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We report the atomic- and nanosecond-scale quantification of kinetics of a shock-driven phase transition in
Zr metal. We uniquely make use of a multiple shock-and-release loading pathway to shock Zr into the 8 phase
and to create a quasisteady pressure and temperature state shortly after. Coupling shock loading with in situ
time-resolved synchrotron x-ray diffraction, we probe the structural transformation of Zr in the steady state. Our
results provide a quantified expression of kinetics of formation of 8-Zr phase under shock loading: transition

incubation time, completion time, and crystallization rate.
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A leading driver of dynamic compression research is the
quest to probe the pathways and kinetics of phase transitions.
One of the unanswered questions in physics is the time depen-
dence of phase diagrams and how to model it. When a material
is loaded dynamically through equilibrium phase boundaries,
it is the kinetics that determines the real time expression of
a phase transition. That in turn can play a significant role in
the thermodynamic path that the material takes. The material’s
end state, in a shock event, may depend on the kinetics of the
process that produced this end state. There exists a relation-
ship between the kinetics of a phase transition, the mesoscale
structure of a solid, and its constitutive properties. However,
the role that kinetics of phase transitions play in a material’s
constitutive properties is not well understood. This lack of
understanding is due to a lack of experimental data of direct,
atomic-scale in-situ measurements of kinetics of transitions
during shock events. While several dynamic x-ray diffraction
(DXRD) studies have examined shock-driven phase transi-
tions [1-6] and discussed aspects of kinetics [7-9], only a few
studies exist that explicitly quantify the kinetics of a shock-
driven transformation, using DXRD, i.e., extract quantitative
percentages of crystalline phases from DXRD, as a function
of shock event time [10-12].

In this Rapid Communication, we report the kinetics of
shock-driven formation of the S phase of Zr metal at the
atomic and nanosecond scale. We present real-time tracking
of a measurable quantity—the phase percentage of B-Zr—
measured with DXRD, as the shock process unfolds over
tens of nanoseconds. We establish a quantified expression of
kinetics of formation of B-Zr under shock loading: transition
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incubation time, completion time, and crystallization rate.
Probing kinetics experimentally can be hindered by gradients
of stress and temperature that can develop under conventional
shock loading. Here we uniquely make use—in combination
with DXRD—of a multiple shock-and-release (mSR) loading
pathway culminating in a quasisteady pressure (P) and tem-
perature (T) state. Through a combination of DXRD and mSR
loading we observe the nanosecond, atomic-scale response of
the structure of Zr in the quasisteady state created as a result
of impact and shock wave reverberation.

Zirconium has fascinated the high pressure community
since Bridgman discovered the w phase in 1952 (Fig. 1)
[13]. Prior works examined the o (hcp) — o (hexagonal)
transition under static and dynamic compression [14-20],
deformation under pressure [21], under shock compression
[22-25], the phase boundaries [26,27], and the melt line [28].
Although first reported in 1990, the w — g (cubic) transition
[29] is less studied [16,30,31]. We use in situ time-resolved
synchrotron DXRD and photonic Doppler velocimetry (PDV
[32], Fig. 2), and we monitor the kinetics of a shock-driven
transition in Zr at nanosecond timescales (Fig. 3). Shock
experiments are performed at the Dynamic Compression Sec-
tor at the Advanced Photon Source (APS) using a two-stage
light gas gun. We expose Zr to a multistep dynamic loading
pathway or mSR: firstly, shock compression to a Hugoniot
state into the B phase (stage 1 in Fig. 1), secondly a multistep
shock and release (stage 2 in Fig. 1) that culminates in a
quasisteady state P/T near the §/w phase boundary (stage
3 in Fig. 1). The final P/T state in the sample is defined by
the intersection of the Lexan and TPX Hugoniots and remains
relatively steady for the duration of the experiment [33,34].

We use a 23 keV pink x-ray beam for time-resolved (in-
terval 153 ns), single-pulse DXRD (100 ps) and a two-image
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FIG. 1. The phase diagram of Zr, the Hugoniot [27], and the three
stages of our dynamic mSR experiments: shock compression (#1—
hollow stars), the release (#2—long arrow), and the steady P and T
state, where we probe the kinetics of formation of f-Zr (#3—solid
stars). A line of arrows marks the path of static compression and
heating in DAC, culminating in the same P-T region as the mSR
experiments.

XRD detector to study the temporal evolution of Zr structure
during mSR compression. Based on DXRD we quantify the
kinetics of formation of B-Zr and offer a kinetics’ model
(Fig. 4). Finally, we take Zr to the same thermodynamic
end- state as in mSR but through a static compression and
heating path using a diamond anvil cell (DAC) and 33 keV
synchrotron XRD at the HPCAT beamline, APS (Figs. 1
and 3). We use the Zr structures extracted from our XRD DAC
data as starting points in the analysis of mSR DXRD data. Ex-
perimental details and P-T modeling are in the Supplemental
Material [33].

Dynamic vs static compression. A schematic of the mSR
and DXRD configuration is in Fig. 2(b). In the first stage of
the experiment, the Lexan® impactor generates a planar shock
that produces a 42 ~ 46 GPa stress state on the Hugoniot.
When the shock wave reaches the lower-impedance TPX®
window, a release wave reflects from the interface and travels
back into Zr. Subsequent release waves (sample/window) and
shock waves (impactor/sample) are quasi-isentropic in their
effect on the material. The shock and release waves continue
to reverberate between the impactor and the window until all
three—impactor, sample, window—are in P and T equilib-
rium. Because of the thin sample ~10 wum, reverberations
result in the onset of a steady state, ~10 ns after impact. The
steady P and T state is at 19 ~ 21 GPa and 750 ~ 860 °C,
depending on shot, and persists for ~250 ns (Fig. 2(a) and
Fig. S1 in Ref. [33]), which is the time interval before any
edge waves or release fans from the TPX® free surface reach
the sample. We note that with the mSR loading path we are
able to probe a region of the phase diagram not accessible in
a simple on-Hugoniot event. During our mSR experiments—
illustrated by the PDV signal [Fig. 2(a)]—we acquire a DXRD
pattern prior to impact, t = 0, and two more real-time in situ
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FIG. 2. Our multiple shock-and-release (mSR) experiment:
(a) the measured PDV, modelled PDV, and modelled P and T
state (see Supplemental Material [33]) and (b) geometry of time-
resolved synchrotron DXRD. The PDV signals illustrate the stages
of our experiment: the dynamic loading (dark blue, ~10 ns) and the
quasisteady P-T state (light blue, ~250 ns). Black dots mark time
stamps of DXRD patterns. Insets show example DXRD images of
Debye rings.

DXRD patterns after impact, separated by 153 ns, which is
the time structure of the x-ray bunches [see time of Debye
rings in Fig. 2(a)]. By repeating the same experiment we
obtain a series of time-resolved DXRD patterns that allow us
to track the unfolding of a phase transition in Zr throughout
the mSR experiment. Figure 3 compares the pre-shot DXRD
and DXRD for Zr quasi-isentropically released to the steady
state of ~21 GPa and ~860°C at two different times after
impact: 15 ns and 168 ns.

To contrast our shock studies, we also examine phase
transformations along a thermodynamic path that first takes Zr
through static compression in DAC to ~22 GPa and adds heat-
ing up to ~940 °C, culminating in a similar P-T range as our
mSR experiment (Fig. 1). Selected XRD patterns in DAC are
presented together with results of Rietveld [35] refinements in
Figs. 3(d)-3(f). On “cold” compression in DAC, we observe
the « — w transition (Fig. 1) [36,37]. At P and T values
approaching those of the dynamic mSR compression, Zr goes
from the low-symmetry o (hexagonal) to a high symmetry
B (cubic) structure in a first-order transition [Figs. 3(e)-3(f)]
[29]. Some untransformed w-Zr and minimal untransformed
a-Zr are also present. From Rietveld refinements of static
XRD DAC data we extract «, w, and B-Zr structures at P and
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FIG. 3. Selected in situ time-resolved DXRD patterns of (a)-(c) mSR dynamic compression with the pre-shot at # = 0 and quasisteady
state at + = 15 ns and + = 168 ns after impact, and (d)—(f) XRD of static compression in DAC. Overlapped are the measured and modeled
patterns, the background and Miller indices for each phase. DXRD phase fraction errors are in Fig. 4(a). The path of static compression and
heating in DAC (d)—(f) culminates in the P-T region where diffraction of the mSR experiments is measured (b),(c). We use the Zr structures
extracted from XRD DAC data as starting points in the Rietveld analysis of DXRD. Re and Au are reflections from the gasket and the pressure
standard, respectively.

T conditions close to those of our dynamic mSR experiments.
We use those structures as starting models in the Rietveld
analysis of our DXRD mSR results.

In mSR experiments, after shock compression, we track the
structure of Zr through ~250 ns of the steady state [Figs. 3(b)
and 3(c)]. Rietveld refinements indicate that under shock
compression and quasi-isentropic reverberation to ~21 GPa

and ~860 °C, Zr undergoes a direct « — S phase transition.
Over the duration of steady state, we observe the x-ray unit
cell volume decrease in time consistent with the observed
decreasing velocity from the PDV [33]. Recently, two works
reported contradictory findings on a laser-shock-driven phase
transition at ~20 GPa in Zr. One ascribed ittoan ¢ — w [8]
and the other to an « — f transition [38]. Both works were
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FIG. 4. Kinetics of formation of 8-Zr over ~250 ns. (a) Quan-
titative analysis of the evolution of B-Zr phase fraction from our
analysis of time-resolved DXRD. Error bars are two standard devia-
tions. The fit of KIMA kinetics model is shown in orange. The short
incubation time and the long time needed to complete the transition
show that atomic displacement during the transition requires tens of
ns to complete. (b) Modeled time evolution of P and 7 in Zr, along
the path of the x-ray beam, illustrating the two stages of our mSR
experiment: dynamic loading (dark-blue window, ~10 ns) and the
steady P-T state (light-blue window, ~250 ns).

qualitative and neither used quantitative XRD analysis. In
both works Zr was subjected to a large distribution of stresses
hence a comparison with our work is not possible.

Quantifying the kinetics of the shock-driven phase tran-
sition. Our mSR loading is ideal for monitoring the kinetics
of structural changes in Zr: The shock wave reverberations
quickly lead to the onset of a quasisteady P-T state, which
persists for ~250 ns after shock. In this state, in the absence
of thermodynamic gradients along the path of the x-ray probe,
the observed evolution in DXRD patterns can only originate
from structural transformations occurring in the shock-loaded
Zr. We perform quantitative analysis of the kinetics of forma-
tion of B-Zr phase in the steady state for all data of our mSR
experiments. We treat all shots at stresses between 19 and
21 GPa as equivalent, because the calculated T differences are
at most ~110 K (Table S1 in Ref. [33]). Figure 4(a) shows the
increase in phase fraction of 8-Zr in the steady state during
~250 ns, obtained from Rietveld refinements of our DXRD
patterns. To quantify the kinetics of the Zr transition—in the
absence of a dedicated model for shock-driven processes—we
use the nucleation model developed by Kolmogorov [39],
Johnson and Mehl [40], and Avrami [41-43] (KIMA), but we
apply it to nanosecond processes [11,12]. Using the KIMA
formalism, the time-dependent phase fraction of B-Zr(t) is
given by:

B(t) =1 —exp(—(k(t — )V). ey

T is the incubation time of the transition and k is the crys-
tallization rate constant. The Avrami parameter N can be
indicative of nucleation mechanisms [44,45]. The best fit to

our data and the confidence interval (CI) representing the
0.025 and 0.975 quantiles yield: T = 0 ns (CI: 0-29.6), N =
0.445 (CI: 0.128-0.671), and k = 0.030 1/ns (CIL: 0.017-
0.50). This fit suggests a transition characterized by an incuba-
tion time T ~ 0 ns. The short incubation time together with the
~250 ns needed to complete the transition are consistent with
first-order martensitic kinetics, and the atomic displacement
during transition requires tens of nanoseconds to complete
the process. The applicability of the KIMA formalism for
describing polymorphic transitions under shock compression
must be approached carefully, since it was developed for
transformations between isotropic phases with a small volume
jump and a zero shear modulus. While the initial loading path
over the first ~10 ns is likely to affect the kinetics rate, we
chose to understand the long-time kinetics as the Zr sits in
a quasisteady P-T state, using the KIMA phenomenological
model. Although imperfect, this model does provide insight
into the transition incubation time and rate for this dynamic
loading path.

To give perspective on the broader implications of our
results, it is valuable to reflect on why the quantification of
kinetics of phase transitions is so important. Shock physics
centers on understanding the behavior of materials subjected
to shock-inducing pressure waves and on probing material
properties well away from ambient conditions. Dynamic load-
ing can drive phase transitions and allow for probing phase
boundaries throughout the P-T space. Phase transitions are
accompanied by changes in constitutive properties and trans-
port properties. Since these processes are dynamically driven,
often with large strain rates, the experimental signatures of a
phase transition may not correspond to the true equilibrium
phase boundary. This is because the completion of the transi-
tion is subject to the underlying kinetics. A kinetically delayed
transition may require the material to be substantially “over-
driven” before the transition occurs, resulting in a different
end state, compared with a transition without any delay due
to kinetics. More broadly the transition kinetics can play a
significant role in the thermodynamic path that the material
takes, along with all derived properties associated with the
new phase.

In summary, in this work we demonstrate that under dy-
namic compression to ~21 GPa and ~860 K, Zr undergoes
an ¢ — f phase transition. We quantify the kinetics of
formation of B-Zr phase at the atomic scale, by uniquely
combining time-resolved synchrotron DXRD with a multiple
shock-and-release loading experiment. We track the entire
phase transition process, from incubation to completion. We
provide critical quantitative data that will allow to validate
theoretical models of transition Kkinetics: incubation time,
completion time and crystallization rate. The results of our
work are relevant not only to Zr but also to other group 4
elements, and in particular to the behavior of Ti under high
pressure [46,47]. Access to data of kinetics of transformation,
such as the one in this work, shows the true time expression of
a dynamically-driven phase transition and highlights the time
dependence of phase diagrams.
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