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Twin boundary migration mechanisms in
quasi-statically compressed and plate-impacted

Mg single crystals

Kelvin Y. Xie'2, Kavan Hazeli'*3, Neha Dixit", Luoning Ma', K. T. Ramesh’, Kevin J. Hemker'*

Twinning is a prominent deformation mode that accommodates plasticity in many materials. This study eluci-
dates the role of deformation rate on the atomic-scale mechanisms that govern twin boundary migration. Exam-
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ination of Mg single crystals deformed under quasi-static compression was compared with crystals deformed via
plate impact. Evidence of two mechanisms was uncovered. Atomic-level observations using high-resolution
transmission electron microscopy revealed that twin boundaries in the <a>-axis quasi-statically compressed single
crystals are relatively smooth. At these modest stresses and rates, the twin boundaries were found to migrate
predominantly via shear (i.e., disconnection nucleation and propagation). By contrast, in the plate-impacted crystals,
which are subjected to higher stresses and rates, twin boundary migration was facilitated by local atomic shuffling
and rearrangement, resulting in rumpled twin boundaries. This rate dependency also leads to marked variations
in twin variant, size, and number density in Mg. Analogous effects are anticipated in other hexagonal closed-

packed crystals.

INTRODUCTION
Deformation twinning, in addition to dislocation slip, is an important
mechanism to accommodate plasticity (1). Unlike dislocation slip,
which retains the original crystal orientation, deformation twins re-
orient the crystal lattice and create twin boundaries, which can subs-
tantially alter the texture and the mechanical properties of the
material (2, 3). In high-symmetry crystals, such as face-centered cubic
(FCC) metals (in particular, the ones with low stacking fault energies),
deformation twinning is prominent in materials deformed at low
temperatures and high strain rates (4-7). The {111}(112) twinning
system is coplanar with the {111}(110) slip system, and twinning
can be modeled as the motion of Shockley partial dislocations on
successive planes. The twin boundary migration mechanism in FCC
metals is well understood: Both molecular dynamic (MD) simula-
tions and in situ straining experiments coupled with transmission
electron microscopy (TEM) suggest that Shockley partial disloca-
tions with the (a/6)(112) Burgers vector nucleate then glide along
the {111} twin boundary to advance the twin into the matrix (1, 8, 9).
Deformation twins are also widely observed in hexagonal close-
packed (HCP) metals due to the low symmetry and lack of multiple
easily activated slip systems (I, 2, 10-12). Compared to FCC metals,
deformation twinning is more profuse in deformed HCP metals (13-16).
Note that the most common {10-12} twinning is not coplanar with
any slip systems [(0001)(11-20) for basal <a> slip, {10-10}(11-20)
for prismatic <a> slip, {10-11}(11-20) for pyramidal <a> slip, {10-11}
(11-23) for pyramidal I <c + a> slip, and {11-22}(11-23) for pyra-
midal IT <c + a> slip]. Therefore, the deformation twinning in HCP
metals is not easily derived from successive glide of partial dis-
locations. Moreover, the twin boundary migration mechanism has
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not been definitively identified; some authors prefer the shear mecha-
nism (17-20), while others favor shuffling (20, 21).

The mechanisms that govern how twin boundaries advance in
HCP metals have been discussed and debated by both the computa-
tional and experimental communities. Taking the {10-12} twin as
an example, some atomic simulations have suggested that the twin
boundary migrates via disconnection nucleation and glide along the
twin boundary, which involves predominantly shear and some shuffle
(22-27). We note that many names have been used by various
authors to describe these twin boundary defects, such as twinning
dislocations, prismatic/basal (P/B) or basal/prismatic (B/P) interfaces,
deformation faceting, and terrace defects and disconnections. In this
work, we use the term “disconnections” to describe these interfacial
defects on twin boundaries (28). For example, the lateral glide of the
(10-11) disconnection along the {10-12} twin boundary advances
the twin into the matrix by two atomic layers (26). When viewed as
three-dimensional domains, these disconnections are “terraces,” which
nucleate, grow laterally, and coalesce to advance the twin boundary
(25, 26). Sato et al. (29) and Spearot et al. (25, 26) also suggested that
the disconnection nucleation and migration rates can be affected by
a variety of parameters, such as shear stress, temperature, orienta-
tion, and structure. This predicted glide mechanism (assisted by a
local shuffling) has been supported by several high-resolution TEM
(HRTEM) observations of coherent twin boundaries (CTBs) decorated
with disconnections (17-19). By contrast, other atomistic simulations
have been interpreted to suggest that atomic shuffling alone is suffi-
cient to advance the twin interface to achieve crystal reorientation,
implying that there is no need for the shear component along the
twin boundary (20, 21). This atomic shuffling predominantly occurs
in the two {10-12} layers of the matrix next to the twin boundary,
converting basal planes to prismatic planes (and vice versa), without
the action of twinning dislocations or disconnections. This pure shuffle
mechanism results in highly rumpled twin boundaries and, in many
cases, a loss of CTB structure in HRTEM observations (30-36). The
matrix-twin misorientation angle is 86° for pure shear but falls in
the range of 88° to 90° (20, 31, 32) when shuffling dominates.
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To address this conundrum, we used Mg as the model material
and characterized (using HRTEM) the atomic structures of {10-12}
twin boundaries developed under two controlled and distinct de-
formation conditions. The {10-12} twins are of particular interest
because they are easily activated (37), and they contribute to most
plastic deformation when a Mg crystal is stretched along or com-
pressed perpendicular to its ¢ axis (12, 38). To nucleate and grow
{10-12} twins, we compressed Mg single crystals along the a axis
(i.e., alonga [11-20] direction) to a final 0.5% strain but at two dras-
tically different strain rates (107 s™ in quasi-static compression
tests and 10* to 10° s™* in plate impact tests). The detailed experi-
mental procedure can be found in Materials and Methods. By com-
paring the {10-12} twin boundary characteristics in these two groups
of samples, we anticipate answering the following scientific questions:
(i) What is the dominant mechanism that governs twin boundary
migration in quasi-statically deformed Mg? (ii) Is a new mechanism
activated to drive twin boundary movement in plate-impacted Mg?
In addition, (iii) if so, what leads to the switching of mechanisms?

RESULTS AND DISCUSSION

Before tackling the twin boundary migration mechanisms, it is im-
perative to first understand the twin structure in the postdeformed
samples at mesoscale. Deformation twins are present in both quasi-
statically compressed and plate-impacted samples (Fig. 1). We note
that the twins in the quasi-statically compressed samples are gener-
ally thick (typically 100 to 500 um in width), of low number density,
and with only one twin variant (as an example, see Fig. 1, A to C).
The low number density and thick twins can be ascribed to the low
stress needed to attain 0.5% strain in quasi-statically compressed
sample level (~8 MPa; see fig. S1). Under these low stresses, a small

number of twins are nucleated from the most critical defects or
“weakest links,” and they grow to large sizes to contribute to the
needed plastic strains. Only one twin variant was observed in this
group of samples (labeled as T1 in Fig. 1C). Electron backscatter
diffraction (EBSD) maps illustrated that T1 twins are {10-12} exten-
sion twins, and the T1 variant twins accommodate a-axis compres-
sion (Fig. 1C). Note that, geometrically, twins with T2 variant (also
{10-12} extension twins) should have an equal chance to form (fig.
S2). The experimental observation of only T1 was likely due to the
slight misalignment of the crystal (~1°) in the compression tests so
that nucleation and growth of T1 were favored at low stresses.

In contrast, the twins in the plate-impacted samples are relatively
thin (typically 5 to 50 um in width), of high number density, and
with multiple twin variants (e.g., Fig. 1, D to F). The high number
density and finer twins are due to the much higher stress levels in-
duced by plate impact (~220 MPa; see fig. S3) combined with the
very short total loading durations (~2 ps) (39). The higher stress level
promotes additional twin nucleation from sites that would have re-
mained inactive at lower stresses, while the short time inhibits the
growth of the twin thickness. Enhanced twin nucleation leads to the
higher number density and thinner twin lamellae. Three variants of
primary twins (T1, T2, and T3) were observed in the plate-impacted
samples (Fig. 1F). The formation of the T1 and T2 {10-12} exten-
sion twins was expected as they develop as a result of the plastic wave
propagation from the impact along the <a>-axis. The formation of
T3 twins is attributed to the uniaxial strain conditions resulting
from plate impact. T3 twins are also {10-12} extension twins to the
matrix, but they are not triggered by <a>-axis compression. During
plate impact experiments, with the loading duration only ~2 us (39),
the expansion of the sample in a direction transverse to the impact
direction is not possible because the lateral boundaries cannot be
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Fig. 1. Postmortem confocal micrographs and EBSD maps of <a>-axis Mg single crystals compressed to 0.5% plastic strain at two markedly different strain
rates. The quasi-static samples had a (A) low number density of thick twins with (B) smooth twin boundaries and (C) only one twin variant, while the plate-impacted
samples had a (D) high number density of fine twins with (E) curved twin boundaries and (F) three twin variants.
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sensed during the experiment. In such a uniaxial strain deforma-
tion, lateral stresses are developed, which give rise to the T3 twins.
Moreover, we observed that secondary twins (e.g., the yellow twin
lamellae inside primary twins in Fig. 1F) were present only in the
plate-impacted samples. The secondary twins were found to be {10-12}
extension twins within the primary twins, and their formation
can also be explained by the competition between the plastic defor-
mation induced by plate impact and the lateral constraint with load
reversal upon unloading (39).

The mesoscale microstructural characterization shows that {10-12}
extension twins are profuse in both quasi-statically compressed and
plate-impacted <a>-axis Mg single crystals. Although different in
size, number density, and twin variant, the twins with T1 and T2
variants in both groups of samples serve the same role of accommo-
dating the plastic deformation along the loading direction. Closer
inspection of T1 and T2 twins reveals that twin boundaries in the
quasi-statically compressed samples are straight (Fig. 1B), while most
twin boundaries in the plate-impacted samples are curved (Fig. 1E).
These apparent distinctions in the twin boundary shapes suggest that,
even for the same twin variants, different mechanisms drive the twin
boundary migration in response to different strain rates and load-
ing conditions. To further test this hypothesis, we used TEM and
HRTEM to provide direct atomic-level observations of the {10-12}
twin boundary structures, focusing on T1 and T2 twins, and subse-
quently infer the attendant twin boundary migration mechanisms.

Geometrically, when the matrix and the twin are viewed along the
[11-20] zone axis in TEM, the {10-12} CTB lies parallel to the electron
beam and appears as a sharp interface with mirror symmetry. The
nanoscale structure of twin boundaries in the quasi-statically compressed
samples is consistent with this description (Fig. 2). The twin-matrix
interface is composed of {10-12} CTBs decorated with disconnections
(for an example, see Fig. 2A, the disconnections are indicated by
white arrows). Higher-resolution micrographs of the CTBs showed
that they are atomically sharp and impart mirror symmetry with an
86° misorientation between matrix and twin (Fig. 2, B and C).

The disconnections were observed to be highly mobile. Many of
them were seen to glide along the CTB as a result of local heating
and stresses caused by the electron beam. Artifacts associated with
electron beam irradiation are generally undesirable as it changes the
specimen microstructure. However, in this work, we used this arti-
fact to provide insight into the twin boundary migration mechanisms
in Mg. For example, the disconnection in Fig. 3A was originally to
the right of the basal stacking fault (Fig. 3A). After slightly converging

the electron beam, both the partial dislocation from the stacking
fault and the disconnection on the CTB became mobile. In just 5 s,
the partial dislocation ran into and terminated at the twin boundary;
the disconnection glided along the twin boundary and now lay to the
left of the stacking fault (their glide directions are indicated by the
red arrows). The disconnection in this example is eight atomic layers
in height. As the disconnection zipped along the twin boundary, it
advanced the twin eight atomic layers into the matrix. Inverse fast
Fourier transformation (IFFT) of the disconnection using (0002)
spots from the matrix and (0-110) spots from the twin (Fig. 3C)
highlighted the presence of extra half-planes at the disconnection
(Fig. 3D), inferring the dislocation nature of the disconnections
(detailed analysis of the disconnection can be found in fig. S4).
Close inspection revealed that the disconnection contains two closely
spaced edge dislocations with Burgers vectors normal to each other—
one is parallel to, and the other perpendicular to, the twin boundary
(fig. S4]). These dislocation-dipole-like configurations are similar
to the observations made by Wang et al. (27) on the BP interfaces
on the {10-12} twin boundaries in Mg. We also noticed that discon-
nections with different heights exhibited different mobilities. Smaller
steps, such as the ones with only two atomic layers, are highly mobile,
which is consistent with atomistic simulation predictions by Pond et al.
(40). Many small steps were observed but escaped the field of
view as soon as they were exposed to the electron beam before micro-
graphs could be taken. Larger disconnections such as the ones in
Figs. 2B and 3A are relatively less mobile and much easier to record.

Comparing the atomic-level structure of plate-impacted samples
to that of quasi-statically compressed samples revealed notable dif-
ferences. In the plate-impacted samples, even when the foil was tilted
so that both the matrix and the twin were aligned with the [11-20] zone
axis, no apparent {10-12} CTB was observed. Rather, the twin-matrix
interface appears to be rumpled (Fig. 4A). Higher-magnification
micrographs revealed that, although the mirror symmetry of the
twin and the matrix was retained, the {10-12} twin boundaries
were difficult to resolve. The contrast of the matrix-twin interface is
complicated (highlighted in Fig. 4B), suggesting that the twin boundary
is curved through the thickness of the TEM specimen. Moreover,
the angles of misorientation between the matrices and the twins in
this group of samples range from 86° to 88° (Fig. 4) instead of only
86° in the quasi-statically compressed samples. The matrix-twin inter-
face was also imaged in thinner regions of the TEM foil, and they still
lacked the well-defined {10-12} CTBs (for an example, see Fig. 4C),
confirming their tortuous nature. To reveal whether there exist
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Fig. 2. The typical twin boundary structure in the quasi-statically compressed <a>-axis Mg single crystals. (A) HRTEM micrographs at a relatively low magnification
showing the CTB decorated with disconnections, (B) closer inspection showing a disconnection, and (C) the {10-12} CTB. Note that the misorientation between the twin

and matrix is 86°.
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Fig. 3. Lateral glide of a disconnection on a {10-12} CTB under electron beam
radiation. (A and B) HRTEM micrograph snapshots capturing the gliding of the
disconnection. Note that both the disconnection and the basal Shockley partial
were glissile. The disconnection glided from the right to the left of the Shockley
partial/stack fault, while the basal Shockley terminated at the CTB. Note that we
moved the TEM sample stage to track the disconnection, and the asterisk marks the
same location in the two different micrographs. (C) FFT of the region containing the
disconnection and (D) IFFT showing the dislocation nature of the disconnection.

crystallographic imperfections at the matrix-twin interface, we
again performed IFFT using (0002) matrix spots and (0-110) twin
spots (Fig. 4, C and D). Unexpectedly, no extra half-lattice planes
were observed at the interface (Fig. 4E). It also appeared that some
segments of the matrix-twin interface were {10-12} CTBs, but closer
inspection revealed atomic-level unevenness (for an example, see
Fig. 4F). Moreover, when slightly converging the electron beam on
these twin boundaries, no apparent reconfiguration or rearrangement
of the unevenness was noted, suggesting that these interfaces are more
stable and less mobile than the disconnections on the CTB. Taken
as a whole, these observations pointed to the fact that twin boundary
migration in the plate-impacted sample was fundamentally differ-
ent from how it was in the quasi-statically compressed sample.
Atomic-scale simulations have suggested that {10-12} twin boundary
migration in HCP metals may be accommodated by shear (e.g.,
glide of disconnections) (22-26), by pure shuffling without the as-
sistance of glissile disconnections (20, 21), or both (40-42). The twin
boundary migration in the quasi-statically deformed Mg is pre-
dominantly attributed to shear, where both CTBs and disconnections
play very important roles (43). It has been proposed that disconnections
nucleate on the CTB as a result of shuffling (44), thermal excitation
(22), or basal <a> dislocation-CTB interactions (19, 23, 45, 46).
Once nucleated, the disconnections can glide (40) along the CTB in
response to the external load and grow the twin at the expense of the
matrix. This mechanism is similar to that of twin boundary migration
in FCC crystals (1, 8, 9), albeit with larger displacements as discon-
nections can be much larger than partial dislocations (22-24).

Xie et al., Sci. Adv. 2021; 7 : eabg3443 15 October 2021

In the plate-impacted samples, where disconnection formation
and lateral motion may not be fast enough to accommodate the im-
posed strain in the very short time periods, atomic shuffling that
directly advances the twin into the matrix appears to be more effi-
cient and becomes the primary mechanism for twin boundary
migration. This proposition is supported by the following observa-
tions. The twin-matrix misorientation angles (86° to 88°) deviate
slightly from the theoretical value of 86°. The twin-matrix interfaces
do not have CTBs and are rumpled at the atomic level. Moreover,
although rumpled, twin-matrix interfaces do not contain a high
density of disconnections, and the atomically rumpled features that
give rise to the overall tortuous twin-matrix interface do not have
glissile twin dislocations. Therefore, shear does not contribute to twin
boundary migration. All these observations provide strong experi-
mental evidence of a shuffle-dominated mechanism.

On the basis of these observations, we conclude that both shear
and shuffling are active mechanisms for twin boundary migration in
Mg. Which mechanism governs depends on the stress level and
strain state. The shear-dominant mechanism operates when the
stress level and strain rate are low, such as in the quasi-static tests
(~8 MPa and 10™* s™" in the current work), and provides a more
general mechanism to advance a twin into the matrix in HCP crys-
tals. By contrast, the shuffling mechanism prevails when the local
stress and strain rate are high (~220 MPa and 10* to 10° s7! in the
current work). In particular, in the plate impact test, the nucleation
and lateral propagation of disconnections may not be fast enough to
accommodate the imposed strain in a given time. Rather, most atoms
at the twin boundary rearrange themselves via shuftling, resulting in
the rumpled twin-matrix interface.

The competition between shear and shuffling also explains the
twin boundary structure controversy in the literature. The nucleation
and glide of disconnections are widely observed and prevalent in
the MD simulation literature (22-27). MD simulations have also
suggested that shuffling will occur and lead to a rumpled twin boundary
if the disconnections fail to nucleate or are sessile once they do (20).
Such a scenario mimics the plate-impact condition, where there is
no sufficient disconnection activity to accommodate the rapid load-
ing that accompanies the impact. In this case, shuffling is activated
and directly advances the twin boundaries into the matrix. In the
experimental literature, we note that the rumpled twin boundaries
have historically been observed in nanopillars (31, 32) and dynami-
cally deformed HCP samples (e.g., Mg, Zr, and Co) (30, 33-36). The
high stress level in nanopillars (due to size effect) (47) appears to activate
the shuffling mechanism and give rise to “non-CTBs” (31, 32). In
dynamically deformed samples involving Kolsky bar experiments,
the twin boundaries are rumpled and exhibit large deviations from
the twinning plane (30, 33-36), which can be attributed to elevated
stresses and strain rates and the activation of shuffling. It is worth
noting that some rumpled twin boundaries have also been reported
in quasi-statically deformed Mg at large strains. They were mainly
found in the twin-twin interaction areas (17), where the local stress
state is complex and the magnitude of the stress is high. It is important
to point out that many twin boundary segments in the same samples
remain coherent and are decorated by disconnections when they
reside away from the twin-twin interactions.

Deformation twin characteristics (such as variant, size, and number
density) and twin boundary migration mechanisms have been observed
to be influenced by stress state, stress level, and strain rate. Mg single
crystals quasi-statically compressed along the <a>-axis experience
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Fig. 4. The typical twin boundary structure in the plate-impacted <a>-axis Mg single crystals. (A) HRTEM micrograph revealing the typical rumpled twin boundary
structure in the plate-impacted <a>-axis Mg single crystals. Closer inspection of (B) a fairly thick region and (C) relatively thin region showed a lack of {10-12} CTB. (D) FFT
of (C). (E) The corresponding IFFT showing no dislocations present on the rumpled twin-matrix interface. (F) HRTEM micrograph of a twin boundary that seems to be a
{10-12} CTB but not in the plate-impacted specimen. Note that the misorientation between the twin and matrix ranges from 86° to 88°.

uniaxial stress and contain low-number density thick twins and only
twin variants that contribute to <a>-axis compression. The plate-
impacted <a>-axis samples experienced uniaxial strain and exhibited
a high number density of much thinner twins, with additional twin
variants as a result of the lateral stresses associated with unijaxial strain.
The mechanisms that govern twin boundary migration in these two
groups of samples were found to be fundamentally different. In the
quasi-statically deformed samples, flat planar twin boundaries
migrated via the nucleation and glide of disconnections on CTBs,
which is largely a shear process. In the plate-impacted samples, the
much higher stress level and strain rate switched the twin boundary
migration mechanism to local atomic rearrangement (i.e., shuffling),
which resulted in rumpled and curved twin-matrix interfaces.

MATERIALS AND METHODS
Mechanical tests
Pure bulk Mg single crystals (99.999%) with [11-20] orientation
were purchased from Metal Crystals and Oxides Ltd., UK. Laue dif-
fraction confirmed that the sample was aligned to within 1° of the a
axis of the crystals. For the quasi-static compression experiments,
rectangular compression samples with dimensions of 6 mm by
6.5 mm by 14 mm were electrical discharge machined (EDM)
with low power, low water pressure, and low feed rate to minimize
deformation and damage. The cut surfaces were chemically
polished using 10% nitric acid in water to remove the EDM recast
layer. Quasi-static compression tests were conducted in an MTS
machine at the strain rate of 10 s™! and stopped at ~0.5% plas-
tic strain.

For the plate impact experiments, the single-crystal target plates
with 25.4 mm in diameter and 3.5 mm in thickness were electrical
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discharge machined using the aforementioned conditions. Both front
and rear surfaces were polished gently in 15-um B,C lapping slurry
to remove the EDM recast layer and to achieve mirror-like surfaces
for interferometric measurements of the free surface velocity. The
single-crystal Mg target plates were then affected by a flying plate of
Mg launched by a gas gun with an impact velocity of 55 to 60 m/s.
The flying plates (hot extruded pure Mg) were prepared with the
same approach as the stationary single-crystal target plates. After the
impact, the target was recovered using a setup designed by Jia et al.
(48). The plastic strain in the impacted sample was assessed to be
~0.5% (39). The estimated strain rates in the plate impact experiments
are in the order of 10* to 10° s': That is eight to nine orders of mag-
nitude higher than that in the quasi-statically compressed samples.

Microstructural characterization

Specimens for confocal microscopy, scanning electron microscopy
(SEM), EBSD, and TEM were taken from the center of the deformed
samples. The deformed samples were sliced using a diamond wire
saw with a wire diameter of 0.125 mm, chemically polished using
5% nitric acid in water solution to remove the cutting-induced damage,
and then twin-jet electropolished with 10% nitric acid in methanol
at —40°C to create flat surfaces for EBSD observations and electron-
transparent areas to TEM observations. All specimens were further
cleaned by precision ion polishing system (PIPS) using a 0.2-keV Ar
ion beam for 20 min at liquid nitrogen temperature to remove surface
oxide and redeposition contamination from electropolishing. TEM
specimens of nondeformed Mg single crystals prepared with this protocol
showed a clean “twin-free” and “dislocation-free” microstructure,
indicating that the microstructural features observed in the deformed
samples are the results of quasi-static compression and plate impact,
not specimen preparation. Confocal microscopy, EBSD, and TEM
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observations were carried out using Keyence 3D laser scanning micro-
scope, TESCAN MIRA3 SEM (30kV), and Philips CM300 FEG TEM
(300 kV), respectively. Since Mg is highly susceptible to electron beam
damage (49), extra care was taken (e.g., reducing the beam current and
minimizing the beam dwell time) when acquiring TEM images.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg3443
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