PHYSICAL REVIEW MATERIALS 4, 083603 (2020)

Real-time observation of twinning-detwinning in shock-compressed magnesium
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Both engineered and natural materials may be subjected to extremes of elevated pressure, temperature, and
strain rate due to shock loading; examples include ballistic impact of projectiles on armor, planetary impacts,
and high-speed machining operations. Experimental techniques for ascertaining the macroscopic response of
materials to shock loading are well established, but insight into fundamental mechanisms of deformation
requires the ability to characterize the evolution of microstructure in real time. Experiments in which specimens
are recovered and characterized after shock loading have been widely used to understand structure-property
relationships. But these shock recovery experiments only reveal information at the end state of the material,
from which the evolution of the structure during unloading must be inferred. There is always the possibility that
the structure of the material continues to evolve during unloading, leading to a potential misunderstanding of the
structural evolution during shock compression and release. In this paper we describe the results of shock recovery
and time-resolved in situ x-ray diffraction studies of deformation twinning in an extruded fine-grained AMX602
magnesium alloy. The samples were shock compressed along the plate normal and extrusion directions, then
released back to ambient conditions. Analysis of the microstructure before and after shock loading indicates a
substantial change in crystallographic texture reflecting substantial deformation twinning. Texture evolution from
in situ synchrotron x-ray diffraction measurements show significant twinning during shock compression followed
by detwinning during stress release. These results not only provide insight into the complex twinning-detwinning
behavior of this particular alloy, but also illustrate the utility of in sifu characterization for bridging the knowledge
gap between shock recovery experiments and the transient behavior of materials during shock loading more

generally.
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I. INTRODUCTION

Modern-day structure-property relationships concerning
shock-compressed solids have been studied via shock recov-
ery experiments for more than 60 years dating back to the
pioneering research and subsequent seminal paper by Smith
in 1958 [1]. They have since been proven to be critical for
studying the residual structure-property relationships in con-
densed matter at the extremes [2-5]. However, a knowledge
gap exists between the ambient state (unshocked) and end
state (full release), which has plagued the shock compression
science community since the inception of shock recovery
experiments. Shock recovery experiments do not provide
any real-time information on the microstructure between the
ambient and end states. This gap in knowledge is extremely
crucial in developing a fundamental understanding of the
deformation mechanisms active during shock compression
and release, and their role on the consequent failure of the
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material. The current state-of-the-art approach to bridging this
knowledge gap is through time-resolved in situ synchrotron
x-ray diffraction (XRD) shock experiments and multiscale
modeling.

Time-resolved in situ synchrotron x-ray diffraction shock
experiments provide the ability to probe the dynamic elastic-
plastic response of materials in real time while the mate-
rial is in a known uniaxial strain state. Although their ex-
ecution is nontrivial, in situ synchrotron XRD experiments
when synchronized with shock wave profile measurements
can provide the necessary information required to bridge
the existing knowledge gap in materials under extreme dy-
namic environments, such as high velocity ballistic impacts,
planetary impacts, and explosions. For instance, Turneaure
et al. [6] recently employed time-resolved in situ synchrotron
x-ray diffraction shock experiments to study the response of
single crystal magnesium shock compressed along the ¢ axis.
They observed dislocation slip during shock compression and
significant twinning during stress release. A similar approach
was used to study shock wave driven twinning and lattice
dynamics in shock-compressed tantalum for stresses ranging
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from 10 to 300 GPa [7,8] and to examine the structure of fused
silica shock compressed up to 63 GPa [9].

A large volume of research describing the mechanical
behavior of magnesium (Mg) and its alloys at low to in-
termediate strain rates have shown that the two dominant
deformation mechanisms are dislocation slip and mechanical
twinning [10-17]. When Mg is plastically deformed, the slip
systems that are activated strongly depend on the loading
direction with respect to the crystallographic orientation and
the temperature at which the material is deformed [18-24].
During plastic deformation, Mg offers three possible dis-
location Burgers vectors which can be operative on differ-
ent slip planes; (1) basal slip—the Burgers vector b equals
(a) = %(1120) on the basal (0002) slip plane [12,25], (2)
prismatic slip—the Burgers vector b equals (a) = %(1 120) or
¢ = [0001] on the {1011} slip plane [12,21,26], and (3) pyra-
midal slip—the Burgers vector b equals (¢ + a) = %(1123)
on the slip planes {1122} and/or {1011} [12,20,27]. The
critical resolved shear stress (CRSS) for basal slip with (a)
dislocation in magnesium has been reported to be approxi-
mately 0.5 MPa [10], while the CRSS reported for prismatic
and pyramidal dislocations are one to two orders of mag-
nitude higher [10,26,28]. Compared to their face and body
centered cubic lattice counterparts, the number of easy slip
systems in Mg are limited, therefore, deformation twinning
is crucial in accommodating the c-axis strain in Mg when
plastically deformed [16,29]. The {1012} extension twins are
dominant and {1011} contraction twins are activated at high
strains close to fracture [30-33]. Although the mechanical
behavior of Mg at low to intermediate strain rates cannot
be directly compared to that of shock-compressed Mg and
Mg alloys, they do share some similarities. Hence, knowl-
edge acquired from nonshock experiments can provide a
background for studying the deformation mechanisms active
under shock compression. For instance, compression along
the (a) axis activates extension twins at all strain rates
[11,34,35] but on the other hand, compression along the (c)
axis can activate contraction twins at low to intermediate
strain rates [36] and shock compression [3] if the stress is
high enough.

It has been suggested that twinning becomes increasingly
difficult as grain size decreases, but is favored at high strain
rates [37]. For {1012} extension twinning, it can still be
activated in ultrafine-grained Mg samples at dynamic strain
rates [34,38]. Thus, the motivation for this research is twofold,
on one hand we seek to show the feasibility of twinning in
shock-compressed fine grained (FG) structures and, on the
other hand, we seek to elucidate the results shown in Fig. 1.
Figures 1(al), 1(a2), and 1(a3) are the grain orientation map,
pole figure, and grain size distribution, respectively, of the
as-received FG extruded AMX602 magnesium plate. Note
that the designations ND, ED, and TD used in Fig. 1 represent
the plate normal, extrusion, and transverse directions, respec-
tively. The as-received FG material has an average grain size
of 3.41 um and shows a typical extrusion texture with split
basal poles; the (c) axes are mainly distributed perpendicular
about the extrusion direction [see Fig. 1(a2)]. When shock
compressed along the plate normal to approximately 3 GPa
and then soft recovered, the results from Figs. 1(bl), 1(b2),

and 1(b3) reveal a 25% increase in grain size, from 3.41 to
4.27 um perhaps due to temperature effects. It is evident from
Fig. 1(b2) that the majority of the basal poles have been reori-
ented by approximately 90° about the plate normal suggestive
of {1012} extension twinning. Similar behavior has been
observed in extruded AZ31 magnesium alloy at lower strain
rates by Kada [39]. Compounded by this complex behavior
is the fact that the twin volume fraction of the as-received
and shock recovered samples computed as the area fraction
of the twins on the electron backscatter diffraction (EBSD)
maps shown in Figs. 1(al) and 1(b1) were approximately 0%
and 0.4%, respectively.

These observations are not self-consistent because they
contradict one another. On one hand, the pole figures reveal
significant reorientation of the basal poles suggestive of con-
siderable extension twinning, but the insignificant change in
twin volume fraction suggests very little extension twinning.
Note that it is possible that some grains have been fully
consumed by the {1012} extension twins, leaving few twin
boundaries to be observed from the EBSD map. One ma-
jor drawback of shock recovery experiments is the existing
knowledge gap between the ambient and end states; to bridge
this knowledge gap, we have successfully conducted time-
resolved in situ synchrotron XRD shock experiments cou-
pled with shock wave profile measurements on FG AMX602
magnesium at the Dynamic Compression Sector (Advanced
Photon Source, APS, Argonne National Laboratory, USA).
We report on the real time and unequivocal observation of
significant texture changes during shock compression and
release, indicative of twinning-detwinning. These results have
unraveled the complex and contradictory results derived from
shock recovery experiments on this textured FG AMX602
magnesium alloy. They have also shed light on the stress
release phase in shock-compressed solids, which is not well
understood and have plagued the shock compression science
community for over six decades.

II. MATERIALS AND METHODS

A. Materials

For this study we used noncombustible FG AMX602 (Mg-
6%Al1-0.5%Mn-2%Ca, in wt. %) Mg alloy supplied by the
Joining and Welding Research Institute, Osaka University,
Japan. The AMX602 Mg alloy powder was produced using
the spinning water atomization process (SWAP) by combining
gas atomization with water atomization, which results in an
extremely high solidification rate of approximately 10° K/s;
producing particle aggregates with irregular shapes ranging in
size from 1.0 to 5.0 mm and submicrometer-sized grain struc-
ture (I pm or smaller) [40—42]. The particle aggregates were
subsequently consolidated into billets by green compaction
at room temperature and hot extruded between 573 and
673 K into rectangular plates having dimensions of 25.4 mm
(thickness) by 101.6 mm (width) by 1000.0 mm (length) with
an average grain size of 3.41 um. A more detailed characteri-
zation of this Mg alloy is in the open literature [40—42]. Plate
impact samples with dimensions of 19.0 mm (diameter) and
1.0 mm (thick) were fabricated using wire electrodischarge
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FIG. 1. Grain orientation and size statistics. (al) The grain orientation map, (a2) basal (0002) pole figure, and (a3) grain size distribution
of the as-received (preshock state) AMX602 magnesium. (bl) The grain orientation map, (b2) basal (0002) pole figure, and (b3) grain size
distribution of the AMX602 magnesium shock compressed along the plate normal (ND) to approximately 3 GPa, then soft recovered (post-
shock state). The blue squares in (b1) show some residual extension twins in the soft recovered sample.

machining (EDM) from the normal and extrusion direction of
the plate.

B. Loading configuration and diffraction geometry

The loading configuration and diffraction geometry we
employed for simultaneous multiframe powder diffraction and
wave profile measurements on this FG AMX602 Mg alloy
are shown in Figs. 2(a) and 2(b), respectively. As shown
in Fig. 2(a), planar shock waves were generated in the Mg
samples using polycarbonate (PC) impactors with nominal
dimensions of 9 mm thick by 12 mm diameter at velocities
ranging from 0.7 to 2.1 km/s, corresponding to peak shock
stresses ranging from approximately 2.0 to 7.0 GPa, with
a 12.7 mm bore single-stage powder gun. A total of four
plate impact experiments were conducted, two each in both
the plate normal and extrusion directions. We used velocity
interferometry system for any reflector (VISAR) to acquire
the free surface velocity histories, from which the steady state
Hugoniot stresses were determined. The tilt angles at impact
were calculated using the breakout times acquired from three
photon Doppler velocimetry (PDV) probes spaced at 120°
apart with respect to their locations on the free surface of the

sample. All tilt angles for all experiments were determined to
be less than 5 mrad.

All in situ XRD measurements were made using an x-ray
flux spectrum peaked at 23 keV (0.54 A wavelength) with a
full-width-at-half-maximum bandwidth of about 0.6 keV in
single bunch of the APS storage ring operated in 24-bunch
mode. For each experiment, four x-ray detectors recorded
four images at an interval of 153.4 ns with exposure time
of approximately 100 ps. This time interval allows for XRD
images to be acquired at the ambient state (frame 1), shock
state (frame 2), stress release state (frame 3), and first rever-
beration from PC/Mg impact interface (frame 4) sequentially.
The acquired XRD data were analyzed using FIT2D [43] to
study texture evolution and hence, the twinning-detwinning
behavior between the various loading and unloading states in
this FG AMX602 Mg.

The illustrations in Figs. 2(c) and 2(d) are designed to
help interpret the acquired shock wave profile and XRD
data. It is evident from Fig. 2(c) that shocking along the
plate normal direction results in simultaneous lattice com-
pression along the (c)-axis, perpendicular to the (c) axis,
and off-axis compression depending on the grain orientation.
While Fig. 2(d) shows that shocking along the plate extrusion

083603-3



CYRIL L. WILLIAMS et al.

PHYSICAL REVIEW MATERIALS 4, 083603 (2020)

(a)

Shock Direction
(Gun axis)

X-ray beam line
, J 20
-
g PDV
VISAR

(b) D pN

X-Ray Beam

(d) sD

3 ¥

FIG. 2. Experimental loading configuration and diffraction geometry for in situ, time-resolved synchrotron powder diffraction and free
surface velocity measurements on shock-compressed FG AMX602 magnesium. (a) The x-ray angle of incidence (o) relative to the impact
surface was 28° for all transmission experiments and § is the azimuthal angle. (b) The diffraction geometry shows the relationships between
the scattering angle (26), shock direction (SD), lattice plane normal (PN), and the angle between the lattice plane normal and shock direction
(x)- An illustration of the lattice orientation is shown with respect to the shock loading direction in the (c) plate normal and (d) extrusion
directions. ND, TD, and ED represents the normal, transverse, and extrusion directions.

direction implies lattice compression almost perpendicular to
the (c) axis only. Both loading directions are favorable for
activating the {1012} extension twinning because they allow
for compression perpendicular to the (c) axis. However, the
loading direction shown in Fig. 2(c) is also favorable for
activating the {1012} extension twinning on release from the
shock state [6]. Therefore, to study texture evolution and the
twinning-detwinning behavior of this FG AMX602 Mg, we
monitor the diffraction intensity of the basal (0002) reflection,
which is the most sensitive indicator for {1012} extension
twinning.

III. RESULTS AND DISCUSSION

A. Free surface velocity and x-ray diffraction measurements

The resulting free surface velocity histories and cor-
responding Lagrangian (x-t) diagrams obtained using the
Ale3D Hydrocode [44] are shown in Figs. 3(a)-3(d). The fig-
ures correspond to impact velocities of 775 (ND), 2034 (ND),
762 (ED), and 2043 m/s (ED), respectively. The resultant
peak shock stresses are approximately 2.0, 7.1, 1.9, and 7.1
GPa, respectively. The Lagrangian diagram and correspond-
ing free surface velocity history for the plate normal direction
(~2.0GPa) shown in Figs. 3(al) and 3(a2) reveal a two-wave
structure. A sharp jump (elastic shock) is first observed up

to the Hugoniot elastic limit (HEL), which is immediately
followed by a sharp plastic rise (shock wave). Note that the
impact interface on all the Lagrangian diagrams is located
at x = 0 and only 0.5 mm of the 9.0 mm long PC impactor
is revealed in the figure for clarity. The elastic shock arrives
at the free surface at ~0.24 us after impact, then the stress
release phase immediately begins and ends at ~0.42 us after
impact. The steady-state free surface velocity starts at point 1
and ends at point 2. The first reverberation from the PC/Mg
impact interface reaches the Mg free surface at ~0.50 us after
impact. Similar observations were made in Figs. 3(b), 3(c),
and 3(d). The dashed lines shown in the figures represent
the times at which the XRD frames were acquired relative
to impact. It is evident from the Lagrangian diagrams shown
in Figs. 3(al), 3(bl), 3(cl), and 3(dl) that the first XRD
frames (1) were acquired when the FG AMX602 Mg was less
than 50% shocked. Therefore, the integrated diffraction data
reported in this paper did not include frame 1, the ambient
conditions reported were acquired under static conditions
prior to the shock XRD experiments. Also, from Fig. 3(al)
it was estimated that the Mg sample was ~80% shocked
at frame 2 and ~87% released at frame 3. Similarly, from
Figs. 3(b1), 3(cl), and 3(d1), it was estimated that the material
was fully shocked and ~75% released, ~88% shocked and
~80% released, and ~90% shocked and ~70% released,
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FIG. 3. Position-time (Lagrangian) diagrams and VISAR velocity profiles of shock-compressed FG AMX602 magnesium (a) ND at
~2.0GPa, (b) ND at ~7.1 GPa, (c) ED at ~1.9 GPa, and (d) ED at ~7.1 GPa. The dashed lines correspond to all four XRD frames relative to
impact and are separated by 153.4 ns.
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TABLE 1. In situ XRD experimental parameters.

Shot Shot Shot Shot
17-4-031 17-4-034 17-4-039 17-4-041

Impactor velocity (m/s) 775 2034 762 2043
Shock stress (GPa) 2.0 7.1 1.9 7.1
XRD frame 1 times relative to impact (ns) 75 16 54 12
XRD frame 2 times relative to impact (ns) 229 169 208 166
XRD frame 3 times relative to impact (ns) 382 323 361 319
XRD frame 4 times relative to impact (ns) 536 476 515 472
Ambient sample to detector distance (mm) 144.7 144.7 144.6 144.7
Frame 1 sample to detector distance for XRD (mm) 142.0 142.2 141.9 142.3
Frame 2 sample to detector distance for XRD (mm) 141.8 141.7 141.7 141.8
Frame 3 sample to detector distance for XRD (mm) 141.7 141.2 141.6 141.3

1414 140.6 1414 140.7

Frame 4 sample to detector distance for XRD (mm)

respectively, at frames 2 and 3. Pertinent information for all
XRD shock experiments are listed in Table I.

The integrated diffraction profiles acquired from the plate
normal and extrusion directions are shown in Fig. 4. The
figures show the evolution of the integrated diffraction profiles
between the ambient, shock, release, and first reverberation
states. Figure 4(a) reveals that the first order pyramidal
(1011), basal (0002), and prismatic (0110) planes exhibited
the strongest diffraction intensities at the ambient state. When

this FG AMX602 Mg is shock compressed, the XRD signa-
ture of the amorphous PC impactor is revealed at 260 ~ 6°. The
figure also shows significant losses in peak intensity and like-
wise, significant peak shift towards the higher 26 values were
observed at the higher shock stresses. Since the lattice spacing
d is inversely proportional to the Bragg angle, this suggests
lattice compression. However, when this FG AMX602 Mg
is released from the shock state, we observe gains in peak
intensity at the stress release and first reverberation states.
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FIG. 4. Synchrotron x-ray diffraction patterns of FG AMX602 magnesium (a) at the ambient (cyan), shock (~2.0 GPa red), release
(green), and first reverberation (magenta) states along the plate normal direction (b) at the ambient, shock (~7.1 GPa), release, and first
reverberation states along the plate normal direction. Similarly, (c) and (d) represent the diffraction patterns at the ambient, shock, release, and
first reverberation states for peak shock stresses of ~1.9 and ~7.1 GPa, respectively, along the plate extrusion direction. Diffraction intensities
from various lattice planes and the amorphous polycarbonate (PC) impactor are identified in (a).
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FIG. 5. Diffraction powder ring intensities plotted as azimuth versus 26 for FG AMX602 Mg (a) ambient, (b) shock (~7.1 GPa), and (c)
release states along the plate normal direction, shot 34. Similarly, (d) represents the ambient, (e) shock (~7.1 GPa), and (f) release states along
the plate extrusion direction, shot 41. The powder rings are discontinuous indicating a textured material. The 20 ambient positions for the
three high reflections, prismatic (0110), basal (0002), and first order pyramidal (1011) diffraction peaks in (a) and (d) are 11.27°, 12.01°, and

12.80°, respectively.

Also, the peaks revert approximately to their original 26 posi-
tions, which suggests that the lattices are approximately free
of stress. These observations are consistent for all peak shock
stresses and loading directions studied [see Figs. 4(a)-4(d)].

B. Real-time observation of twinning and detwinning

Figure 5 presents the Debye diffraction powder ring inten-
sities between 10° and 350° (to avoid the x-ray beam stop)
for all crystal lattice planes, plotted as a function of the az-
imuthal angle (8) and scattering angle (26). Figures 5(a)-5(c)
represent the ambient, shock (~7.1 GPa), and release states,
respectively, in the plate normal direction. While Figs. 5(d)—
5(f) represent the ambient, shock (~7.1 GPa), and release
states, respectively, in the plate extrusion direction. The results
show that the diffraction intensity of the basal (0002) plane,
with a discontinuous powder diffraction ring between the split
poles highlighted by the ellipse at the ambient state, becomes
continuous at the shock state as the powder diffraction ring
develops a strong intensity between the two poles, as shown
by data enclosed by the ellipse in Fig. 5(b). However, when
the material is released from the shock state, the continuous

intensity reverts back to a strong basal (0002) texture as evi-
dent in Fig. 5(c). Similar observations were made for the ex-
trusion direction. The diffraction intensity of the basal (0002)
plane with a discontinuous powder diffraction ring [Fig. 5(d)]
becomes continuous at the shock state [see Fig. 5(e)] and then
reverts back to the strong basal (0002) texture [see Fig. 5(f)].
These observations strongly suggest twinning during shock
compression and detwinning during stress release, in both
normal and extrusion directions in this FG AMX602 Mg. We
omit the first reverberation states in both directions for clarity
but they reveal strong basal (0002) texture.

C. Texture evolution

To further examine the evolution of texture as a function
of loading history, the Debye diffraction powder rings were
segmented into arcs of 5° and integrated with FIT2D from
10° to 350° about the azimuthal angle §. This produces 70
segments from which the diffraction intensity was plotted
as a function of tilt angle x ranging from 0° to 180° as
shown in Fig. 6. For the transmission diffraction geometry
shown in Fig. 2(b), the angle of incidence of the synchrotron
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FIG. 6. Normalized intensity of diffraction as a function of tilt angle x for basal (0002) planes in FG AMX602 magnesium shock
compressed to (a) ~2.0 GPa and (b) ~7.1 GPa, respectively, along the plate normal direction. Similarly, (c) and (d) represents the intensity of
diffraction as a function of tilt angle x for basal (0002) planes shock compressed to ~1.9 and ~7.1 GPa, respectively, along the plate extrusion

direction.

x-ray beam relative to the impact surface is «. The angle
between the shock loading or gun axis and the diffracting
plane normal y;; was then calculated for this loading and
diffraction geometry using the following equation [45,46]:

COS Xpkl = — COS & COS & COS Oy — sin o Sin Gy, €))]

where o = 28°, 6 is the Bragg angle, and § is the azimuthal
angle in the plane of the detector. We clearly observed from
Fig. 6 intensity variations as a function of y (texture evolu-
tion) in both the normal and extrusion directions. Referencing
Fig. 2(b), the diffraction intensity for a single crystal magne-
sium would register zero at y = 62° (when the basal plane
is perpendicular to the x-ray beam) and x = 152° (when the
basal plane is parallel to the incident x-ray beam), respec-
tively; Bragg condition is not satisfied in either orientation.
However, for this textured FG AMX602 Mg alloy, the diffrac-
tion intensity does not register zero at the same x positions
because the poles have an estimated spread of approximately
430° about the transverse direction as evident in Fig. 1(a2).
This implies that some of the basal planes are oriented such
that Bragg condition is satisfied and others are oriented such
that Bragg condition is not satisfied.

During {1012} extension twinning, the twinned grain is
reoriented such that the (c) axis rotates by approximately
490" relative to the parent grain. This reorientation causes
intensity interchange between the parent and twin reflection
pair (0002) and (1010) [47-50]. Therefore, an intensity re-
duction in (0002) reflection triggers an intensity increase in
(1070) reflection and vice versa. We observe from Figs. 6(a)
and 6(b) significant reductions in intensity for the (0002)
reflection between 80° < y < 130° when this FG AMX602
Mg is shock compressed to ~2.0 and ~7.1 GPa, respectively,
along the normal direction. At the stress release state, the
diffraction intensity increases in this y band, then followed
by a further increase at the first reverberation state. The
corresponding intensity interchanges for the same y range are
shown in Figs. 7(a) and 7(b), respectively. It is evident from
the figures that a reduction in intensity for the basal (0002)
reflection between 80° < x < 130° triggers an increase in
prismatic (1010) reflection when this FG AMX602 Mg is
shock compressed along the normal direction to ~2.0 and
~7.1 GPa, respectively. Similar observations were made for
the extrusion direction. We observe from Figs. 6(c) and 6(d)
significant reductions in intensity for the (0002) reflection for
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FIG. 7. Intensity interchange between the basal (0002) and prismatic (1010) planes in FG AMX602 magnesium shock compressed to (a)
~2.0 GPa and (b) ~7.1 GPa, respectively, along the plate normal direction. Similarly, (c) and (d) represents the intensity interchange between
the basal (0002) and prismatic (1010) planes shock compressed to ~1.9 and ~7.1 GPa, respectively, along the plate extrusion direction.

shock stresses at ~1.9 and ~7.1 GPa, respectively. However,
for the extrusion direction, the intensity interchanges occur
between 60° < x < 120°. The intensity interchanges for the
extrusion direction are shown in Figs. 7(c) and 7(d) and they
clearly reveal that when the intensity of the basal (0002)
reflection decreases, it triggers an increase in intensity for the
prismatic (1010) reflection. These results in entirety affirm
that twinning-detwinning occurs between 80° < xy < 130°
for the normal direction and between 60° < x < 120° for the
extrusion direction.

D. Bridging the existing knowledge gap

Extruded magnesium and its alloys when compressed par-
allel to the extrusion direction (C//ED) beyond their elastic
limit and in this case, the Hugoniot elastic limit, can form
large volumes of {1012} extension twins. Only the {1012}
extension twinning (dominant mode) and low-CRSS (a) basal
slip deformation mechanisms are required to accommodate
plastic deformation when compressed along the extrusion
direction (C//ED), while all other deformation mechanisms
play a lesser role [51-54]. From Fig. 2(d), shocking along the
plate extrusion direction implies lattice compression almost
perpendicular to the (c) axis only and this orientation is well
suited for activating the {1012} extension twins. There are six
possible crystallographically equivalent {1012} twin variants
in magnesium: (1012)[1011], (0112)[0111], (1012)[1011],
(1102)[1101], (0112)[0111], and (0112)[0111], and the twin-
ning Schmid factor (SF) plays an important role on which
twin variants are activated under stress [16]. As the tilt angle

deviates from the ideal case, i.e., loading direction parallel
to the (a) axis or (c) axis, the SF decreases [16]. The twin
variants with the highest SF value are likely to be actived and
dominate the twinning behavior of this FG Mg alloy. From the
illustrations shown in Figs. 8(a) and 8(b), when this extruded
FG AMX602 Mg is compressed along the plate extrusion
direction to the stable shock state, the (c) axis are reoriented
by approximately 90° and are symmetrically distributed about
the ED; this is typical of {1012} extension twinning dominated
texture evolution in extruded Mg [51-54]. However, owing to
the symmetrical distribution of the (c) axes about the ED, the
SF of all six twin variants are approximately equal. Hence,
during stress release (tensile stresses along the ED) all six twin
variants can be equally active and the (c) axes are reoriented
back to their original position by detwinning as illustrated in
Fig. 8 from two views, the ND-TD and ED-TD planes. This
is consistent with the observations made by Culbertson et al.
[53] for extruded pure polycrystalline Mg rod, which were
precompressed and subsequently pulled in tension.

On the contrary, when this extruded FG AMX602 Mg is
shock compressed along the plate normal direction (C_LED)
as illustrated in Fig. 2(c), this results in simultaneous lat-
tice compression along the (c) axis, perpendicular to the
(c) axis, and off-axis compression depending on the grain
orientation. Although this loading configuration has limited
lattice orientations favorable for {1012} extension twinning,
only the low-CRSS (a) basal slip (dominant mode) and 1012
extension twinning deformation mechanisms are required to
accommodate plastic deformation, while all other deforma-
tion mechanisms play a lesser role [51]. As the illustrations
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FIG. 8. Illustrations of texture evolution of the basal (0002) poles in FG AMX602 magnesium samples during shock compression and
stress release along the plate extrusion direction (C//ED). (a) ND-TD plane view and (b) ED-TD plane view.

in Figs. 9(a) and 9(b) show, as this extruded FG AMX602
Mg is compressed along the plate normal direction to the
stable shock state, the basal poles are reoriented by approx-
imately 90° about the ED towards the ND, typical of {1012}
extension twinning dominated texture evolution in extruded
Mg [51-54]. However, for this case, the (c) axes are not
symmetrically distributed about the ND. Instead, there is a
large (c)-axis orientation spread along the TD (elliptical in
shape). Similar observations were made at lower strain rate
experiments for strains up to 10% [51,52]. This implies that
the tilt angle deviation from the ideal case is larger in the
TD as illustrated in Fig. 9(a) compared to the spread in the
ED. The SF of the twin variants, which are aligned with
the ED, are expected to be larger than those aligned with
the TD. During stress release (tensile stresses along the ND)
the twin variants aligned with the ED are expected to be
activated because they possess the highest SF. For this case,
the (c) axes are reoriented randomly about the TD due to
detwinning as illustrated in Figs. 9(a) and 9(b) not the ED
as in the previous case. In addition, a possible reason why
the measured twin volume fraction after shock compression
and release is low but the intensity in the pole figure is quite
strong for the shock recovered sample is that detwinning
during unloading may be incomplete. Twinning in FG Mg
samples is quite different from twinning in coarse grained Mg
samples. During twinning in FG Mg samples, some grains
can be entirely twinned without leaving observable twin
boundaries within the grains. Detwinning becomes difficult

due to the lack of twin boundaries and the process may be
hindered.

IV. SUMMARY AND CONCLUSIONS

FG AMX602 magnesium alloy shock compressed along
the plate normal to approximately 3 GPa and then soft re-
covered, shows that the majority of the basal poles were
reoriented about the plate normal by approximately 90° sug-
gestive of significant {1012} extension twinning. However,
this observation was contradicted by the fact that the twin vol-
ume fraction of the as-received and shock recovered samples
were approximately 0% and 0.4%, respectively, suggestive
of insignificant {1012} extension twinning. These observa-
tions are not consistent and were elucidated using time-
resolved in situ synchrotron x-ray diffraction shock exper-
iments. Significant twinning during shock compression and
detwinning during stress release were observed real time in
this FG AMX602 magnesium alloy via texture evolution stud-
ies. These twinning-detwinning observations were validated
through the intensity interchange between the parent and
twin reflection pair (0002)-basal and (1010)-prismatic, which
normally occur during {1012} extension twinning in materials
with hexagonal closed pack lattice structure. We conclude that
these observations show that detwinning is responsible for
the insignificant change in twin volume fraction between the
ambient and shock recovered samples but acknowledging that
some grains may have been entirely twinned without leaving
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FIG. 9. Illustrations of texture evolution of the basal (0002) poles in FG AMX602 magnesium samples during shock compression and
stress release along the plate normal direction (C_LED). (a) ED-TD plane view and (b) ND-TD plane view.

observable twin boundaries within the grains. It is also postu-
lated that the high Schmid factor of the twin variants, which
are aligned with the ED, is responsible for the 90° reorienta-
tion of the basal poles about the ND observed for the shock
recovered samples. Time-resolved in situ synchrotron x-ray
diffraction shock experiments provide a fundamental under-
standing of the complex twinning-detwinning behavior of this
textured FG AMX602 magnesium alloy and helped to bridge
the existing knowledge gap in shock recovery experiments.
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