
� �

appear over a wider temperature range than
the other twin types, and that secondary twinning activity
inside them is not prevalent at low strains [8]. Therefore, if
detwinning occurs in Zr, it is more likely to happen, and
easier to characterize, for this particular twinning mode.
Moreover, this particular tensile twinning mode changes the
texture of the material drastically by reorienting the twinned
domains of the grains by 86.6°, which facilitates detection
using neutron diffraction as we will explain in the exper-
imental results section.

Experimental Set-Up

Neutron diffraction is a well suited technique to obtain
bulk measurements in Zr and was previously used to
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Fig. 1 (a) Initial texture of the high-purity Zr studied; (b) mechanical behavior of the Zr studied at room temperature (RT) and liquid nitrogen
(LN) temperature when deformed in through-thickness compression (TTC), in-plane compression (IPC) and in-plane tension (IPT)
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measure the texture of deformed Zr specimens and to
characterize the volume fraction of 1122

� �
1123
� �

com-
pressive twinning [15]. During deformation, twinning
takes place throughout the entire sample and the full
penetration of the specimens by neutrons provides reliable
volumetric measurements. Neutron diffraction measure-
ments were performed during in-situ uniaxial deformation
on the Spectrometer for Materials Research at Tempera-
ture and Stress (SMARTS) at LANSCE. Details of the
technique are published elsewhere [16] and only a short
description is given here. Figure 2 shows a schematic of
the neutron diffraction instrument and the orientation of
the applied load in relation to the beam [17]. A horizontal
load frame was used to load the samples in tension and
compression with the load axis at 45° from the incident
beam. Detectors on either side of the specimen simulta-
neously record data with diffraction vectors, parallel
(longitudinal) Q|| (−90°) and transverse Q? (+90°), to the
applied load [17, 18].

The specimens were designed according to ASTM
standard E606-92. However, the final dimensions retained
were dictated by the thickness of the clock-rolled Zr plate.
The maximum thickness at the grips was 9.5 mm
(corresponding to the thickness of the plate) and the rest
of the dimensions were adapted to this maximal thickness.
Figure 3 shows the orientation of the specimens with
respect to the Zr plate. The experiments were designed to
have the direction 3 of the plate parallel to the Q? direction
and the direction IP2 parallel to the Q|| direction. Each
experiment is divided in four segments. The load direction
is fixed along IP1. First the sample is subjected to a
compressive load that activates twinning (segment 1). The
sample is then unloaded (segment 2) and subjected to a
tensile load (segment 3). The last segment (segment 4)

consists in unloading the sample. Two experiments have
been run on high-purity Zr samples:

1. Segments 1 to 4 are realized at room temperature.
2. Segments 1 and 2 are realized at liquid nitrogen

temperature and segments 3 and 4 at room temperature.

As the compression phase of the second experiment is
realized at liquid nitrogen temperature, more twins will be
introduced in the material. However, as the sample is
immersed in a liquid nitrogen bath to maintain the correct
temperature, it is not possible to take texture measurements
during the compression phase of the experiment because
liquid nitrogen scatters the neutrons. The tensile phase of
this experiment is realized at room temperature and in-situ
neutron diffraction measurements are possible in this case.
By performing the experiments at two different temper-
atures, we can monitor the effect of temperature on the
detwinning mechanism.

Experimental Results

The diffraction geometry of SMARTS coupled with the as-
rolled texture of Zr is advantageous for the study of this
particular tensile twinning. Initially, diffracted intensity from
the basal (0002) poles is weak (almost totally absent) in the
Q|| detector [Fig. 4(b)] and strong in the Q? detector
[Fig. 4(a)]. On the opposite, prismatic pole 1010

� �
intensity

is initially strong in the Q|| detector [Fig. 4(b)] and weak
(almost totally absent) in the Q? detector [Fig. 4(a)]. As
mentioned earlier, tensile twins 1012

� �
1011
� �

reorient
regions in the grains by 86.6°. Given the sample orientation,
this nearly 90° reorientation results in a transfer of part of
(0002) diffraction intensity from the Q? to the Q|| detector,
while part of the prismatic plane diffraction intensity trans-
fers from the Q|| to the Q? detector. This is experimentally
observed and shown in Fig. 4(c) and (d) after 8% IPC of the
sample at room temperature. In Fig. 4(c), we see that the
prismatic 1010

� �
peak that was initially almost non-existent

is now present in the diffraction pattern. Similarly, in
Fig. 4(d), we see that the almost non-existent basal pole
(0002) peak is now present. Following the evolution of the
intensities of these poles respectively to each other allows the
detection of even small amounts of twins in the material. In
this particular example, even though only 5% of the material
has twinned, the twins can be detected by analyzing these
neutron diffraction patterns.

Experiment 1

The first sample was deformed entirely at room tempera-
ture, first in compression to a strain of 8% (which is the

+ 90 º Detector Bank

Incident neutron
beam

Loading Axis

Q ⊥Q ||

- 90 º Detector Bank

Fig. 2 Schematic of the neutron diffraction instrument
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maximum deformation possible with this sample geometry
before buckling of the specimen occurs) and then in tension
to a strain of 8% as well. The stress–strain curve obtained is
shown in Fig. 5(a). The serrations on the curves reflect
stress relaxation taking place during each of the neutron

diffraction measurements. The compression curve is similar
to the IPC curve from the macroscopic sample shown in
Fig. 1(b). At 8% strain a twinning signature on the stress–
strain curve (rapid increase in the hardening rate that can be
observed in Fig 1(b) for TTC and IPC at liquid nitrogen and
IPC at room temperature) is not yet noticeable. However,
from our previous macroscopic experiments realized at
room temperature, we measured by electron backscatter
diffraction (EBSD) a 7% twin fraction at 10% strain [see
Fig. 7(a)], and from this we estimate that about 5% twin
fraction is introduced in the material at 8% strain. Therefore
like in the initial IPC phase, the volume fraction associated
with any potential detwinning of these twins during the
subsequent IPT phase will also not be sufficient to show a
twinning signature in the stress–strain curve.

However, information can be retrieved from the variation
of intensities of the various peaks representing the prismatic

3

IP 1 IP 2

33

1
2

c-axis

(a) (b)

Fig. 3 (a) Schematic representation of the crystallographic orientation
in the initial plate; (b) reversal test specimen, IP1 and IP2 are two in-
plane directions. In both pictures, the c-axis of the crystals is oriented
parallel to the direction 3 of the original plate. The loading direction is
fixed in IP1 for all tests
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Fig. 4 Diffraction patterns obtained before the test started in (a) transverse and (b) longitudinal detector banks and after 8% IPC at room
temperature in (c) transverse and (d) longitudinal detector banks. The position of the peaks corresponding to the poles of interest is indicated on
each diffraction pattern
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and basal planes. Here we only use the 1010 and 0002
peaks because the changes in intensities are strongest for
these two. The other peaks also show changes, but with a
smaller variation. The variation with strain of the normal-
ized values of the intensity for the peaks representing the
(0002) and the 1010

� �
poles measured for each detector

bank is given in Fig. 6(a). At the start of the experiments,
most grains are oriented such that their c-axes are parallel to
the Q? direction so there is a high intensity for the (0002)
pole in this particular detector bank (the curve on the graph
is labeled 0002_Trans) while the intensity for that particular
pole is lower in the other detector bank (the curve on the
graph is labeled 0002_Long). On the other hand, the
prismatic poles 1010

� �
of the grains are parallel to the Q||

direction so there is a high intensity for the 1010
� �

pole in
that particular detector bank (the curve on the graph is
labeled 1010 Long) while the intensity for this particular
pole is lower in the other detector bank (the curve on the
graph is labeled 1010 Trans). While the experiment is
running, the intensity of each curve varies. For the
0002_Trans curve corresponding to the (0002) poles

measured by the transversal detector bank, the lower points
correspond to the measurement done during the compres-
sion phase of the experiment (For each curve, the lower
points correspond to the compressive phase of the exper-
iment, while the upper points were measured during the
tensile phase of the experiments.) We notice that the
intensity decreases as the compressive strain increases,
because twinning reorients the c-axis in grain domains, and
aligns them with the compression direction. Similarly, we
notice a decrease in the intensity in the 1010 Long curve
corresponding to the 1010

� �
poles measured in the

longitudinal detector bank. On the other hand, we see that
the other two curves, the 1010 Trans curve representing the
1010
� �

poles measured by the transversal detector bank and
the 0002_Long curve representing the (0002) poles mea-
sured by the longitudinal detector bank, show an increase in
intensity. Even if the changes in peak intensities are small
they are proof of the drastic crystallographic reorientation
of some grain domains. These twinned domains now have
their c-axis contained in the plane of the plate (perpendic-
ular to their original position). Such a reorientation cannot
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be explained by slip at such low strains. Instead, we know
that 1012

� �
1011
� �

tensile twinning reorients the c-axis at
86.6° from its original position, and explains the change in
the peak intensity observed.

During the tensile phase of the experiment, we can
observe that the variation of the peak intensities is reversed
and, after 8% strain, the peaks show the same intensities as
they had before the sample was subjected to deformation.
This drastic change in crystal orientation can only be
explained, this time again, by reversal twinning (detwinning)
of the grain domains that had previously twinned. As the
intensities come back exactly to where they were initially, the
grains have the same orientation as initially. The twin
orientations have disappeared from the diffraction patterns.
Therefore detwinning is taking place in the Zr aggregate.

Experiment 2

The second experiment was similar to the first one except
for the temperature of the compressive segment. The
sample was first subjected to a compressive load to a strain

of 6% and then unloaded at liquid nitrogen temperature. At
this temperature, we know that more twins are introduced
in the material [7]. Afterwards, the sample was loaded in
tension at room temperature to a strain of 8%. The bath
surrounding the specimen prevented us from taking neutron
diffraction and strain measurements during the compression
phase of the test. During the tensile phase of the
experiment, realized at room temperature, it was possible
to take in-situ measurements and they are shown in
Fig. 6(b). The compressive stress–strain curve shown in
Fig. 5(b) corresponds to a separate mechanical test done at
liquid nitrogen temperature. The stress–strain curve
obtained during the in-situ tensile phase of the experiment
is also shown in Fig. 5(b). The twinning signature is also
absent from this curve and, as before, additional data needs
to be analyzed to determine whether detwinning has
occurred. The amount of strain introduced in the sample
during the compression phase of the experiment is
approximately 6% and was obtained by measuring the
change in sample length. Using the previous macroscopic
data obtained at liquid nitrogen [7], we can estimate the

(a) (b)

(c) (d)

Fig. 7 001 inverse pole figure map of (a) macroscopic sample deformed by IPC to a strain of 10% at room temperature; (b) reversal test specimen
subjected to compression at liquid nitrogen temperature followed by tension at room temperature, (c) macroscopic sample deformed by IPC to a
strain of 4.2% at liquid nitrogen temperature; and (d) macroscopic sample deformed by IPC to a strain of 8.9% at liquid nitrogen temperature.
Each color represents a crystallographic orientation
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amount of twinning introduced in the aggregate to be
approximately 8%.

We can analyze the evolution of the peak intensities
observed during the tensile phase of the test, shown in
Fig. 6(b). During the tension phase of the experiment, we
observe an increase in the fraction of orientations having
their c-axis parallel to direction 3 of the initial plate, which
indicates a reversal towards the initial orientation distribu-
tion. To verify that detwinning is actually happening we run
an EBSD scan on the sample after it had been subjected to
the compression–tension cycle. The result of this scan is
shown in the inverse pole figure (IPF) map in Fig. 7(b). In
that figure we see very thin twins left inside a few grains,
but most grains are actually twin-free. We can compare this
microstructure with the microstructures of Zr samples
deformed macroscopically to 4.2% and 8.9% strain by
IPC at liquid nitrogen shown on Figs. 7(c) and (d),
respectively. If detwinning had not occurred during the
reversal experiment, the microstructure should be similar to
the microstructures of the samples deformed to 4.2% and
8.9%, which is not what we observe. Therefore, the only
explanation to this almost twin-free microstructure is that
the twins introduced during compression have disappeared
during the tension phase of the experiment.

Predictions

Predictions of plastic deformation and relative activities of
each slip and twinning mode are obtained using our VPSC
code with the predominant twin reorientation (PTR) scheme
to account for twinning effect on texture evolution. AVoce
law is used to incorporate the influence of twinning on
hardening of the material during deformation. Details of the
model and the Voce hardening parameters used in these
simulations can be found elsewhere [10]. In the PTR
scheme the whole grain is reoriented by twinning when a
volume threshold is met. We incorporate the idea of
detwinning in this model by allowing individual orienta-

tions (grains) to reorient by twinning more than once,
although we acknowledge that this is a rather crude way of
accounting for detwinning. Although the model allows for
four deformation mechanisms, prismatic <a> slip, pyrami-
dal <c+a> slip, 1122

� �
1123
� �

compressive twinning and
1012

� �
1011
� �

tensile twinning, to accommodate the pre-
dicted deformation, the dominant deformation mechanisms
in IPC and IPT are prismatic slip and 1012

� �
1011
� �

tensile
twinning. Figure 8(a) compares the experimental and
simulated curves for the experiment run at liquid nitrogen
temperature and then room temperature. Because our model
does not take into account the Bauschinger effect, the
predicted reload curve (the IPT curve) overestimates the
hardening rate. Still, the calculated flow stresses are not far
from the experiment. It is more interesting to look at the
mode activity predictions shown on Fig. 8(b), where the x-
axis corresponds to accumulated strain regardless of the
loading direction. During the compressive phase of the test,
prismatic slip and tensile twinning accommodate the
deformation. But upon reloading in tension, we see that
the deformation is again accommodated by prismatic slip
and tensile twinning. The latter is a consequence of having
pre-strained the material in IPC; the model predicts only
prismatic slip and no twinning activity when the material is
loaded monotonically in IPT (see ref. [10]). Moreover, in
the model, the twinning taking place in the reload occurred
within the twinned orientations generated in the preload. In
the second twinning event, the twin system variant that is
activated was found to be the same variant that twinned
during preload. However instead of operating in the matrix,
it operates in the reoriented twin domain. As further
confirmation, the twin volume fractions predicted by our
model at liquid nitrogen temperature during the IPC and
IPT match well with the measurements. The effective twin
fraction predicted by our model after 6% IPC at liquid
nitrogen temperature is 11% (The hardening parameters
were not fitted to match the experimentally measured twin
volume fraction.) More interestingly, the models predicted
that when the material is further deformed by 6% IPT, 4%
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of the material detwins and after 8% IPT, 9% of the
material detwins. So almost all the original 11% twins
introduced during IPC at liquid nitrogen temperature
detwins by 8% IPT at room temperature. To summarize,
our model predicts that the twins that were created during
IPC are twinned again during IPT and that the same twin
variant as the one that created the original twin domain is
activated inside that twin domain. This mechanism can be
assimilated to detwinning from a crystallographic point of
view.

Conclusions

These two experiments prove that detwinning occurs also in
high-purity Zr. Moreover, we have shown that even if twins
are introduced at a low temperature where twinning is more
prevalent, nearly full detwinning is accomplished upon
reversal even at a higher temperature where twinning is
generally less prevalent. There are two possible explanations.
(1) Temperature is not a factor in the twin variant choice and
only crystallographic orientation influences twin selection. In
our temperature range, tensile twinning will be preferred
over pyramidal <c+a> slip when the c-axis is in tension and,
as a consequence, tensile twinning will be activated in the
twin during the reversal stroke. (2) Detwinning is easier to
activate than twinning, and the material would “prefer” to
detwin than to activate another twin variant inside the
primary twin. Since twinning first requires a nucleation
stage before propagation, and nucleation is believed to
require higher stresses than propagation, detwinning will be
favored because it does not require the nucleation phase.

Our complementary modeling effort provides insight into
detwinning in pure Zr. Our model does not predict twinning
activity during monotonic IPT, but it predicts that twinning
activity will occur after twins have been introduced in the
material during IPC prestraining. The model also confirms
that detwinning, rather than secondary twinning is the
favored mechanism upon reversal. Moreover, we see a good
correlation between the measured and predicted twin volume
fractions during IPC followed by IPT.

More accurate models still need to be developed. The
current model uses a simple twin reorientation scheme
(PTR), yet a more sophisticated composite grain model for
twin reorientation has been developed recently [8]. A first
attempt was made in [19] to incorporate detwinning in the
case of magnesium using the composite grain model. In
both [19] and in the present work, the onset of twinning
was controlled by critical resolved shear stresses described
by an empirical Voce law, an approach which limits the
predictive capability of these models. The characterization
of detwinning presented here will certainly aid in develop-
ing a more physically based model for twin nucleation,

growth, and detwinning. Along with this effort, further
experimental evidence is necessary to better understand the
detwinning mechanism.
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