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Formation and annihilation of stressed deformation

twins in magnesium

Karim Louca® '™ Hamidreza Abdolvand® '™ Charles Mareau?, Marta Majkut3# & Jonathan Wright

The mechanical response of polycrystalline materials to an externally applied load and their
in-service performance depend on the local load partitioning among the constituent crystals.
In hexagonal close-packed polycrystals such load partitioning is significantly affected by
deformation twinning. Here we report in-situ compression-tension experiments conducted on
magnesium specimens to measure the evolution of grain resolved tensorial stresses and
formation and annihilation of twins. More than 13000 grains and 1300 twin-parent pairs are
studied individually using three-dimensional synchrotron X-ray diffraction. It is shown that at
the early stages of plasticity, the axial stress in twins is higher than that of parents, yet twins
relax with further loading. While a sign reversal is observed for the resolved shear stress
(RSS) acting on the twin habit plane in the parent, the sign of RSS within the majority of twins
stays unchanged until twin annihilation during the load reversal. The variations of measured
average stresses across parents and twins are also investigated.
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is essential for reducing carbon emissions in various

industrial sectors. As the potential light-weight structural
materials for automotive or aerospace industries, wrought
magnesium-based alloys have received significant attention over
the last two decades!=>. Understanding deformation mechanisms
and improving the ductility of magnesium alloys at room tem-
perature have been at the centre of many studies because during
manufacturing, it is necessary to form the metal alloy to a specific
shape. The crystal structure of magnesium alloys is hexagonal
close-packed (HCP) where there is a lack of “easy” slip systems
along the crystal c-axis, limiting ductility. Tension along the
crystal c-axis is usually accompanied by the formation of tensile
twins, while tension perpendicular to the crystal c-axis results in
the movement of dislocations on the basal or prism planes, i.e.
slip®. Twinning is the reorientation of a crystal domain with
respect to a habit plane, common between the parent and the
twin crystals. It is an important deformation mechanism in many
strategic high-value metal alloys such as magnesium, zirconium,
and titanium’~10. The performance of these alloys is significantly
affected by load sharing between the twin and parent crystals at
micro- or nano-scales.

The measurement of load partitioning between parent and twin
pairs has been a challenging endeavour. For measuring internal
stresses that develop between grains, a family of grains, or twin-
parent pairs, diffraction-based techniques are mainly used!!-13.
For example, neutron or synchrotron X-ray diffraction has been
used to measure the evolution of lattice strains in the family of
twin and parent grains that can diffract the incident beam!4-16.
Such measurement for a wrought magnesium alloy was primarily
done by Clausen et al.l” where they used in situ neutron dif-
fraction to study the evolution of lattice strains in clusters of twin
and parent grains. It was shown that the c-axis of the newly
nucleated twins was in tension, although the macroscopic load
was compressive and nearly parallel to the twin c-axis. While
substantial information has been extracted from these experi-
ments, particularly for developing materials models at micro-
scales!8-21, there are two main challenges. First, there is a need to
carefully measure and calibrate the initial lattice spacing, called
do, in the absence of macroscopic loads?2. Although the deter-
mination of “true” dy might be straightforward for parent grains,
in textured materials there may be no twin to calibrate the initial
dy in the direction that twins will nucleate, i.e. the c-axis of the
twins. This will have a major impact on the values of the mea-
sured lattice strains for twins. Second, since lattice strain is the
homogenized elastic strain for many diffracting grains, some
crucial information about the interaction between individual
twins and parents might be lost. Attempts have been made to use
higher resolution techniques, e.g. differential aperture X-ray
microscopy (DAXM), to measure internal elastic strains in indi-
vidual twin and parent pairs2324, With DAXM, it is possible to
measure stress variations within parent or twin grains, but so far
only one or two twin-parent pairs have been studied with this
technique. The complexity in deconvoluting diffraction spots
increases drastically with the number of grains satisfying the
diffraction condition. Only recently DAXM was used to measure
stress variations within about 30 grains?°. High angular resolution
electron backscatter diffraction technique (HR-EBSD) is also used
to measure the variation of elastic strains and lattice rotations
within many twin-parent pairs of HCP polycrystals?®27. While
such strain variations can be measured every 20 nm, this method
also suffers from the dy problem and only grains located at the
specimen surface can be investigated.

In comparison to DAXM, many grains can be simultaneously
measured with three-dimensional synchrotron X-ray diffraction
(3D-XRD), but at the expense of losing spatial variations of

The development or use of light-weight high-strength alloys

stresses within grains?$2°. Following the observations reported by
Clausen et al.17, 3D-XRD was used to measure the stress tensor in
a single twin-parent pair of a textured MgAZ31 specimen under
uniaxial compression. Aydiner et al.30 reported that the nucleated
twin is compressed along the loading direction, but carries less
load than the corresponding parent. This measurement has been
used as the benchmark for developing constitutive models
assuming that twins are generally relaxed?%-31:32, With the use of
DAXM, however, Balogh et al.24 showed that the measured axial
strain within two twins and their common parent grain were
compressive, yet the smaller twin went through a compressive
strain that was two times higher than its corresponding parent. In
addition, 3D-XRD is recently used to measure the stress tensor in
the twins that nucleate at the early stages of plasticity in a pure
zirconium specimen under a tensile load33. Results of this mea-
surement have indicated that the nucleated twins are relatively
stressed at the onset of plasticity. No attention was given to the
evolution of stress within twins during annihilation.

In this paper, 3D-XRD is used to measure the centre of mass
(COM), average orientation, elastic strain, stress, and relative
volume of more than 13,000 grains from two magnesium speci-
mens deformed in situ. Post-processing codes are developed to
match grains from each measurement step, find nucleated twins
and their corresponding parents, and track them throughout the
experiment. More than 1300 twin-parent pairs are identified and
are used to unequivocally determine the relationship between the
measured stresses within the twins and parents. The measured
microstructures were subsequently imported into a crystal plas-
ticity fast Fourier transform (CP-FFT) model to investigate the
origin of the observed trends.

Results
3-D experiment and crystal plasticity model. Magnesium spe-
cimens were cut from a rolled MgAZ31 plate with the geometry
shown in Supplementary Fig. 1. The coordinate system used in
this paper is such that Z is parallel to the loading direction (LD) as
well as the plate rolling direction, X is parallel to the X-ray beam
direction (BD), and Y or transverse direction (TD) is defined by
the cross product of the other two axes. This coordinate system is
also shown in Supplementary Fig. 1. The magnesium plate was
initially annealed at 500 °C for 4 h to create equiaxed grains with
an average grain size of approximately 50 pm. Initial texture
measurement, with a Bruker D8 Discover powder diffractometer,
indicated that most of the crystal c-axis are oriented towards the
plate’s normal direction (Supplementary Fig. 2). To monitor the
formation and annihilation of twins, magnesium specimens were
cut such that all parent grains have their c-axis perpendicular to
the LD, i.e. parallel to the BD, so that during the compressive
loading steps, twins nucleate with their c-axis towards the LD
while during the subsequent tensile loading steps, twins annihilate.
Finite element analysis was used to determine the geometry of
the samples such that they did not buckle before yielding. Two
specimens were deformed in situ to (a) confirm the repeatability
of our experimental data and (b) to determine the limit at which
the specimen would buckle. The 3D-XRD experiment was done at
ID-11, the European Synchrotron Radiation Facility (ESRF),
using a monochromatic X-ray beam of 50.239keV energy.
Specimens were mounted on an ADMET deformation rig to
apply uniaxial compressive and tensile load while collecting
diffraction patterns. The macroscopic applied load was measured
by a load cell attached to the tensile rig, while the macroscopic
strain was measured by strain gauges attached to the specimens.
The detector was positioned at 182.9 mm from the specimen so
that 14 complete diffraction rings can be collected to index grains
following the procedure explained in “Methods”.
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Table 1 Results of 3D-XRD experiment on Mg-1.
Step Step name Applied Macroscopic No. Average No. Error in  Grain-weighted average stress with Beam
strain % stress (MPa) of grains  Peaks COM estimated errors (MPa) height
per grain (pm) (pm)

on 022 033 012 013 023

1 Preload 0.00 3 8180 141 +55 —-05 12 1.5 -02 12 02 100
+10.4 71 56  £34 2.4 22

2 Onset-C —0.076 -35 8455 144 +55 -31 18 -419 -08 22 =26
0.4 %71 56 34 2.4 £2]

3 Plasticity-C = —0.2832 —54 7653 127 +6.2 -6 34 -558 -09 14 17 50
1.9 £8.0 64  £39 2.8 25

4 Unload —0.1135 2 8134 131 6.2 -1.7 -04 17 -059 13 03
1.8 280 63 +3.8 27 24

5 Reload-T 0.0985 25 5980 135 5.7 -34 -18 207 -07 38 04
+109 £73 58 3.6 25 22

For the Mg-2 specimen, diffraction patterns were collected at
zero applied load (Preload), Onset of Plasticity, and two more
steps in the plastic zone. The Mg-2 specimen, which was tested
first, buckled at a compressive stress of —70 MPa during pattern
collection. The details of the experiment and results for this
specimen are provided in Supplementary Table 1. Only
compressive stress was applied to Mg-2. For the first two
loading steps, the beam height was set to 100 um, but due to the
formation of twins and possible overlapping of diffraction
patterns, the beam height was reduced to 50 pm and then to
25 um in steps 3 and 4, respectively. Except for the last step, more
than 4000 grains were indexed in the probed volume. In the last
step, a clear buckling was observed during the compressive
loading and only 1392 grains were indexed before dismissing the
measurement. In addition, another sample was made for
measuring macroscopic stress-strain curve ex situ. It was
observed that the yield stress in a monotonic compression test
was about —35 MPa.

For the Mg-1 specimen, the same steps were followed, but the
specimen was only loaded to —54 MPa of applied stress to avoid
buckling. The details of the experiment and results for this
specimen are provided in Table 1 and in Fig. 1. For this specimen,
diffraction patterns were collected at the preload and two steps
during compressive loading that are named as Onset-C and
Plasticity-C. As shown in Table 1, more than 8000 grains were
measured in the probed volume of 0.95 x 0.93 x 1.03 mm? during
the compressive loading steps. Further, the measured 3D grain
map of the specimen confirmed that Mg-1 did not buckle at the
maximum applied stress of —54 MPa as shown in Supplementary
Fig. 3. After collecting patterns at Plasticity-C, the specimen was
unloaded to near zero applied stress (Unload) and then reloaded
to the tensile stress of 25 MPa (Reload-T). The last two steps are
to study the mechanism of detwinning. Since the load reversal
experiment was done on the Mg-1 specimen, all of the results
presented in this manuscript are those obtained for Mg-1 unless
otherwise stated. The results for Mg-2 specimen are provided in
the supplementary file.

As shown in Table 1, at the preload step and on average, 141
peaks were assigned to each grain. These peaks were used to
calibrate single-crystal parameters, ie., more than 1.1 million
diffraction peaks were analyzed and used to calibrate single-
crystal parameters following the method explained in “Methods”.
The “stress-free” lattice parameters were extracted assuming that
there was no significant residual stress in the specimen and that,
sample preparation did not induce discernible plasticity within
the crystals. Although, the specimens were heat treated and
recrystallized before the experiment to reduce residual stresses as
much as possible. In addition, the peaks recorded at preload did

not show any visible evidence of plasticity. The fitted parameters
were subsequently used to calculate the stress tensor within each
grain during compressive and tensile loading steps. All in all,
more than 7.4 million diffraction peaks from Mg-1 and Mg-2 are
analyzed to study individual twins and parents. In Table 1, the
weighted average of the stresses measured for all grains is
provided and compared to the macroscopic applied stress. The
measured relative volume for each grain was used as the weight
function. Considering the values of the error bars, all components
of the stress tensor are close to zero except for o33 where the
grain-weighted average values are very close to the macroscopic
stresses calculated from the load cell. It is also shown in Table 1
that the average errors for the measured centre-of-mass (COM)
of all grains across all steps do not exceed 6.2 um which is less
than 13% of the average grain size. Since relative volumes can be
extracted from peak intensities, the average grain size is
determined to be ~50 um at the preload assuming that grains
are spherical and are space filling.

An overview of the results obtained for Mg-1 is shown in Fig. 1.
The measured in situ stress—strain curve is shown in Fig. 1a and is
compared with the results of the CP-FFT modelling. An example
of the measured 3D grain map and stresses are shown in Fig. 1b.
It can be seen that upon unloading from Plasticity-C, the axial
stress 033 of grains vary between +40 MPa. Grains located in the
centre of the probed volume were used to reconstruct the 3D
microstructure shown in Fig. 1c and import into a CP-FFT
model. The steps followed for meshing the microstructure and
the constitutive equations used in CP-FFT modelling are
provided in Methods. As shown in Fig. la, the axial stress is
overestimated by the model during the load reversal, at Reload-T.
The main reason for this is that only isotropic hardening is
considered by the present model. Specifically, the model assumes
that the resistance of a slip system remains unchanged when the
load direction is reversed. However, during the compression
steps, some internal stresses may be generated due to micro-
scopically inhomogeneous plastic deformation, which may lead to
kinematic hardening. For simplicity, this aspect is ignored here.

The measured pole figures at the Preload, Plasticity-C, and
Reload-T steps are shown in Fig. 1d-f. In Fig. le, f, each circle
represents a grain with the size of the circle being proportional to
the measured relative volume of the grain. In the presented pole
figures, grains are colour coded by their measured stresses along
the loading direction (033). It can be seen that initially, no grains
have their c-axis along the loading direction. With compression
loading to Plasticity-C, many twins nucleate with their c-axis
parallel to the loading direction. While the measured o3; at the
preload is nearly zero (Table 1), at Plasticity-C it varies between
—20 MPa and —100 MPa. After unloading and applying a tensile
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Fig. 1 An overview of the results for Mg-1. (a) Measured and calculated macroscopic stress-strain curve, (b) measured 3D grain map and stress in the
loading direction at the unload step, (¢) reconstructed 3D grain map for CP-FFT modelling. The measured (0002) pole figures at (d) Preload, (e) Plasticity-
C, and (f) Reload-T steps. In (e) and (f) grains are colour coded with respect to their stresses in the loading direction (LD) and the size of each circle is
proportional to the measured relative volume for the grain. (g) The measured distribution of § at each loading step. f is the misorientation between the
basal plane normal of each indexed crystal and the loading direction. (h) A 3D view of the matched twin-parent pairs at the Plasticity-C step. Grains are

colour coded with respect to their § angle.

stress (Reload-T), the population of twins reduces indicating that
detwinning happened. To clearly see the formation and
annihilation of twins, the propensity of the misorientation
between the loading direction and the crystal c-axis, §, measured
for all grains of each loading step is shown in Fig. 1g. To calculate
the propensity of 8, the number of grains in each f range is
divided by the total number of grains measured at each loading
step (as provided in Table 1). It can be seen that only 2.8% of the
grains have their § < 40° at the Preload, but this population
increases to 3.5% at the Onset-C and subsequently to 11.2% at
Plasticity-C. This increase is an indication of the formation of
twins. Upon unloading and then reloading, the population of
grains with 8 < 40° decreases to 10.6% and 8.5%, respectively.
This is an indication of detwinning during Unload and Reload-T.
Twinning and detwinning were further confirmed by tracking the
measured diffraction peaks of the twins, an example of which is
provided in the supplementary file.

Since twins nucleate during compressive loading and annihilate
during tensile reloading, codes were developed to find twin-

parent pairs of each measurement step. For the Mg-1 specimen,
10 layers of the gauge volume were measured during Preload and
Onset-C, and 20 layers during the rest of the steps. After adding
and merging layers to reconstruct the 3D maps, grains of each
step were cross-correlated with those of the previous step to
determine the common grains. The unmatched grains are the
potential “twins” that nucleated between the steps. The layer in
which the twin was nucleated was then identified and procedures
were developed to search for the possible parents among the
neighbouring grains of the twin. A parent is identified when (I)
the distance between twin and parent is less than the summation
of their radii, (II) the misorientation between basal plane normals
of the twin and parent is 86.4°+1.5°, and (III) the misorientation
between the normals to the twin {1012} habit plane from twin
and parent is less than 1.5°. For condition (I), the measured COM
for twin and parent are used to calculate the distance between
twin and parent. An example of measured twin-parent pairs is
shown in Fig. 1h, with the plane projections shown in
Supplementary Fig. 3. To determine the size of the smallest twin
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Fig. 2 Formation of twins. The measured o33 in (@) parent grains and (b) twins. The shaded region represents the full width at half maximum (FWHM) of
033 distribution. The measured o33 in twins as a function of the measured o33 in the corresponding parents for (¢) Onset-C and (d) Plasticity-C steps.

Measured stress normal to the twin habit plane at (e) Onset-C and (f) Plasticity-C steps. Measured resolved shear stress on the twin habit plane in the
twinning direction at (g) Onset-C and (h) Plasticity-C steps. (i) The simulated stress-strain curves of twins and parents from CP-FFT. The dotted lines in
(c)-(h) are for clarity and to show when the parameter of the vertical axis becomes equal to that of the horizontal axis and the circles with their crosses

represent the stress values and their corresponding error bars.

indexed in the experiment, it is assumed that twins are lenticular
and cut through the parent. Hence, twin thickness can be defined

as tp = 21 where Vo is the volume of the twin and Dp is the
T = D2

diameter of its corresponding parent grain. The thinnest indexed
twin at Onset-C had a thickness of 0.22 pm. If it was assumed to
be spherical, this twin would have a diameter of 23.6 um.

Evolution of stress: compressive loading. The evolution of 033
stress component in individual parents and twins for all measured
steps is shown in Fig. 2a, b. The measured average values of all
grains of each set are illustrated with the solid green lines and the
shaded regions represent the full width at half maximum of o33
measured for all grains. These results indicate that during the
compression loading step, the average stress of twins along the
loading direction is higher than those of the parents. To further
investigate this observation, the measured 033 of twins are plotted
as a function of those of parent grains. As shown in Fig. 2¢, at the
onset of plasticity, on average, d33 of twins is about 10.6 MPa
higher than those of parent grains. However, with further loading
to Plasticity-C (Fig. 2d), this difference drops to 8.4 MPa. The
measured average values are illustrated with the red circles with

the crosses showing the average error bars calculated for each
population.

For developing constitutive equations and modelling the
localized interactions between twin and parent pairs, assumptions
are mainly imposed on the shear and normal stresses that act on
the twin habit planel7-34. In HCP crystals, there are six variants of
the {1012}<1011> twinning system. With the procedure
developed for matching twin-parent pairs, it was possible to
determine the twin variant and hence, to determine the normal
stress to the twin habit plane (0norma)) and the resolved shear
stress acting on the habit plane in the twinning direction (7gg).
Since the average tensorial stress in a twin is measured separately
from that of the corresponding parent, it is now possible to
investigate the relationship between oynorma and Trs of twins with
those of parents. In all figures, the normal to the habit plane and
shear direction from the parent grain is used to project stresses
into a given direction. In Fig. 2e, f, the measured onorma in twins
are plotted as a function of Onormar in parents at Onset-C and
Plasticity-C, respectively. It can be seen that the average onormal
measured for the population of the twins is very close to that
measured in parents. However, Trg in twins are collectively higher
than those of parents at the Onset-C (Fig. 2g), even with
considering error bars. At this step, the measured 7rg of twins is
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direction for (d) twins that did not annihilate and (e) twins that detwinned. (f) The measured relative volumes of the twins at Plasticity-C. The circles with

their crosses represent the stress values and their corresponding error bars.

on average 16.6 MPa higher than that of parents, but this
difference drops to 14.5MPa with proceeding to Plasticity-C
(Fig. 2h) with the associated errors of +6.7 MPa and +8.7 MPa,
respectively. At Plasticity-C, some of the bigger twins now have
their Trg closer to, or even less than, 7xg of parents. A 3D view of
Tps for twin-parent pairs is shown in Supplementary Fig. 3. It is
worth noting that the error bars calculated for twins are slightly
higher than those for parents because on average, the number of
peaks assigned to twins is less than those assigned to parent
grains. For example, at Plasticity-C, on average 105 and 153 peaks
are, respectively, assigned to twins and parents. Nevertheless, the
calculated differences are higher than the error bars, reinforcing
the reported trends. The minimum number of peaks used to
index grains in any of the loading steps was 60, which is high
enough to allow for indexing grains with high confidence. The
extracted errors for each twin and parent grain are provided in
Supplementary Fig. 4.

In Fig. 2i, the average stress—strain curve calculated for all twins
using CP-FFT are compared to that of parent grains. Simulation
results indicate that, in the investigated strain range [—0.28%,
0.1%], twinning is the predominant deformation mode. Because
of the initial texture, twin Schmid factor for twinning systems is
relatively high and such systems are easily activated during the
compression loading. Though the Schmid factor does not allow
considering the impact of internal stresses, it provides a global
indicator of whether twinning systems are likely to be activated or
not. Here, crystallographic slip systems provide only minor
contribution to the macroscopic plastic strain. Also, at the early
stage of nucleation and thickening, twins will be harder than their
corresponding parents, yet they become softer with growing in
size (see supplementary Table 2 and Fig. 5). Specifically, though
plasticity is allowed to happen in twin domains, crystallographic
slip systems are generally not activated during the loading.
Indeed, the resolved shear stresses acting on basal and prismatic
slip systems in twinned crystals are quite low in comparison with
the critical shear stresses. As a result, the behaviour of twinned
grains is quasi-elastic, which makes them harder to deform than
parent grains. In addition, since the applied strain is quite small,

the effects of rate sensitivity parameters used in the model are
minimum. Although rate sensitivity parameters may affect the
values calculated in the vicinity of grain boundaries, such
localized variations are generally homogenized during grain
averaging.

The average of 035 for the predicted population of twin and
parent pairs from CP-FFT are provided in the supplementary
Table 2. It is shown that, on average, 035 in twins at Onset-C are
6 MPa higher than their corresponding parents, but this
difference reduces to zero at Plasticity-C. This follows the trends
captured in the experiment, but the difference in the calculated
axial stress between the twins and parents is not as large as that
measured. The likely explanation is that twin/parent interfaces are
not considered in the current model. Indeed, the formation of
these interfaces may participate in strain hardening3?, by limiting
dislocation glide in the vicinity of twins. As a result, when
deforming a twinned grain, the twin and its immediate
surrounding are harder to deform than the region away from
the twin boundary, hence experience higher flow stresses.
Considering this contribution to strain hardening would require
knowing the position of twin/parent interfaces, using a measure-
ment method such as DAXM. As discussed in®>, the effects of
interface can be studied within the framework of the phase-field
method, which allows tracking twin/parent interfaces.

Evolution of stress: unload and reload. The Mg-1 specimen was
unloaded to nearly zero macroscopic stress and then reloaded to
25 MPa tensile stress to investigate the annihilation of twins. The
measured stresses for the Unload and Reload-T steps are shown
in Fig. 3. It is shown that the average 03; calculated for twins at
Unload is —12.9 MPa while that of parents is 4.5 MPa. Upon
removing the applied compressive stress, the size of the twins
reduces- an observation confirmed with the analysis of diffraction
peaks captured for some selected twins (see for example Sup-
plementary Fig. 6). This means that the reduction of twin size
increases the difference between 033 in twin and parent. While o33
in parents follows the sign of the macroscopic stress, the average
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033 in twins stays negative. This observation was further rein-
forced at Reload-T, where the average 033 calculated for parents is
22.3 MPa while that of twins is —0.6 MPa. At this step, many
twins annihilated and those that remained were greatly reduced
in size. Interestingly, during unload and with the reduction in
twin size, the model predicts that the average stress within twins
fall under the average stress from parents—a phenomenon cap-
tured in the experiment.

To understand the mechanism of detwinning, the measured
twins at Plasticity-C are categorized into two groups: those that
detwinned between Plasticity-C and Reload-T steps, and those
that did not, i.e. they were indexed at Reload-T. The measured
Onormal and Tgg for both cases at Unload and Reload-T are shown
in Fig. 3c-e. It is shown that during unload and tensile reload, the
Onormal Calculated in twins are similar to those measured for
parents (Fig. 3c and Supplementary Fig. 3). On the other hand,
for the twins that did not annihilate, the calculated 7gg in the
twins at Unload and Reload-T, on average, are respectively 22
MPa and 27 MPa higher than those of parents (Fig. 3d). Similar
trends are observed for the twins that annihilated (Fig. 3e). Given
that twin size decreases upon unloading and subsequent tensile
reloading of the sample, these data suggest that the difference
between 1rg of parent and twin increases with decreasing twin
size. This observation is supported by tracking the measured
relative volume of twins. In Fig. 3f, it is shown that the twins that
annihilated were relatively smaller than those that did not. These
relative volumes are measured at Plasticity-C.

In addition, in Fig. 3d, e it is shown that, while the 7gg in the
parents are negative at Reload-T, it is still positive within the
twins. This suggests that negative 7z in the parent grain does not
necessarily lead to twin annihilation; in fact, this experiment
reveals that for annihilating twins, g within the twin should
become zero or even negative. A 3D map of the measured 7xg for
twin-parent pairs at Reload-T is also provided in Supplementary
Fig. 3.

Discussion

In order to confirm the trends reported in this paper for Mg-1,
results obtained for Mg-2 specimen are investigated. In Supple-
mentary Fig. 7, it is shown that by applying compressive stress,
twins nucleate with their c-axis oriented towards the LD. While a
few twins nucleate at Onset-C, many more twins are formed at
Plasticity-C1. The measured stresses for twin and parent pairs are
analyzed and presented in Supplementary Fig. 8. It is shown that
for both the Onset-C and Plasticity-C1 steps, both 033 and 7gg in
twins are higher than those in their parents. It is further shown
that Onormal In the twin and parent are very close. All of these
results are consistent with those measured for Mg-1 and confirm
the repeatability of the results reported in this paper.

It is generally believed that slip activity in the neighbouring
grain can activate nucleation of a twin in magnesium3®37. These
observations are generally done using higher resolution techni-
ques, for example with the use of electron backscatter diffraction
technique. In this paper, the possible role of slip transfer3® from a
neighbouring grain on the nucleation of twins is investigated the
details of which can be found in Supplementary Fig. 9. In brief,
attentions are given to the twins captured at Plasticity-C while
slip activity in the neighbouring grains is investigated at Onset-C.
This is to ensure that a slip system was active in a neighbouring
grain before the twin nucleation event. While our data show that
it was possible that some of the low Schmid factor twins nucleated
due to slip transfer, the recorded frequency of this event is not
high enough to solidify any conclusion. Higher resolution tech-
niques, such as diffraction contrast tomography®3°, that can
provide details of grain boundaries in 3D are required.

This paper provides some evidence that twins are more stres-
sed than their corresponding parents at the early stages of plas-
ticity. The specimens were deformed such that twins form with
their c-axis along the compressive loading direction. Due to the
lack of easy slip systems along the crystal c-axis, the HCP crystal
is plastically hard when a compressive load is applied in this
direction. Previous measurements conducted on Mg and Zr have
indicated that when the c-axis of twins is perpendicular to the
loading direction, they are generally relaxed*%:41. Although these
measurements are not done in the early stages of plasticity, they
both indicate that the existence of easy slip systems within the
twin can lead to relaxation. A previous experiment conducted,
with the use of DAXM, on two twins located within the same
parent indicated that the smaller twin was more stressed than the
corresponding parent?4. The measured data presented here con-
firm such observation. Results shown in Fig. 2g, h, suggest that
the relaxation of twins increases with twin size. This may be the
reason that stresses reported by Aydiner et al30 for the two
reported twins are lower than their corresponding parent. Fur-
ther, the reported observation in this study is consistent with the
results of crystal plasticity numerical simulations reported by
Siska et al.#2 and Barnett et al.*3 where it is shown that 7pg within
thin twins are relatively closer to zero or even positive at the
vicinity of the twin tip right after nucleation. Due to the dynamic
nature of twinning, stresses measured within twins using 3D-
XRD are for after nucleation; that is, twins nucleated first and
after further loading, they are detected and indexed at Onset-C.
The experimental data presented in this paper suggest that with
loading after nucleation, 7zg within the thin twins quickly shifts
toward positive values because of twin size effects as well as the
lack of plasticity.

Most recently, the state of the tensorial stresses within the
twins that nucleate at the early stages of plasticity in a pure zir-
conium specimen is measured using 3D-XRD33. In this experi-
ment, the c-axis of the parent grains are oriented towards and
perpendicular to the tensile loading direction. Hence, during the
tensile loading experiment, twins form with their c-axis perpen-
dicular to the loading direction. In contrast to the current
experiment, the twins of the zirconium experiment are favourably
aligned for plastic deformation by slip on the prism and basal
systems. Hence, on average, the recorded stress for twins at the
beginning of plasticity onset is reported to be 16 MPa less than
their corresponding parents, yet this difference increases with
further loading. Both zirconium and magnesium experiments
indicate that twins are hard at the first step they are captured, yet
they relax with further loading. Although in the magnesium
experiment twins are shown to develop higher axial stresses than
their corresponding parents.

In sections 2 and 3, the average stress within twins and parents
during the compression-tension test were compared. It is worth
noting that the averages for each population are provided without
considering the effects of grain volumes. In Table 2, the weighted
averages of the discussed stress components are provided along
with those reported in the previous sections. The measured
relative volumes of the grains are used as the weight function. It
can be seen that at Onset-C and Plasticity-C, 033 and 1Rg within
twins are on average higher than those from the corresponding
parents, regardless of using the weight function. In addition,
ONormal 1N twins are close to that of parents. In order to check if
the reported averages are affected by any possible bias in the data,
the distribution of o03; for twins and parents is investigated.
Supplementary Fig. 10 shows the histograms of 033 measured in
twins and parents at Onset-C and Plasticity-C. It can be seen that
the averages provided in Table 2 are correct descriptors of the
experimental data. In addition, the measured average axial elastic
strain (&5;) for twin and parents are provided in Table 2. This is to
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Table 2 Average and weighted average of measured quantities for twins and parents of Mg-1.
a;;rent o.;‘;lin Ur‘arent gz‘”i" T;asrent T;\gin ;-3"3'9"‘ 8;-37Wi"
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
Onset-C Average —40.4 -51.0 —19.4 —22.6 9.8 26.4 —8.7e-4 —1.2e-3
Weighted average —39.9 —51.9 —18.1 —-23.0 10.7 27.2 —8.6e-4 —1.2e-3
Plasticity-C Average —529 —61.3 —28.0 —-32.0 14.3 28.8 —1.2e-3 —1.4e-3
Weighted average —52.5 —62.5 —26.7 —32.1 13.3 29.3 —1.7e-3 —1.4e-3
Unload Average 4.5 -12.9 -1 -59 -7.6 15.1 7.2e-5 —2.8e-4
Weighted average 4.8 -14.8 -1.7 -7.0 -85 14.8 6.9e-5 —3.0e-4
Reload-T Average 223 -0.6 6.0 1.7 —14.6 12.8 4.9e-4 —6.1e-5
Weighted average 22.9 -1.0 5.1 1.4 —15.2 1.8 4.9e-4 —9.5e-5

ensure that the uncertainty in the elastic modulus of magnesium
does not affect the conclusions made. It can be seen that &,
follows the trends reported for the axial stress. That is, at Onset-C
and Plasticity-C, the magnitudes of &, in twins are, on average,
higher than those in parents, but their differences reduce from
Onset-C to Plasticity-C. Errors extracted for each axial strain
component are provided in Supplementary Fig. 4. The average
errors associated with the measurement of €; in both twins and
parents are nearly 1E—4 since many diffraction peaks were
assigned to the indexed grains. This further reinforces the trends
reported for stress relationship in twins and parents.

Although it is shown that onorma in twins are close to those
from the corresponding parents, it is not possible to clearly dis-
cuss the local force equilibrium and strain compatibility in the
vicinity of twin and parent grain boundaries. Indeed, since the
3D-XRD technique does not allow estimating the total strain
field, the compatibility of the strain field cannot be evaluated. In
addition, for a twin/parent interface, static equilibrium requires
the normal and tangential components of the stress tensor to be
the same on both sides of the interface. However, the spatial
resolution of the 3D-XRD technique used here is not high enough
to estimate the stress state close to the twin/parent interface, i.e.
only the grain-averaged stress tensors can be estimated.

In order to further confirm the results reported in this paper,
two twin-parent pairs are studied in detail (Fig. 4). Since the
height of the X-ray beam used in our experiment was comparable
to the average grain size, it was possible to track twin and parent
pairs that spanned multiple layers in the z-direction. This allows
the study of the variation of stress across parents and twins
during the formation and annihilation of twins. The first example
of such a case is shown in Fig. 4a—c. In these figures, the parent
grain is shown with circles and the twin with squares. The size of
the circles and squares is proportional to the measured relative
volumes and their colours are proportional to the measured
location along the z-axis, as shown by the colour bar. Since the
height of the X-ray beam was reduced to half at Plasticity-C, the
parent grain spans four measured layers, while it spans two layers
at Onset-C. The twin was detected at Plasticity-C and spans two
layers. In Fig. 4a it is shown that while 035 of parent at Plasticity-
C varies between —62.8 MPa and —44.1 MPa, the measured o053 of
twin varies from —83 to —80 MPa. This confirms our observation
for higher 035 in twins and also indicates that the variation of 035
within the twin is much smaller than that of the parent. Upon
unload, 033 of the parent varies between +5.5 MPa while 033 of the
twin remains negative. At this step, 033 in the north part of the
twin, which has a smaller volume, becomes closer to zero. With
further loading, the north part of the twin annihilates while the
south part of the twin only shrinks in size. The measured resolved
shear stresses Tgg for this pair is shown in Fig. 4b. It can be seen
that at Plasticity-C, trg for the twin measured in both layers are
higher than those of the parent but decreases with unloading and
reloading. Interestingly, while the measured 7ys in the portion of

the parent that corresponds to the north part of the twin is —14.3
MPa, g in that part of the twin is still positive at Unload;
however, with progressing towards Reload-T, this portion of twin
annihilates while the south part of the twin shrinks. This obser-
vation further reinforces the condition for the annihilation of
twins where g within the twin should become equal or less than
zero, not necessarily within the parent. The measured normal
stress to the twin habit plane is shown in Fig. 4c. It is shown that
the measured Onorma Within the twin in the two measured layers
are close to the Onorma measured for the parent. In addition,
Fig. 4a—c provides an example of a large grain with lower o3,
comparing to its twin. One reason for having lower stresses in
large grains is that the localized stresses that occur at the vicinity
of grain boundaries might be averaged out during homogeniza-
tion. However, it should be noted that the data presented in
Fig. 2¢, d are for all twin-parent pairs, regardless of the parent
grain size.

The evolution of stress in the second twin-parent pair is shown
in Fig. 4d-f. Similarly, the twin was detected at Plasticity-C, yet
with lower 033 comparing to the portion of the parent measured
in the same layer. At this loading step, however, 1xg within twin is
14.5 MPa higher than that of parent. While upon unloading and
tensile reloading 1rg of the parent becomes negative, Trg of the
twin remains positive and this twin does not fully annihilate. The
measured Oynormal for this pair is also shown in Fig. 4f where the
measured Onorma Within twin is initially higher, yet becomes
equal to Onormal Of the parent at Reload-T.

The results shown in Fig. 4 indicate that there is a stress het-
erogeneity within twin or parent grains and that 7gg within twins
stay positive until twin annihilation. We observe that twins with
smaller size experience higher 033 compared to their parents,
although this higher stress is balanced with the parent grains and
other surrounding grains to result in an average stress equal to
the macroscopic one (as shown in Table 1).

Conclusions

The evolution of tensorial stress within twin and parent pairs
during a load reversal experiment is investigated. Magnesium
specimens were firstly compressed such that twins formed with
their c-axis parallel to the loading direction. This was followed by
a tensile load to study the mechanism of detwinning. It was
shown that with 3D-XRD it was possible to capture twin-parent
pairs and track them across loading steps. With the matching
procedure developed here, it was possible to determine the twin
habit plane, and hence, measure the normal (onorma) and
resolved shear stress (1) acting on the habit plane. It was shown
that during loading, unloading, and reloading Onorma Of twins
stay close to those of parents. Further, at the early stages of
plasticity and on average, grain-resolved stress along the loading
direction (033) is higher in twins relative to parents. This is
because twins behave quasi-elastic with minimum slip activity.
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Fig. 4 Stress variation within twin-parent pairs. The evolution of 633, the shear stress in twinning direction, and the normal stress acting on twin habit
plane for (a-c) the first twin-parent pair and (d-f) the second pair. Parent grains are shown with circles, twins with squares, and each marker represent a
portion of the grain measured with 3D-XRD. Markers are colour coded with respect to their measured position along the loading direction (Z) and arrows

show the sequence of loading.

With further loading and increase in the twin size, the difference
in 033 from twin and parent is reduced. It was shown that twins
form with higher yg relative to their parent yet relax with further
loading. Upon load reversal, Trs within the majority of twins were
positive until full annihilation, while 7z of parents can be
negative. This suggests that positive g within twins help prevent
full twin annihilation during a load reversal. Further, detwinning
was observed during unload, even before the start of tensile
reload.

Methods

3D-XRD experiment and data analysis. The experiment was conducted at ID-11
of the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The
specimens were mounted on an ADMET rig where the strain was applied at the rate
of 5.5 x 107> 1/s. The macroscopic force was measured by a 500 N load cell at the
precision of 1mN. During the experiment minimum creep was recorded; for
example at Plasticity-C the recorded strain was —3000pe before pattern collection
and —2831ye at the end of pattern collection. At each loading step, in order to
measure tensorial stress for each grain, specimens were rotated from —53° to 53°
and then from —234.5° to —125.5° with 0.25° rotation increment while collecting
diffraction patterns. Diffraction patterns were collected on a 2048 x 2048 pixels
director with the pixel size of 47.2 um. Python codes were developed to post-process
the collected diffraction patterns using ImageD11 and the subroutines embedded in
Fable (https://github.com/FABLE-3DXRD). After calculating the background image
and subtracting it from diffraction patterns, peasksearch was done by applying a
series of threshold intensity level of the form 50 x 2" (for 0 < # < 8). This means that
when n = 8 and n = 0 were used, only peaks with intensities higher than 12800 and
50 were analyzed. This allows for separating high-intensity peaks first, and then
move towards the low-intensity ones. Once diffraction peaks were identified, they
were indexed by looking for expected angular relationship between peaks falling on
the different Debey-Sherrer rings. At this stage, it was possible to tune single-crystal
parameters at the Preload to calculate a “zero” stress for each measured layer. The
procedure for extracting the “stress-free” lattice parameters is explained in sup-
plementary file where an example of indexed peaks at preload is shown in Sup-
plementary Fig. 11. Error bars are extracted using FITALLB44. Once single-crystal
parameters were fitted for Preload, they were used, without alteration, to index
grains from all other measurement steps. The 3D grain maps were then recon-
structed by adding and merging measured layers. For the Mg-1 specimen, 10 layers

were measured at Preload, and Onset-C, then with a reduction in X-ray beam
height, 20 layers were measured at Plasticity-C, and Unload, and 14 layers at
Reload-T. For the Mg-2 specimen, 10 layers were measured at Preload, and Onset-
C, then with a reduction in the X-ray beam height, 20 and 16 layers were measured
at Plasticity-C1 and Plasticity-C2 steps, respectively.

After reconstructing 3D grain maps, the rigid body movement of the specimen
was calculated by locating common grains across loading steps. The common
grains are those that more than six of their neighbours could be identified between
any two steps. The measured COMs of the common grains were used to correct the
rigid body movements?°. At this stage, it was possible to compare grains from each
loading step and match them. The unmatched grains are considered as possible
twins that formed between the previous and current loading step. The twins also
have their crystal c-axis oriented towards the loading direction. Once the possible
twins are identified, their corresponding parents were determined by checking the
local neighbourhood of the twin in the layer that the twin was found.

Crystal plasticity fast Fourier transform (CP-FFT). To conduct the CP-FFT
simulations, a volume element has first been extracted from the measured 3D grain
map of the Mg-1 specimen obtained at Preload*®. To reconstruct the volume
element, a weighted Voronoi tessellation has been performed with 400 seeds,
corresponding to grains located in the centre of the probed volume. The weight
(respectively position) of each seed is given by the cube root of the volume
(respectively centre of mass) of the corresponding grain. For the application of the
spectral (i.e. FFT) method?” the volume element, which is shown in Fig. 1c, has
been discretized into 1283 voxels. The volume of a voxel is about 13 um?3. Each
voxel is treated as a composite material consisting of seven different constituents,
i.e. the parent crystal and the six possible twin variants. At the voxel scale, the seven
constituents are assumed to undergo the same stress state. For a voxel with stress
state 0, the stress state o, in the ath constituent is

0, = 0. (1)
This assumption allows calculating the effective stiffness tensor S and effective
plastic strain tensor & of each voxel with:

§ =305

C Sy )

where ¢, S, and €} are, respectively, the volume fraction, the compliance tensor,
and the plastic strain tensor of the ath constituent. For parent constituents, the
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Table 3 Material parameters for the different
deformation modes.

Deformation mode Critical shear M K (MPa s'/M)
stress (MPa)

Basal slip 5 20 5

Prismatic slip 25 20 5

Pyramidal slip 42 20 5

(2" order)

Tensile twinning 25 (twinning) 20 5

0 (detwinning)

plastic strain tensor is the sole result of crystallographic slip on basal, prismatic and
2nd order pyramidal slip systems. For twin variants, the same slip systems are
considered but the additional contribution of the shear strain associated with
twinning is also accounted for. The viscoplastic flow rule proposed by Méric et al.#8
is used to evaluate the shear strain rate j; associated with each slip system s:

V= (W)Msign(‘r;), (3)

where 7}, is the resolved shear stress, r;, is the CRSS, and K and M are material
parameters. A linear isotropic hardening rule is used for the evolution of the CRSS,
that is:

'r;:HZA“I?ZI, @)

where H is the isotropic hardening modulus and A is the interaction matrix. In the
present work, no distinction is made between self- and latent hardening (A¥=1).
For each twin variant, the evolution of the twin volume fraction is described with a
similar rate-dependent formulation. Nevertheless, in contrast with the formulation
used for crystallographic slip, the distinction is made between twinning and
detwinning by using different CRSS for these two situations.

The initial CRSS and viscosity parameters associated with the different slip modes
are given in Table 3. The values of the CRSS and the isotropic hardening modulus,
which is the same for all slip systems, have been selected to match the experimental
stress—strain curve. The ratios between the CRSS of different slip modes are the same
as those obtained by Clausen et al.17 for the same alloy. It is worth mentioning that,
in contrast with that of twinning, the initial CRSS for detwinning is zero. This allows
considering that the nucleation of a twin, which necessitates the creation of an
interface, requires higher shear stresses than for detwinning.

Data availability
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Code availability
The codes used for post-processing diffraction data can be found at https://github.com/
FABLE-3DXRD/
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