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Capture Deformation Twinning in Mg during Shock Compression with Ultrafast
Synchrotron X-Ray Diffraction
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Deformation twinning plays a vital role in accommodating plastic deformation of hexagonal-close-
packed (hcp) metals, but its mechanisms are still unsettled under high strain rate shock compression. Here
we investigate deformation twinning in shock-compressed Mg as a typical hcp metal with in sifu, ultrafast

synchrotron x-ray diffraction. Extension twinning occurs upon shock compression along (1120) and

(1010), but only upon release for loading along (0001). Such deformation mechanisms are a result of the
polarity of deformation twinning, which depends on directionality and relative magnitude of resolved shear
stress and may be common for Mg and its alloys in a wide range of strain rates.
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Magnesium and its alloys represent the lightest metal
class with a remarkable potential in engineering applica-
tions for their high specific stiffness and high specific
strength [1-7]. Nonetheless, a wide application of Mg and
its alloys is hindered by their poor ductility [1,2,8—10], and
overcoming such a deficiency requires a full understanding
of deformation mechanisms under various service condi-
tions across a wide range of strain rates [11-16], including
high strain rate impact loading. In hexagonal-close-packed
(hcp) metals, deformation twinning plays an exceptionally
important role in accommodating plastic deformation given
their limited slip systems compared to face-centered-cubic
metals [17-19]. It is also highly desirable to investigate
Mg as a typical hcp metal for understanding deformation
twinning in hcp metals in general.

In situ synchrotron-based transient x-ray diffraction
(TXD) measurements reveal a strong anisotropy in defor-
mation of rolled Mg alloys under quasistatic [11] and
medium strain rate split Hopkinson pressure bar [12]
compression: pronounced extension twinning occurs for
the loading axis (LA) perpendicular to the ¢ axis, while
dislocation slip prevails for the LA parallel to the ¢ axis.
Such deformation mechanisms are common for both
low and medium strain rate compression under a one-
dimensional (1D) stress condition [11,12].

At even higher stain rates, e.g., upon plate-impact
shock compression, elevated strain rate and temperature,
as well as a more complex stress condition (1D strain),
may lead to different dislocation-twinning mechanisms.
Deformation twins were observed in shocked single crystal
Mg via postmortem examination. However, a recent TXD
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study [13] on single crystal Mg suggests that deformation
twins in a postmortem sample may have formed upon
release rather than on shock compression. It remains
inconclusive regarding deformation mechanisms of Mg
under high strain rate shock compression, since TXD
experiments only explored loading along (0001) or the ¢
axis, while postmortem microstructure can be different
from that at the corresponding shock-compression state.
It is well known that plastic deformation is rate dependent
and may also depend on stress states (1D stress vs 1D
strain). Two outstanding questions still remain: What
deformation mechanisms exist in Mg under high strain
rate shock compression, in particular, deformation twin-
ning, and are the mechanisms common regardless of strain
rate and stress state?

Here, we use a recently developed technique [20,21],
in situ ultrafast synchrotron TXD with subnanosecond
exposure time, to probe shock-compressed single-crystal
magnesium and reveal its lattice-scale deformation mecha-
nisms under dynamic compression, in particular, for defor-
mation twinning. We report on the first direct observation of
deformation twinning during planar shock wave compres-
sion of Mg single crystals along different orientations.
Deformation twinning of magnesium, a typical hcp metal,
is strongly orientation dependent during shock compression:
extension twinning occurs for loading along (1010) and
(1120), while twinning is absent for (0001). Shear defor-
mation analysis and molecular dynamics simulations reveal
that such an anisotropy is governed by the directionality
[22,23] and magnitude of resolved shear stress.
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FIG. 1.
diffraction measurements. (1) gun barrel, (2) sample chamber,
(3) scintillator, (4) image intensifier, (5) gated camera(s),
(6) polycarbonate sabot, (7) polycarbonate flyer plate, and
(8) single-crystal Mg sample. (Top right) Orientation relations
between impact LA and crystallographic orientation of single-
crystal Mg sample.

Schematic of gas gun loading and subnanosecond x-ray

Plate-impact experiments coupled with in sifu ultrafast
Laue diffraction measurements on single-crystal Mg are
performed at beam line 32-ID-B of the Advanced Photon
Source (Fig. 1). A “pink” x-ray beam from an undulator
insertion device is used for Laue diffraction measurements
(Fig. S1 in the Supplemental Material [24]). Shock com-
pression is achieved via impact by a flat-faced polycar-
bonate projectile launched with a two-stage gas gun. The
exposure time for the diffraction cameras is about 80 ps
(single bunch). Two diffraction patterns are recorded for
each shot, one before impact and the other during shock
compression or release. Free surface velocity history is
measured with a Doppler pin system and used to monitor
the evolution of elastic and plastic shock waves; the states
of a compressed sample probed by simultaneous TXD can
be determined accordingly. The combination of ultrafast
synchrotron TXD and gas gun loading allows us to
examine instantaneous deformation mechanisms of single-
crystal Mg during shock compression with subnanosecond
time resolution.

Mg single crystals are shock loaded along three typical
crystallographic orientations, (0001), (1010), and (1120).
Details about the Mg samples, TXD experiments, and data
analysis are presented in the Supplemental Material [24].
A total of six TXD experiments are conducted at different
impact velocities, and TXD probes different states of shock
compression or subsequent release. The experimental
parameters are listed in Table S1 of the Supplemental
Material [24]. Deformation twinning is observed from
dynamic diffraction patterns for loading directions
perpendicular to the ¢ axis, i.e., (1010) and (1120), but
not for loading directions parallel to the ¢ axis, i.e., (0001).
We present below some diffraction patterns for shock
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FIG. 2. Shock compression along (1120). (a) Measured dif-
fraction pattern 335 ns before impact. (b) Measured diffraction
pattern 124 ns after impact showing twinning spots. (c¢) Simulated
diffraction pattern corresponding to (b). The matching font colors
of Miller indices refer to ambient (white) and twinning (orange)
spots. (d) Schematic showing extension twinning mechanisms for
loading along (1120).

compression along (1120) and (1010), and more results
are included in the Supplemental Material [24].

The TXD patterns for shock loading along (1120) are
shown in Fig. 2. The exact sample orientation right
before impact is obtained via indexing the corresponding
diffraction pattern [Fig. 2(a)] [31]. Upon shock compres-
sion, intensity or position of an original Laue spot may
change, along with the appearance of new diffraction spots
[Fig. 2(b)]. The latter represents crystallographic orienta-
tion changes within the parent sample matrix associated
with deformation twinning. To find the relationship
between original and twinning spots, we conduct Laue
x-ray diffraction simulations for all possible contraction
and extension twinning scenarios in Mg (Fig. S4 in the
Supplemental Material [24]) and compare them with the
experimental patterns, considering both the position and
relative intensity of a diffraction spot. The best-match
twinning crystals can be found for a dynamic diffraction
pattern [Fig. 2(c)], and the match in position and relative
intensity between the predicted pattern based on the
twinning and the measured TXD pattern [Fig. 2(b)] is
excellent. The new diffraction spots can be assigned
uniquely to extension twins, and (0112)[0111] is the
predominant twinning system. Meanwhile, no contraction
twins are identified. Figure 2(d) shows schematically the
original Mg lattice in green and extension twinning lattice
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in red and their orientations relative to the shock loading
direction. The angle between two {0001} planes of the
original and twinning lattices is about 86.3°, characteristic
of extension twinning. After twinning deformation, the ¢
axis of the newly formed twinning lattice is about 30° with
respect to the loading direction. (More details are presented
in Fig. S11 of the Supplemental Material [24].)

For loading along (1010), the diffraction patterns prior to
and during shock compression are shown in Figs. 3(a)
and 3(b), respectively, as well as the indices of original and
new Laue spots in Fig. 3(c). Similar to shock compression
along (1120), the new diffraction spots are also due to
extension twins, and the predominant twinning system is
(0112)[0111] (no contraction twins, either). The ambient
and compression-induced new lattice, and their orientation
relationships with respect to the loading direction, are
shown in Fig. 3(d). The c¢ axis of the twinning variant is
nearly parallel (~4°) to the loading direction.

For shock loading along (0001) or the ¢ axis (Fig. S8 in
the Supplemental Material [24]), no twinning diffraction
spots are observed during shock compression at different
impact velocities (up to 2081 m/s; Figs. S9 and S10 in the
Supplemental Material [24]). However, new diffraction
spots emerge upon release (Fig. S8 in the Supplemental
Material [24]) and can be attributed to extension twinning
as well. The absence of deformation twinning upon shock
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FIG. 3. Shock compression along (1010). (a) Measured dif-

fraction pattern 221 ns before impact. (b) Measured diffraction
pattern 85 ns after impact showing twinning spots. (c¢) Simulated
diffraction pattern corresponding to (b). The matching font colors
of Miller indices refer to ambient (white) and twinning (orange)
spots. (d) Schematic showing extension twinning mechanisms for
loading along (1010).

compression and its appearance upon release are consistent
with previous experiments [13].

The ultrafast TXD measurements reveal that extension
twinning is the predominant deformation mechanism
for compression loading along (1120) and (1010)
(perpendicular to the ¢ axis), as well as upon release for
loading along (0001) or the ¢ axis, although deformation
twinning is absent upon shock compression along the ¢
axis. As shown below, the anisotropy of deformation
twinning, either upon shock compression or release, can
be explained in terms of resolved shear stress (direction
and amplitude) and unidirectionality (polarity) [22,23] of
deformation twinning in hcp metals.

The principal twinning systems of Mg are shown in Fig. 4
and in Fig. S6 in the Supplemental Material [24]. For hcp
metals like Mg, there are six twinning planes crystallo-
graphically symmetric around the c axis, or six variants each
for extension or contraction twinning. For single crystals
under shock compression (1D-strain condition), the sym-
metry can be broken, and resolved shear stress (RSS) and
activated twinning planes are inevitably associated with
loading direction. In addition, since the stress state is much
more complicated in 1D-strain loading than that in conven-
tional 1D-stress loading, full stress tensors should be
considered for the RSS analysis of shock compression.
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FIG. 4. Possible extension twinning systems for loading along
(a) (1120) and (b) (1010). Colored and dotted planes are
symmetrical with respect to loading direction (red arrows). Only
group II twinning systems are activated for both loading direc-
tions. See Fig. S6 for complete equivalent twinning systems [24].
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For deformation twinning, let 7; be the unit direction
vector along twinning direction and let 7 be the RSS vector.
The polarity of deformation twinning in hcp metals requires
that 7; and 7 be of the same direction, i.e.,

i -7 > 0. (1)

We thus calculate 7, - 7 normalized by |o,,| for different
twinning systems in Mg shock compressed along different
directions (Tables S2—S4 in the Supplemental Material [24]).
Here o, is shock stress. Twinning is more likely to occur for
larger positive 7 - 7/|o,,| values. For shock compression
along (1120) and (1010), 1, - 7/|o,.]| is positive for exten-
sion twinning and negative for contraction twinning, so only
extension twinning is allowed. For loading along (0001),
171 - T/ |04 is negative for extension twinning and positive
for contraction twinning, and thus extension twinning is
prohibited upon compression. However, the critical resolved
shear stress for dislocation slip is much lower than that for
contraction twinning (45-81 MPa for (¢ + a) pyramidal slip
and 76-153 MPa for contraction twinning) [32,33], so
dislocation slip dominates over contraction twinning under
shock compression along (0001). On the other hand, RSS
reverses its sign upon release (reducing compression is
equivalent to tension), so extension twins are activated as
seen in the experiments.

For shock compression along (1120), the extension
twinning planes are divided into two groups [Fig. 4(a),
and Fig. S6 in the Supplemental Material [24] ]. For group I,
loading direction is parallel to the twinning planes and RSS
is nearly zero, so such twinning systems cannot be activated.
Group II twinning systems are more likely to be activated
given their highest RSS (Table S2). In group II, there are four
equivalent extension twinning planes with respect to loading
direction [only two of them are shown in Fig. 4(a)], and the
twinning planes are at a finite angle with the loading
direction. In experiments, there exist small deviations of
1°-3° from the nominal sample orientation, which may
render extension twinning system (0112)[0111] (A, in
group II) to become the predominant twinning system, giving
rise to the only observed diffraction pattern in Fig. 2(b), as a
result of symmetry loss induced by this misorientation.

For shock compression along (1010), the twinning
planes in groups I and II are at different angles with the
loading direction; there are four equivalent extension
twinning planes in group I [only two are shown in
Fig. 4(b)] and two in group II. RSS in group II is much
higher than that in group I (Table S3 in the Supplemental
Material [24]). Extension twinning system (0112)[0111]
(B, in group II) should be the predominant deformation-
twinning mechanism based on the directionality and
magnitude of RSS, as observed in the experiments.

When shock compressed along (0001) or the ¢ axis,
extension twinning cannot be activated due to the polarity
of deformation twinning in hcp metals (Fig. S7 in the

Supplemental Material [24]). However, dislocation slip
does not have polarity and can be activated. Although
contraction twinning is not prohibited, its critical resolved
shear stress is higher than that for pyramidal slip
[13,32,34]. As a result, pyramidal slip becomes the
dominant deformation mechanism during shock compres-
sion. Extension twinning system {1012} (1011) is activated
since RSS reverses its direction upon release, and RSS is
larger and critical resolved shear stress is lower than
pyramidal slip [34-36].

Given the twinning mechanisms as revealed from the
above RSS analysis, we simulate TXD patterns and
compare them with the measurements, and excellent agree-
ment is found, confirming the extension twinning systems
identified from the RSS analysis. In addition, our MD
simulations show similar deformation-twinning behaviors
and deformation mechanisms as observed in the experi-
ments (Fig. S5 in the Supplemental Material [24]).

The TXD measurements and diffraction analysis, resolved
shear stress analysis, and MD simulations elucidate the
dislocation-twinning deformation mechanisms in Mg under
shock loading. The TXD results presented here are similar to
those of medium and low strain rates loading on Mg alloys,
such as quasistatic and Hopkinson bar loading [11,12], and
the underlying mechanisms of deformation twinning are
likely common across a wide range of strain rate.

The in situ, real-time, ultrafast Laue x-ray diffraction
measurements have captured deformation twinning in sin-
gle-crystal Mg of different orientations upon shock compres-
sion or upon release. Deformation twinning is anisotropic.
Extension twinning occurs upon shock compression along
(1120) and (1010), but only upon release for loading along
(0001). Such deformation twinning is a result of its polarity,
depending on directionality and relative magnitude of RSS.
These high strain rate 1D-strain experiments, along with
previous in situ diffraction experiments under lower strain
rate 1D-stress loading on Mg alloys, appear to point to the
common mechanisms for deformation twinning in Mg and its
alloys, and likely in hcp metals in general.
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