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The response of materials under dynamic compression involves a complex interplay of various defor-
mation mechanisms aimed at relieving shear stresses, yielding a remarkable diversity in material behavior.
In this Letter, we utilize femtosecond x-ray diffraction coupled with nanosecond laser compression to
reveal an intricate competition between multiple shear-relieving mechanisms within an elemental metal.
Our observations in shocked-compressed single-crystal Zr indicate a disorder-mediated shear relaxation at
lower pressures. Above the phase-transition pressure, we observe the increasing contribution of structural
phase transition in relieving shear stress. We detect not one but three concurrent pathways during the
transition from the hcp to a hex-3 structure. These complex dynamics are partially corroborated through
multimillion-atom molecular dynamics simulations employing a machine-learned interatomic potential.
Our observation of multiple concurrent pathways and disorder during shock compression underscore the
far greater intricacies in the dynamic response of metals than previously assumed.
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There are several possible mechanisms by which materials
relieve shear stress when subjected to uniaxial shock
compression, such as dislocation generation and motion,
twinning, stacking fault generation, shear-induced amorph-
ization, and phase transformation. The interplay of these
mechanisms produce a rich diversity in the response of
materials subjected to dynamic compression. Metals respond
predominantly via dislocation motion, twinning [1,2], and
generation of stacking faults [3,4]. To our knowledge, no
instances are known of elemental metals exhibiting disorder
upon shock loading. Covalently bonded materials, on the
other hand, most commonly exhibit shear-induced amorph-
ization as an additional deformation mechanism [5]. The
prevalence of dislocation activity is believed to influence the
likelihood of forming amorphous bands during plastic
loading. However, disorder as a deformation mechanism
is impeded in metals due to the relatively facile activation of
alternative deformation mechanisms.

Solid-solid structural phase transitions are also a shear-
stress-relieving mechanism across all material classes
and have also been an active area of investigation for
the last hundred years [6—12]. Advancements in ultrabright
sources like x-ray free-electron lasers (XFELs) have
enabled in situ measurements within solids dynamically
compressed to extraordinary, planetary-scale pressures over
mere nanoseconds. Recent research efforts have increas-
ingly focused on using diffraction not only to discover
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exotic high-pressure phases [13—15], but also to study the
interplay of different deformation mechanisms such as slip
and twinning [1], and to identify atomistic pathways during
structural phase transitions induced by dynamic compres-
sion [4,16—18]. The conventional picture of atomistic
pathways is based on atomic mapping from an ordered
parent phase to an ordered daughter phase via a unique set
of lattice strains and atomic shuffles. In Zr and many
materials, differing atomistic modeling approaches present
conflicting results. Each transition pathway is differentiated
by the crystal orientation within the daughter phase relative
to its parent. Thus, by measuring the orientation relation-
ship (OR) between specific crystallographic planes and
directions within the parent and daughter phases using
diffraction, one can experimentally constrain the atomistic
transition mechanism. Identifying these mechanisms pro-
vides the most stringent tests for our state-of-the-art
theoretical and computational models.

Because of the commercial and technological impor-
tance of the hexagonally closed-packed (hcp) zirconium
(Zr) and titanium (Ti), the high-pressure response of these
metallic systems has been the subject of intense theoretical
and experimental scrutiny. However, limited experimental
measurement of the deformation mechanisms in Zr exists at
very high-strain rates (~107-10% s~!). This is partly due to
its noncubic nature, simultaneously activating competing
slip and twinning systems [2]. Additionally, Zr undergoes a

© 2024 American Physical Society
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FIG. 1.

Experimental setup for x-ray diffraction measurements of shock-compressed single-crystal Zr samples. (a) The 10-keV, 50-fs

output of the LCLS-XFEL probed the shock-compressed Zr and produced an x-ray diffraction signal as recorded on CSPADs [19]. Here,
the diffraction angle (26) and consequently Q = 4z sinf/1 increases radially, with azimuthal angle (¢) defined around the Debye-
Scherrer cones. A denotes the wavelength of the x rays. These data provide information on crystal structure, sample density, and
microstructural texture, while velocimetry measurements provide information on shock timing and pressure uniformity during the x-ray
probe period [20]. The diffraction data shown (10.6 GPa) are consistent with multiple reflections from the compressed « phase (red
arrows) and a single reflection from the w phase (cyan arrows). (b) We present the same diffraction data in Q-¢ coordinates. The Debye-
Scherrer rings appear as straight lines in this view. We show the ¢-averaged lineout in the lower panel, where the green curve represents
the detector background. The peaks from the a and w phase are shaded with red and cyan colors, respectively. We reproduce an enlarged
view of the lower diffraction-angle region in the inset. The lineout to the right of the inset shows the azimuthal variation of the diffuse

signal between the Bragg peaks noted by the dashed vertical lines.

structural phase transition from the ductile hcp (« phase) to
the brittle simple hexagonal (@ phase) at high pressures,
compounding the challenges in data analysis. Additionally,
there is no scientific consensus about the mechanism of
the @ — w structural phase transition in Zr [21-39], which
is an important shear-relieving mechanism in Zr. Existing
literature suggests two distinct ORs during the a — o
phase transition. Most shock-compression studies on
recovered samples have observed what we will call the
variant I OR [27-29]. In contrast, the majority of static-
compression and high-pressure torsion studies report
variant II [21-23,32-34] (see Supplemental Material
Table S1 [40]). Several studies, however, deviate from this
trend for reasons that remain unclear [24—-26]. As a result, a
comprehensive understanding of high-strain rate deforma-
tion in Zr remains elusive.

We approach the @ — @ phase transition from a new
direction by combining uniaxial laser-shock compression
of high-purity, well-oriented single-crystal Zr with in situ
diffraction measurements using a high-brightness femto-
second XFEL source. The short probe duration produces
near-instantaneous snapshots of atoms in the high-pressure
shocked state as the material deforms. The single-crystal

nature of our samples aids in the data interpretation by
producing textured diffraction data, which allow us to
decouple the effects of various deformation mechanisms
and provides a comprehensive picture of the Zr response
across the @ — @ phase boundary.

Laser-driven shock-compression experiments were per-
formed at the matter in extreme conditions (MEC) end
station of the Linac Coherent Light Source (LCLS) [63,64].
Figure 1(a) shows a schematic of the experimental setup
and target design used at MEC. The target consisted of a
50-pm-thick polyimide ablator and a 40-pum-thick Zr single
crystal with the [0001] direction parallel to the sample
normal (shock direction). The samples were orientated to
within < 1° of the [0001] axis. An impurity analysis
confirmed > 99.95% purity and an ambient-pressure den-
sity of 6.52 g/cm3. We focused the output of the 527-nm
drive laser at MEC, temporally shaped into a 15-ns flattop
pulse, into a 250-pm spot on the front of the polyimide.
This generated an ablatively driven shock into the target
assembly, which applied a uniaxial load along the ¢ axis of
the Zr crystal. Shock pressure in the sample is directly
proportional to the laser intensity and, therefore, precise
control of the on-target energy allowed for tuning of the
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FIG. 2. Evolution of diffraction signal as a function of shock pressure. (a) Waterfall plot of azimuthally averaged lineouts from single-
crystal Zr targets. The diffuse scattering signal peaks near the @ — @ phase-transition pressure. We note that the sample used in run 244
had surface polishing features leading to more diffraction peaks from the a phase compared to the other samples. (b) Experimental and
modeled diffraction patterns from shock-compressed single-crystal zirconium at 15.2 GPa. We modeled the crystallographic texture of
the w phase as the sum of unimodal distributions centered around the 12 orientations of the variant I OR, 3 orientations of variant II OR,
and 6 orientations of the variant IIT OR. We show the region with diffraction from the {1010}, {1011}, and {1121}, planes.
Contributions to the {1011}, diffraction from the ORs of variants I and III are azimuthally separated and indicated by the cyan and blue
arrows, respectively. Diffraction from the {1121}, plane originates entirely from variant II OR. (c) The volume fraction of each OR
formed within the @ phase shows a strong pressure dependence. We observe the dominance of variant III OR at low pressures, which
variant IT OR eventually supplants at higher pressures. The integrated diffuse is normalized with respect to the integrated diffuse
intensity of shot 93.

[

pressure within the Zr sample [64]. Eight targets were  reveals itself only in our single-crystal scattering configu-
compressed with peak pressures ranging from 5.3 to  ration; we do not observe it in our polycrystalline Zr
21.3 GPa. During shock transit, an ultrabright 50-fs  diffraction data (see Supplemental Material Fig. S3 [40]
10-keV XFEL pulse, incident normal to the target, scattered ~ and accompanying text).
off the compressed Zr and produced volume-integrated Figure 2(a) shows the azimuthally averaged lineouts at
x-ray diffraction. The signal was recorded on the Cornell-  five pressures. The peaks originating from the @ and w
Stanford pixel array detectors (CSPADs) in transmission  phases are shaded in red and cyan, respectively. At 5.3 GPa,
geometry [19]. The x-ray probe time in our experiments  the diffraction signal is consistent with the presence of
was set to ensure the same shock-compressed Zr volume  only the o phase. Surprisingly, we also observe a diffuse
from shot to shot, as determined by the velocimetry  background signal. At 10.6 GPa, close to the phase-
measurements (see Supplemental Material Fig. S1 [40]). transition pressure, the Bragg diffraction signal is still
Figure 1(a) shows the 2D orthographic view of diffrac-  dominated by the a phase with one single w-phase peak.
tion data for a shock pressure of 10.6 GPa (marginally =~ However, there is a rise in the diffuse scattering signal as
above the phase-transition pressure). While the Zr sample ~ compared to the lower-pressure shot. Upon further increase
loses its simple single crystalline nature upon shock  in pressure away from the phase-transition boundary, the
compression, it retains a highly oriented microstructure, strength of the Bragg diffraction signal from the o phase
as seen in the localized intensity around the Debye-Scherrer ~ recedes in intensity. This is also accompanied by a
diffraction rings. At this pressure, we observe diffraction  reduction of the diffuse scattering signal. At 18.1 GPa,
signals from the compressed o and @ phases. We do not  the diffraction is almost exclusively from the high-pressure
measure any diffraction from the uncompressed material @ phase with a tiny diffuse scattering background.
ahead of the shock front due to the highly oriented nature of The azimuthal intensity distribution in the Debye-
the zirconium foil (see Supplemental Material Fig. S2 [40]).  Scherrer rings encodes the orientation relationship between
We also observe a diffuse background signal superimposed  the o and ® phases. We extract this information by
on top of sharp Bragg peaks. This diffuse signal [marked by ~ constructing a forward model to calculate the expected
dashed lines in the Fig. 1(b) inset] in the intervening regions  diffraction signal for our experimental geometry. This
between the Bragg peaks is observed to be nonuniform  model accounts for x-ray beam energy and direction,
azimuthally and has an angular period of 60° indicating a  detector positions, and crystallographic information about
sixfold symmetry. The azimuthally localized diffuse signal ~ the sample, such as crystal structure, unit cell dimensions
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on compression, phase volume fraction, and crystallo-
graphic texture of each phase (see Supplemental
Material Sec. S4 [40] and Ref. [18] for further details).
The results of the forward model calculation for the
15.2 GPa shot are presented in Fig. 2(b). We determined
the phase fractions of the @ phases to be close to 100%
for this shot. A unique phase-transition pathway proved
inadequate in reproducing the experimentally observed
azimuthal intensity distribution. Instead, we determined
the diffraction data to be consistent with w-phase orienta-
tions from three distinct phase-transition pathways:
variants I, II, and III. For clarity, we only show the variant
contributions to first two Debye-Scherrer rings. While
variant I and II ORs have been previously reported in
numerous studies, variant III OR has never been observed
experimentally. We present the pressure dependence of the
phase-fraction evolution, the relative abundance of the
different variants within the @ phase, and the integrated
diffuse background signal in Fig. 2(c). The phase fraction
of the o phase decreases with increasing pressure as
expected. In the w-phase volume, we observe three com-
peting phase-transition pathways vying for dominance.
Variant III dominates at lower pressures and is eventually
superseded by variant II as the pressure increases. We refer
the readers to Supplemental Material Fig. S4 [40] for our
semiquantitative method of determining the phase fractions
of different phases and the relative abundance of the various
variants and Supplemental Material Fig. S5 [40] for a
comprehensive collection of the forward model results with
increasing pressure. We considered basal or pyramidal
stacking faults as the source of azimuthally modulated
diffuse scattering signal. However, we did not find con-
sistency of the observed diffraction signal with the signal
generated by these configurations. We refer the readers to
Supplemental Material Sec. S5 and Figs. S6 and S7 [40] for
more details. To investigate the origin of the diffuse signal,
we performed large-scale classical molecular dynamics
(MD) simulations of [0001]-oriented Zr single crystals
with initial dimensions of 40 x 40 x 100 nm? shocked to
15 GPa using LAMMPS [66]. We modeled the interatomic
interactions using the machine-learned potential of Zong
et al. [39], which was tailored to model allotropy in Zr at
pressures of up to 30 GPa. These simulations allow us to
see in microscopic detail the dynamics unfolding in the
wake of the shock and to analyze the structure factor of the
complex atomistic configuration that results. We refer the
readers to the companion article [67], Supplemental
Material Sec. S6 [40] and references therein for further
details about the molecular dynamics simulations.

Figure 3(a) shows a visualization of the computational
cell 18 ps into the simulation, with atoms colored according
to their local phase (above) and shear stress (below). The
shock is led by an elastic precursor, behind which the
pressure and shear stress are elevated to 10.0 and 3.5 GPa,
respectively. However, the crystal retains a strained a-phase

structure. Trailing this precursor is a phase-transition front
that raises the pressure to 15 GPa while relaxing the shear
stress to 0.9 GPa, heralding the onset of the a —» w
transition and the generation of disorder. Since the drop
in shear stress is correlated to both the onset of the phase
transition and the generation of disorder, we conclude that
these are shear-relieving mechanisms in c-oriented Zr. The
resulting clusters of disordered atoms form 10% of the cell
by mass and occupy the interstices between the larger @
grains (which constitute 60%). Though noncrystalline, the
atomistic structure of these nanoclusters shows orienta-
tional order and a structure factor qualitatively similar to
that of the w phase (see Supplemental Material Figs. S8 and
S9 [40] for the radial and angular distribution functions and
the structure factors of the @ and noncrystalline structures,
respectively). We note that the orientational order in the
disordered clusters makes it more accurate to refer to these
atoms as partially disordered. We also note that identical
shock simulations below the phase-transition boundary at
8 GPa did not generate disordered atoms, which is in
disagreement with the observation of a diffuse background
at 5.3 GPa as shown in Fig. 2(b). We will explore the reason
for this disagreement in future experimental and computa-
tional studies.

In Fig. 3(b), we show synthetic diffraction generated by
the phase-transformed region of the simulation cell with
10-keV x rays. Sharp diffraction peaks attributable to @
grains with the variant I and II OR are visible at Bragg
angles similar to those measured in the experiment and at
identical azimuthal angles. The difference in peak inten-
sities is due to the strong sensitivity of the Bragg condition
to the w phase’s ¢/a ratio, which at 15 GPa takes values of
0.605 and 0.621 in the experiment and simulation, respec-
tively. In addition to these Bragg peaks, we observe a
diffuse diffraction signal centered at 29° akin to that seen in
the data. Like the experimental signal, this diffuse diffrac-
tion is anisotropic and exhibits the same sixfold modu-
lations around the Debye-Scherrer ring. The missing
{0001}, and {1011}, peaks in the simulated diffraction
signal are due to the absence of variant I and III ORs in the
simulation.

In our MD simulations, the majority (~95%) of the w
phase assumes the variant II OR, with a small fraction
(~5%) of variant I OR present. While there is qualitative
agreement of the simulations with the experiment, the
quantitative phase fractions do not agree. In addition,
variant IIT OR is completely absent from our simulations.
The simulation properties can rationalize this behavior. We
posit that variant I is made rare by the artificially high
shear-stress environment created in these idealistic simu-
lations in perfect, defect-free crystals. In the presence of
defects, some plasticity before the phase transition will
bring about the low shear-stress environment that favors
variant I OR over variant II. We will explore this hypothesis
further in a planned future manuscript. We believe the
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FIG. 3.

Molecular dynamic simulations with machine-learning potential. (a) Visualization of a Zr single crystal with initial dimensions

of 40 x 40 x 100 nm? shock-compressed along [0001] to 15 GPa, with atoms colored according to their local phase (above) and shear
stress (below) after 18 ps, performed using OvITO [65]. Below is the time evolution of the «, 3, @, and noncrystalline phase fractions (the
last group includes partially disordered nanoclusters and atoms on grain boundaries). The circular inset shows the local arrangement of
atoms in a region of phase coexistence, viewed in a plane normal to the shock. (b) Synthetic diffraction generated 200 ps into the
simulation using 10-keV x rays. Top: the full diffraction pattern in polar coordinates, with a semitransparent mask added to simulate
gaps in the CSPADs. Lower: compares azimuthally averaged lineouts from the simulation (15 GPa) and experiment (15.2 GPa). Right:
the azimuthal variation of the simulated diffuse signal centered at 26 ~ 30°, with averages taken over the windowed region (red-boxed
region). We overlay the azimuthal distribution of the azimuthally localized diffuse signal from the experimental data (shot 93) in blue.

absence of variant III in our simulations results from the
interatomic potential’s inability to model the energy land-
scape of Zr accurately along the variant Il pathway. As this
transformation pathway was unknown, its configuration
space was not used in training the potential. Exploration of
this new pathway via first-principles atomistic simulations
is warranted.

The new variant III OR we observe in our experiments
has never been observed in quenched w-Zr captured
from recovery experiments. This observation is in con-
trast to numerous experimental static and dynamic-
compression studies reporting variant I and variant II
ORs [21-25,27-29,32-34]. In a recovery study of shock
and pressure released Zr, samples that completely trans-
formed to the w phase during shock loading retained
between 0% and 48% of the high-pressure phase in
recovered samples [68]. The lack of any experimental
observation of the variant III OR in recovered samples
could be related to an OR dependence of the @ — a reverse
phase transition. Upon pressure release, we hypothesize a
complete reversion of the variant III w-phase orientations to
the a phase, but hysteresis for the other variants.

Our MD simulations predict a small amount of the
intermediate bcc B phase in the tens of picoseconds

timescale. Our forward diffraction model predicts that
the {220}, reflection should be observable in our experi-
ments for the expected Burgers OR [11] between the hep o
phase and the bec f# phase. Although not conclusive, our
diffraction data hint at the presence of this intermediate bcc
phase. We refer the readers to Supplemental Material
Figs. S10 and S11 [40] and accompanying text for more
details.

In summary, we have demonstrated for the first time that
the dynamic behavior of the elemental metal Zr under
shock compression is far more intricate than previously
thought, involving multiple competing phase-transition
pathways and a partially disordered state as a shear-
stress-relieving mechanism in a single nanosecond shock
volume. While we initially attempted to use the more
conventional embedded atom model potential for Zr, only
the machine-learned interatomic potential partially repro-
duced our experimental observations. Our experiments and
analysis highlight the importance of in sifu measurements
on highly oriented crystals in validating our best theoretical
models at extreme conditions. While our results focus on
zirconium, we expect our results to apply to the trans-
formation dynamics of other material systems at high
pressure and temperature.
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