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Abstract

A study of the internal strain (stress) evolution during cyclic deformation dominated by f10�12gh10�11i twinning and detwinning
mechanisms within a magnesium alloy, ZK60A, was conducted using in situ neutron diffraction. It is shown that once the matrix grains
twin, the (00.2) matrix and twin grains are relaxed relative to the neighbors. This load redistribution between the soft- and hard-grain
orientations is a result of plastic anisotropy. The twins which formed during the initial compression sustain a tensile stress along the
c-axis, when the applied compressive stress is less than �80 MPa upon unloading. This local (intergranular) tensile stress is hypothesized
to be effective for driving the detwinning event under a macroscopic compressive field along the c-axis. The activation stresses, 15 and
6 MPa, respectively, for the f10�12gh10�11i extension twinning and detwinning, are approximated, based on the relaxation of the internal
stresses in the matrix and twin grains.
Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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1. Introduction

Mg-based alloys have attracted extensive research efforts
as potential lightweight structural materials with applica-
tions in the automotives, aircraft and electronics industries
[1–8]. The important role of mechanical twinning in the
plastic deformation of wrought magnesium alloys has been
well recognized [6,9–11]. The strong anisotropy of hexago-
nal close-packed magnesium single crystals is due to the
fact that the dominant slip mode, basal hai slip, possesses
only two independent slip systems, far from satisfying the
five independent slip systems required by the von Mises
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criterion for an arbitrary homogeneous straining. In partic-
ular, the basal hai slip cannot accommodate straining along
the c-axis. Aside from the dislocation slips with hc + ai
Burgers vectors, which are considered to be a very hard
deformation mechanism [5], twinning is the only active
deformation mode that can provide straining along the c-
axis at room temperature. However, the f10�12gh10�11i
extension twinning can be easily activated by tensile stress
along the c-axis. In common wrought magnesium alloys,
most grains are oriented such that their c-axes are nearly
perpendicular to the prior working direction; this favors
significant f10�12gh10�11i twinning under some loading
conditions but not in others. This is the reason for the
well-known tension–compression strength asymmetry of
wrought magnesium alloys, where the strength in one
direction is controlled by the stress required to activate
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Fig. 1. A schematic of the SMARTS configuration at LANSCE. The
loading axis is parallel to the extrusion direction (ED) of the extruded
plate. The central part shows that the f10�12gh10�11i extension twin system
in magnesium results in an 86.3� reorientation of the twin grain relative to
the parent grain.
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twinning, while the strength in the other is controlled by
the harder non-basal slip mechanisms [12,13]. The unique
orientation relationship between the parent grains and
the twin grains (�90� reorientation) facilitates detwinning
during the subsequent loading reversal [14–17]. Therefore,
the plastic deformation during the cyclic loading of the
common magnesium alloys at room temperature is domi-
nated by twinning and detwinning mechanisms
[14,16,18,19].

The mechanical response of polycrystalline metals is an
average of the response of individual crystals (grains). In
general, crystals exhibit both elastic and plastic anisotropy,
which leads to load transfer between different grain orien-
tations during loading. Because of the near elastic isotropy
in magnesium alloys, the intergranular strains (the strain
mismatch within different grain orientations) primarily
arise from plastic anisotropy, which is controlled by the
active slip and twinning systems. Therefore, a study of
the internal strain evolution during the cyclic plastic defor-
mation will give us more insight into the twinning and det-
winning behavior in this material. The objective of the
present paper is to provide experimental data necessary
to develop a quantitative description of the load transfer
mechanisms within magnesium alloys by reporting the
development of internal strains during cyclic loading.

2. Experimental details

The magnesium alloy, ZK60A, sample used in this study
was cut from a commercially extruded plate with T5 tem-
per (partially solution-treated at 535 �C for 2 h, quenched
in hot water, then aged at 185 �C for 24 h), which has a
nominal composition of 6.0% Zn, 0.5% Zr (wt%), and
Mg as balance. The crystallographic texture of the as-
extruded plate has been reported elsewhere [14]. The initial
texture exhibits two major texture components, one with
the basal planes parallel to the plate and the other with
the basal poles parallel to the transverse direction. Conse-
quently, under the current loading condition, most grains
in the sample are extensively twinned under the compres-
sive loading along the extrusion direction and detwinned
during the subsequent unloading and tensile reloading. In
the current experimental setup, all the twin grains and
the parent grains with their initial c-axes perpendicular to
the plate normal are readily captured by in situ neutron dif-
fraction, while those parent grains with their c-axes parallel
to the plate transverse direction are not recorded.

In situ neutron-diffraction measurements were con-
ducted on the spectrometer for materials research at tem-
perature and stress (SMARTS) (Fig. 1) at the Los
Alamos Neutron Science Center (LANSCE). The experi-
mental details were described in Ref. [14] and only briefly
presented here. The threaded-end sample with the loading
axis parallel to the extrusion direction, having a
19.05 mm gage section with a 6.35 mm diameter, was
mounted in the horizontal load frame. The prior plate nor-
mal was carefully aligned in the horizontal direction so that
a large volume fraction of grains have their basal poles in
the diffraction plane (horizontal) but transverse to the load-
ing direction. The loading axis was oriented at 45� relative
to the incident beam, and the two detector banks situated
at ±90� simultaneously record two complete diffraction
patterns with diffraction vectors parallel (Qk) and perpen-
dicular (Q\) to the applied load (Fig. 1). The cyclic-loading
experiment was performed using the customized Instron
load frame under fully reversed cyclic-loading conditions,
at the constant total strain amplitude of 1.2% with a trian-
gular waveform at room temperature. The macroscopic
strain was measured using an extensometer attached to
the sample, and the imposed cyclic frequency was 0.5 Hz.
The initial loading was compressive, which results in signif-
icant extension twinning during the first quarter cycle.

SMARTS uses polychromatic neutron beam and the
time-of-flight (TOF) technique to record all possible lattice
planes (effective d-space range from 0.03 to 0.4 nm), with
their reflecting plane normals (scattering vectors) parallel
or perpendicular to the loading axis. The configuration of
SMARTS allows lattice strain evolutions in the parallel
(longitudinal) and perpendicular (transverse) directions to
the loading axis to be monitored simultaneously. In partic-
ular, the unique reorientation (�90�) associated with the
extension twinning in magnesium alloys coupled with this
configuration enables the separation of the daughter (twin)
grain orientations from the parent (matrix) grain orienta-
tions [7,14,16,20]. For instance, the peaks diffracted from
(00.2) planes in the longitudinal detector bank and (10.0)
planes in the transverse detector bank are the direct
detection of the daughter grains, while the parent grains
can be characterized by the (10.0) peak in the longitudinal
detector bank and the (00.2) peak in the transverse
detector bank. Therefore, the development of the micro-
structure and stress state within the parent and daughter
grains can be monitored simultaneously. Meanwhile, the



Fig. 2. Diffraction patterns during the first cycle deformation in parallel
and perpendicular detector banks at various measuring points along the
hysteresis loop (indicated in Fig. 3). The patterns have been offset
vertically for clarity. The diffraction patterns correspond to: (a) 0% (initial
state), (b) �0.8% strain, (c) �1.2% strain, (d) 0 MPa stress, (e) �0.4%
strain, (f) 0% strain, (g) +1.2% strain and (h) 0 MPa stress.
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variation of peak intensity can signify a mechanical twin-
ning and detwinning [14,16,19,21].

The internal strains can be calculated based on the peak
shift of (hk.l) planes between the loaded and load-free pat-
terns. Each reflection originates from a different family of
grains, oriented such that the given (hk.l) plane diffracts
to the detector banks. The average lattice strain for such
grains is given by:

ehk:l ¼
dhk:l � d0

hk:l

d0
hk:l

ð1Þ

where dhk.l and d0
hk:l are the plane d-spacings in the loaded

and load-free conditions, respectively. However, due to the
strong initial texture, some diffraction peaks [e.g. the (00.2)
peak in the parallel direction and the (10.0) peak in the per-
pendicular direction] may initially be absent in one of the
two banks (Fig. 1). In this case, we use the technique devel-
oped and successfully used for interpreting such data by
Brown et al. [21] to obtain the d-spacing data for the
load-free condition. For a load-free material that is elasti-
cally isotropic, the ratios between the given (hk.l) peak
positions in banks 1 and 2 should be the same. These ratios
are employed to obtain the lattice parameters for peaks ini-
tially absent in one of the banks. Nevertheless, certain
peaks may be too weak in certain detector banks to give
reliable internal-strain measurements, such as the (10.0)
peak in the transverse direction with a large error bar
(Fig. 5a and c).
Fig. 3. An asymmetric hysteresis loop loaded along the prior extrusion
direction for the first cycle, characteristic of twinning and detwinning in
Mg alloy. The loop was divided into four loading stages – compressive
loading, compressive unloading, tensile reloading and tensile unloading –
as well as some that are letter labeled as the measuring points for later
discussion. The figure also indicates the recoverable (or pseudo-elastic)
strain, eSE.
3. Results and discussions

3.1. In situ neutron diffraction patterns

Fig. 2 represents the diffraction patterns from the paral-
lel and perpendicular banks at various points (indicated in
Fig. 3) along the hysteresis loop during the first deforma-
tion cycle. From the bottom to the top, the diffraction pat-
terns correspond to (a) 0% (initial state), (b) �0.8% strain,
(c) �1.2% strain, (d) 0 MPa stress, (e) �0.4% strain, (f) 0%
strain, (g) +1.2% strain and (h) 0 MPa stress. Due to the
strong texture, the initial diffraction peak reflected from
the (00.2) basal planes is absent in the parallel detector
bank, while it is strong in the perpendicular bank. The dif-
fraction peak of the (10.0) prismatic planes is very weak in
the perpendicular detector bank, but quite strong in the
parallel detector bank, in the initial load-free diffraction
patterns (see patterns ‘‘a” at the bottom in Fig. 2). The
pyramidal (10.1) peaks are present in both detector banks.
The initial diffraction spectra are consistent with the pole
figures reported previously (see Fig. 2 in Ref. [14]), which
were measured by conventional X-ray diffraction.

As discussed earlier, the in situ neutron diffraction pat-
terns reveal a number of different aspects related to the evo-
lutions of the microstructure and stress state in the sample.
In Section 3.2 below, the cyclic twinning–detwinning
behavior is briefly reviewed with relation to the intensity
changes of the diffraction peaks and the corresponding
strangely shaped hysteresis loops. In Section 3.3, the inter-
nal strain (stress) evolutions derived from the peak shifts
are examined in detail (the focus of this paper). Thereafter,
the peak broadening is discussed in terms of intergranular
and intragranular stresses (in Section 3.4). Finally, in
Section 3.5, the activation stresses for twinning and



Fig. 4. Hysteresis loops of applied stress vs. lattice strain during the first
cycle for the parallel direction. Due to the absence of a (00.2) peak at the
initial and later stages during the first cycle, no internal strain data are
available to form a complete loop for the basal (00.2) reflection. The
different Bauschinger-type effects may be explained in terms of grain
orientation and Schmid factor for basal slip.
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detwinning events are approximated, based on the relaxa-
tion of the internal stresses in the matrix and twin grains,
respectively.

3.2. Macroscopic mechanical behavior

The macroscopic stress–strain response and cyclic twin-
ning–detwinning behavior in this material when loaded
along the prior extrusion direction have been published
elsewhere [14]. The strangely shaped hysteresis loop for
the first cycle shown in Fig. 3 is asymmetric with a sigmoi-
dal shape, characteristic of twinning–detwinning behavior.
This phenomenon is attributed to the formation of the
f10�12gh10�1 1i extension twins during the compressive
loading and detwinning during the subsequent reversed
loading, as evidenced by the intensity transfer of the basal
(00.2) poles between the parallel and perpendicular detec-
tor banks. Twinning and detwinning alternate with the cyc-
lic loading, and most twins formed during the compression
are removed via detwinning when the load is reversed.

The fact that the detwinning is initiated prior to the
compressive stress being completely unloaded (i.e. no ten-
sile reloading is required) results in a Bauschinger-type
non-linear unloading curve (Fig. 3). In this way, the exten-
sion twinning in magnesium is demonstrated to be a
pseudo-elastic phenomenon [22,23], not unlike the stress-
induced martensite formation observed in some shape
memory alloys [24–26]. However, the recoverable (or
pseudo-elastic) strain, �0.13%, is quite small in the current
case (indicated in Fig. 3). In contrast, the linear unloading
curve from tension is due to the elastic deformation. This
asymmetry between the compressive and tensile unloading
in the hysteresis loop does not appear to be related to the
fact that the total macroscopic strain imposed during ten-
sile loading is more than the one imposed during the initial
compression.

3.3. In situ measurement of internal-strain evolutions

It is worth emphasizing that each line in the plot of
applied stress vs. lattice strain represents the response of a
family of grains oriented such that the plane normal to
the given (hk.l) lattice plane is parallel to the scattering vec-
tor. Because the diffraction technique detects only changes
in the elastic ‘‘lattice” strain, the measured internal lattice
strain is necessarily proportional to the stress on that grain,
and the deviation from the linearity between applied stress
and lattice strain indicates a stress redistribution among dif-
ferent grain orientations. When grains in a soft orientation
micro-yield and, thus, share a smaller portion of the applied
stress, a concomitant increase in the slope of the applied
stress vs. internal strain curve is observed. A vertical line
in these plots indicates that the grains of this orientation
have ceased to accept elastic strains, and are behaving in a
perfectly plastic fashion [20,27]. At the same time, grains
in hard orientations must accept a larger portion of applied
stress, and this is manifested as a decrease in slope.
Fig. 4 shows the hysteresis loops (applied stress vs. inter-
nal strain) for the four reflecting planes in the longitudinal
direction during the first cycle of deformation. Different
loop areas are observed for the various grain orientations,
indicating different Bauschinger-type effects. The (10.0)
grain orientation in the parallel direction has a much smal-
ler Bauschinger effect than the (10.1) grain orientation.
This difference may be explained in terms of the grain ori-
entation and Schmid factor for the basal slip, e.g. a soft-
grain orientation has a larger Bauschinger effect, while
the effect is smaller for hard orientations. The following
detailed discussion is based on Fig. 5, which shows internal
strain evolutions during the first deformation cycle, respec-
tively, for (a) initial compressive loading, (b) compressive
unloading, (c) tensile reloading and (d) tensile unloading
(see also Fig. 3).

The sample initially undergoes compressive elastic
deformation and the internal strains (with a compressive
sign) increase linearly with the macroscopic applied stress
at nearly the same slope for all grain orientations
(Fig. 5a), owing to the near-elastic isotropy of Mg. The
slopes in the transverse direction are much steeper than
those in the longitudinal direction as a result of the Poisson
effect and the lack of an external boundary constraint [28].
The basal plane in the (10.1) grain orientations is inclined
at an angle of 28� to the loading axis yielding a Schmid fac-
tor of �0.305 for basal slip. Thus, this subset of grains is
favorably oriented for basal hai slip (e.g. in a soft orienta-
tion) relative to their neighbors. They yield first, and smal-
ler elastic strains are observed in the yielded grains, so that
the corresponding curve diverges from the linear response



Fig. 5. Internal strain evolutions for, respectively, (a) initial compressive loading, (b) compressive unloading, (c) tensile reloading and (d) tensile unloading
during the first cycle, indicated in Fig. 3. The internal strain (stress) evolution in the different grain orientations can be understood in terms of load transfer
among those grain orientations.
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with an increasing slope. A similar transition occurs for the
(10.1) grain orientation in the transverse direction. It can
be deduced that the other subset of grains, in hard orienta-
tions, share a larger portion of load and their associated
slopes decrease. This behavior can be understood largely
in terms of the elastic load transfer between soft- and
hard-grain orientations behaving like a composite material
[29]. However, the volume fraction of (10.1) grains is small
in this strongly textured material, and thus their effect on
the overall behavior is small. This trend agrees well with
the reports by the groups of Agnew, Brown and Clausen
[20,21,27,30] for the extruded magnesium alloy, AZ31B,
under monotonic compressive loading. When the sample
starts to macroscopically plastically deform by twinning
at the stress of ��150 MPa, a (00.2) peak in the parallel
bank appears (Fig. 5a), and thereafter the lattice strain in
the twins can be calculated accordingly.

Once the twinning is activated, the (00.2) parent grains
(see the transverse direction in Fig. 5a) are relaxed relative
to the stress field in the surrounding grains. Therefore, the
(10.0) and (11.0) parent grains (Fig. 5a, in the longitudinal
direction) share more stress, and their slopes of the internal
strain curves decrease. The newly formed daughter grains
(see the (00.2) reflection in the longitudinal direction in
Fig. 5a) have a much smaller stress than the other grains.
However, the twins are in a plastically hard orientation
with respect to basal slip. Therefore, the stress within the
twins accumulates very quickly. It was suggested previ-
ously [14] that the twins and parents must contain signifi-
cant internal stresses that drive the detwinning event to
occur immediately upon unloading (i.e. it does not require
reverse loading). The measured internal strains (stresses) in
Fig. 5a have confirmed this hypothesis.

During the unloading from the maximum compressive
stress, the lattice strains in all observed grain orientations
(hk.l) change at the same pace (another expression of elas-
tic isotropy and evidence that little plastic unloading
occurs). However, the internal stress state in the daughter
grains along the parallel direction (see the (00.2) reflection
in the longitudinal direction in Fig. 5b) changes its sign at
��80 MPa. Beyond this point, the (00.2) daughter grains
are placed in a tensile stress field along their c-axis, which
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is effective in driving the detwinning event. At zero applied
stress, the (00.2) daughter grains are in a much greater ten-
sile stress field along their c-axes compared to the other
grain orientations (Fig. 5b, in the longitudinal direction).
In fact, it is a sufficient level of stress to initiate detwinning.
Detwinning is a mechanism of plastic deformation, so this
is an example of a classical Bauschinger effect in that plastic
deformation occurs at a lower absolute stress during
reloading than it did during the initial monotonic loading.
In this case, intergranular stresses that arise due to plastic
anisotropy appear to assist the Bauschinger effect.

When the sample is reloading in tension, the detwinning
dominates the plastic deformation until the twins appear to
be completely removed at an applied stress of �100 MPa
(Fig. 3). Once the sample is completely detwinned, the result-
ing orientation is again hard with respect to tensile deforma-
tion by the basal slip. This demands the activation of the
harder non-basal dislocation slip [5] or f1 0�11gh10�1�2i com-
pressive twinning mechanisms [8,19,27]. However, the grains
in a soft orientation, such as (10.1) grains in the parallel
direction, again micro-yield, and their corresponding curve
departs from linearity (Fig. 5c). These grains stop to accept
more internal stresses, while other subsets of grains continue
to take more internal stresses.

Although we already have discussed the internal strain
evolution in detail above, based on Fig. 5, the correlation
Fig. 6. Lattice strain evolution as a function of engineering strain for the first f
the parallel bank, which is a direct measure of twin grains, indicating the cycli
strains and the twinning–detwinning behavior can be clearly observed.
between the internal strains and the twinning–detwinning
behaviors can be more clearly observed in Fig. 6, which
shows the internal strain evolution in both the longitudi-
nal and transverse directions as a function of the macro-
scopic strain for the first few cycles. Also included is a
curve of the (0002) pole intensity evolution, which pro-
vides a measure of the volume fraction of twinning and
detwinning [14]. Once twinning is activated and twin
grains appear, the internal stresses both in the longitudi-
nal and transverse directions are relaxed and, subse-
quently, increase more slowly with the macroscopic
strain. The internal strain accumulation in the (00.2) par-
ent grains (see the transverse direction) especially decrease
due to the significant stress relaxation. When the twinned
grains are exhausted at the strain of �0%, plastic defor-
mation continues through the activation of the harder
prismatic or pyramidal dislocation slips and the internal
stresses in both directions accumulate more quickly. How-
ever, as discussed above, because the (10.1) grains are ori-
ented favorably for the basal slip, the internal strain in
those grains rise more slowly than in the other grain ori-
entations. The twinning and detwinning behavior clearly
play a significant role in the cyclic deformation of this
material, and these mechanisms are in turn significantly
affected by the generation and relaxation of internal
strains (stresses).
ew cycles. Also included is a curve of the (0002) pole intensity evolution in
c twinning and detwinning behavior. The correlation between the internal



Fig. 7. Lattice strains as a function of run number, indicating cyclic evolution of lattice strains: (a) in the longitudinal direction; (b) in the transverse
direction. The internal strain development in the following cycles closely follows the evolution during the first cycle deformation.
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The cyclic evolution of the internal lattice strains is
shown in Fig. 7, which is an extension of Fig. 6 to include
more cycles. The lattice strains for the four grain orienta-
tions are plotted as a function of the ‘‘run number”, which
is used for experimental bookkeeping to identify the dif-
fraction data. We can conclude that the internal strain
development in the following cycles closely follows the evo-
lution during the first cycle deformation. Nevertheless, the
amplitude of the internal strains (stresses) gradually esca-
late with increasing cycle number (Fig. 7). The rise in inter-
nal strain with cycles is a form of cyclic hardening due to
exhaustion of the twinning–detwinning mechanism.

In summary, the internal strain (stress) evolutions in the
different grain orientations observed via in situ neutron dif-
fraction measurements (see Figs. 4–7) can be understood in
terms of load transfer among those grain orientations,
where the twinning and detwinning behaviors play an
important role.

3.4. Peak broadening

In addition to changes in peak intensity and peak posi-
tion, the neutron diffraction data also manifest that there
are changes in peak width. Fig. 8 shows the broadening
of the (00.2), (10.1) and (11.0) reflections, both parallel
and perpendicular to the loading axis, as a function of
run number. Both in the longitudinal and transverse direc-
tions, the (00.2) grain orientation has the largest overall
peak broadening, while the (11.0) grain orientation has
the smallest overall peak broadening. In the present study,
the most significant contributing factors to the peak broad-
ening are (i) grain-to-grain variations in the intergranular
stresses (the focus of this paper) and (ii) intragranular stres-
ses due to dislocations [21,31]. Because of the dominated
twinning deformation, many dislocations are present in
the (00.2) grain orientation due to accommodation require-
ments during twinning, and this leads to the largest peak
broadening. This statement is further corroborated by the
fact that the (00.2) peak broadening develops cyclically
with the twinning and detwinning alternately active
(Fig. 8). The (10.1) grains in both detector banks are in a
soft orientation with respect to the activation of basal slip
system. Hence, there are more basal dislocations in these
grains than in other grains in a hard orientation, such as
the (11.0) grain orientation, which has the smallest peak
broadening. Finally, the overall peak broadening gradually
increases with continued cycling, which indicates an accu-
mulation of residual twins and/or dislocations. In fact, a
small volume fraction of residual twins (twins which fail
to detwin completely) was detected, which gradually
increases with increasing cycles (see Fig. 6 in Ref. [14]).
Furthermore, the mutual interactions between the twin
boundaries and dislocation slips are related to the applied
cyclic stress reported previously (please see Fig. 5 in Ref.
[14]) and, correspondingly, the amplitude of the internal
strains (stresses) (Fig. 7).



Fig. 8. Broadening of diffraction peaks as a function of run number along the longitudinal direction (a) and along the transverse direction (b). The peak
broadening in the current study is mostly related to the volume of twins and dislocations in the material.
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3.5. Approximation of the activation stresses

In general, it has been assumed that, like dislocation
slip, deformation twinning is primarily controlled by the
resolved shear stress on the twin plane and in the twinning
direction [32], thus a Schmid law is assumed and given by:

sCRSS ¼ rc cos k cos v ð2Þ
where k and v are the angles between the loading axis and
the twin plane normal and twin direction, respectively, and
rc and sCRSS are the critical applied stress and the critical
resolved shear stress (CRSS). Gharghouri et al. [19] dem-
onstrated the validity of this assumption for the
f10�12gh10�1 1i extension twinning in magnesium and re-
ported a CRSS value of 65–75 MPa in the Mg–7.7 at.%
Al alloy. The uniaxial form of the Schmid law listed above
schematically represents the full tensorial relationship,
where the tensorial stress applied at the grain level is re-
solved in a similar way using the Schmid tensor (the dyadic
cross product of the twin plane normal and twin shear
direction). For simplicity of presentation, we have assumed
that the stress state at the grain level is uniaxial; however, it
is recognized that the local stresses depart from those ap-
plied to the aggregate.

As stated above, the internal stress in the (00.2) parent
grains in the transverse direction (Fig. 5a) linearly increases
during the initial compression until the extension twinning
is activated, at which point the internal stress in the (00.2)
parent grains is relaxed (see Fig. 6, in the longitudinal
direction). Thus a maximum internal stress observed within
the (00.2) parent grains (see Fig. 5a, in the transverse direc-
tion) can be reasonably employed for the calculation of the
activation stress for extension twinning. In the current
measurement, the maximum internal strain of the parent
(00.2) grains is 770 le, which suggests a stress of 37 MPa
via the uniaxial Hooke’s Law, given the (00.2) specific elas-
tic modulus of 48 GPa [21] for magnesium. The activation
stress is thus the resolved shear stress, 15 MPa, along the
twinning direction h10�11i in the twinning plane f10�12g
with a Schmid factor of �0.40. This activation stress agrees
well with the value of 15 MPa employed by Agnew et al. [8]
for the viscoplastic self-consistent simulation of an AZ31B
magnesium alloy, while in the elastoplastic self-consistent
model, initial values of 30 and 54 MPa, respectively, are
assumed by Agnew et al. [20] and by Clausen et al. [30]
for the same alloy with different models to account for
the effects of twinning.

The stress–strain response departs from the linear elas-
ticity almost immediately, indicating the onset of detwin-
ning even at a strain of �1.0% (see Fig. 7 in Ref. [14]).
However, when the sample is further unloaded to a strain
of �0.8%, the rate of detwinning increases. This point is
further evidenced in Fig. 6, which shows that the internal
strain curve for the (00.2) twin grain orientation between
�1.0 and �0.8% strain (see the longitudinal direction)
has a lower slope than that between �1.2 and �1.0%
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strain. This indicates that the (00.2) twin grains relax more
quickly due to a higher detwinning rate. Consequently, the
internal stress in the twin grains at a strain of �0.9%,
15 MPa (e.g. an internal strain of 310 le), can be again
resolved to a shear stress, 6 MPa, along the twinning direc-
tion h1 0�11i in the twinning plane f10�12g, roughly as the
activation stress for detwinning event, which is lower than
that of twinning. This result agrees qualitatively with the
observations in the alloy, AZ31B [15,16]. The difference
between the activation stresses of twinning and detwinning
events is 9 MPa, which places the present directly measured
result in quantitative agreement with the number derived
theoretically by Lou et al. [15].

4. Summary and conclusions

The cyclic deformation of wrought magnesium alloys is
dominated by twinning and detwinning due to the unique
reorientation of the extension twinning with respect to
the initial basal texture. The configuration of SMARTS is
advantageous for studying the internal strains (stresses)
in the parent grains and twin grains separately in the mag-
nesium alloys. The strong texture in the most common
magnesium alloys places most grains in a hard orientation
relative to stresses acting along the prior extrusion direc-
tion, though there is a small volume fraction of grains in
a soft orientation in the present case. While extension twin-
ning is active, the load-induced internal stresses in the
(00.2) parent and twin grains are relaxed, and they are sig-
nificantly smaller compared to the internal stresses in the
other grain orientations. The difference in internal stress
levels is attributed to the plastic anisotropy, and this ulti-
mately dominates twinning and detwinning behavior. This
kind of load transfer is a typical phenomenon in polycrys-
tal metals [33] and composite materials [29]. The significant
internal (intergranular) tensile residual stress generated in
the material during twinning drives the detwinning event
during the compressive unloading (i.e. no tensile reloading
is required). In this way, extension twinning is a pseudo-
elastic phenomenon, not unlike the stress-induced martens-
ite formation observed in some shape memory alloys.
However, the recoverable strain is quite small.

Finally, the activation stresses for the f10�12gh10�11i
extension twinning and detwinning were calculated based
on the internal strains at which twinning or detwinning
begins to be active for plastic deformation. The activation
stresses for the extension twinning and detwinning event
are determined to be 15 and 6 MPa, respectively.
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