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ABSTRACT

Phase transformations under high strain rates (dynamic compression) are examined in situ on ZrW,Og, a negative thermal expansion ternary
ceramic displaying polymorphism. Amorphization, consistent with prior quasi-static measurements, was observed at a peak pressure of
3.0 GPa under dynamic conditions, which approximate those expected during fabrication. Evidence of partial amorphization was observed
at lower pressure (1.8 GPa) that may be kinetically restrained by the short (<~150 ns) time scale of the applied high pressure. The impact of
kinetics of pressure-induced amorphization from material fabrication methods is briefly discussed.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147942

INTRODUCTION

Dynamic compression coupled with x-ray diffraction (XRD) is
a technique that was recently developed at the Dynamic Compres-
sion Sector (DCS) using the Advanced Photon Source at Argonne
National Laboratory. The DCS has been used to explore phase tran-
sitions under very high strain rates and pressures by launching an
impactor from a powder gun at a sample while measuring XRD
on the sample at sub-microsecond time scales.””” This measurement
technique is key to understanding the behavior of compression-
driven phase transformations, their pathways, and kinetics. Prior
dynamic compression XRD work has focused on monatomic solids,’
with only limited work on single crystal binary materials.”" In
this paper, we examine the dynamic compression XRD response
of ternary, polycrystalline cubic ZrW,Og, which exhibits negative
thermal expansion” and at room temperature is meta-stable.

Negative thermal expansion materials are attractive for tuning
the thermal expansion of composites.” The cubic phase of ZrW,Os
is typically fabricated by thermal quenching from above the cubic
phase formation temperature of 1108 °C” or through decomposi-
tion of a chemically prepared hydrated phase at 600 °C.° Upon
heating cubic ZrW,Os from room temperature, an order—disorder
transition occurs at ~155°C from P2;3 (a-ZrW,QOsg) to Pa3

(B-ZrW,0s) space groups. The material decomposes to ZrO, and
WOs3 at ~800 °C,’” indicating metastability at room temperature.’
At room temperature, with the isostatic pressure increasing to
~0.2 GPa, an orthorhombic phase (y-ZrW,Og; P2;2;2,) is formed,
followed by pressure-induced amorphization (PIA) at 1.5-3.5 GPa,
which is retained upon release of pressure.'” '’ Annealing the PIA
phase at 600 °C in ambient pressure re-forms the cubic phase,'”
and annealing at 769 °C and 2.2 GPa forms the hexagonal a-U30g
(P62m) phase, which may also be formed from the Pa3 phase at
1.2 GPa and 524 °C, which are retained upon return to ambient in
both cases.'!

The above-mentioned discussion highlights the variety of
phases that are found in this material under different thermal and
pressure environments. Thus far, all pressure measurements have
been performed under quasistatic conditions, and this paper reports
the crystallographic response to high pressure at a high strain rate.
Phase changes observed in quasi-static testing are not necessarily
expected to be the same in dynamic compression due to the short
time scale (<1 ps) of applied pressure, limiting diffusion’ in com-
bination with the abrupt increase in pressure that may only be a
few lattice planes wide in front of the shock wave.'” Furthermore,
the relatively low pressures needed for a phase change present chal-
lenges for materials processing, which often have dynamic loads, for
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example, in coatings deposited via kinetic spray (e.g., cold spray or
aerosol deposition) where supersonic collisions of feedstock pow-
der may result in very large stress during particle impact as well as
very large residual stress within the coating.'”'” Indeed, previous
researchers have reported amorphization during sample grinding
with a mortar and pestle.'” The dynamic compression study carried
out here is thus expected to approximate possible stress conditions
found during fabrication.

EXPERIMENTAL

ZrW,0g powder was fabricated using mixed oxides of ZrO,
and WO3; (US Research Nanomaterials, Inc.) ball milled in water,
dried, and then pressed into pellets that were subsequently calcined
at 1160°C for 4 h on top of a Pt sheet to avoid reactivity with
the alumina setter. Samples were quenched to room temperature
from calcination conditions by pushing them out of the tube fur-
nace quickly to a fan blowing air. After calcination, the pellets were
ground and ball milled again and then uniaxially (69 MPa) and iso-
statically (207 MPa) pressed and sintered under the same conditions
as calcination followed by quenching. The speed of sound measure-
ments was performed using the pulse-echo method. The density was
measured using the Archimedes method.

Samples for dynamic compression measurements were com-
posed of ~15 mm diameter slices from a single pellet that were
bonded to a polymethylpentene window (trade name TPX®, Mitsui
Chemicals, Inc.)'® (2.1 mm thick by 19.05 mm diameter) using
AngstromBond AB9110LV. The pellet and TPX were sanded flat to
12.6 ym and finished with SiC paper before bonding. After bond-
ing, the pellet was sliced using a diamond saw and sanded using up
to 35 um SiC paper with water to a final thickness of 50-60 ym,
enabling sufficient x-ray transmission (e.g., >100 ym thickness
was experimentally found to be too absorbing). This process was
repeated for all the tested samples from the same pellet. For shock
measurements, polycarbonate impactors were accelerated to 0.7-1.2
km/s using a single stage powder gun. A focused pink x-ray beam,
with the peak intensity at 36 keV, was used for single-pulse XRD
images (~100 ps duration). A four-image XRD detector allows
for the study of the temporal evolution of structure during shock
compression by recording four XRD snapshots." We used photon
Doppler velocimetry (PDV)'” with a 1550 nm wavelength probe
laser with a probe diameter of 1 mm. PDV data were analyzed
using the Sandia InfraRed HEtrodyne aNalysis (SIRHEN)*’ soft-
ware found in the SMASH toolbox.”' A Fourier transform window
of 30 ns with a step size of 5 ns was utilized to accurately measure
the acceleration shortly after impact. XRD powder diffraction files
(PDFs) used in analysis are 04-009-7348 for a-ZrW,Os, 01-073-8457
for y-ZrW,Os, 01-083-0944 for m-ZrO, (monoclinic), and 01-083-
0950 for m-WO;3 (monoclinic). Structure refinement and whole
pattern fitting methods using Topas software (Bruker) was used to
estimate the lattice parameters. The initial peak shape function was
determined by refinement of the standard Si pattern. Analysis of
the XRD data released the refinement of the structure scale factors,
lattice parameters for the a- and y-ZrW,Og phases, and Gaussian
and Lorentzian crystallite terms for peak broadening. For struc-
tural refinement, composition from the PDFs mentioned above was
included and kept constant during analysis, while for whole pattern
fitting, this information was not included.

scitation.org/journal/adv

RESULTS

The composition of the two ~6 mm thick x 13 mm dia-
meter pellets after quench sintering is 95% a-ZrW,Og with impurity
phases of ZrO,, WOs3, and y-ZrW,Os, identified using powder XRD
prior to studies at the DCS. The density is 4.494 g/cm® or 89% of
the theoretical value of 5.071 g/cm®.”* The average longitudinal and
transverse speed of sounds of the two pellets is 4.177 and 2.413 km/s,
respectively. This translates to a Young’s elastic modulus of 65 GPa,
bulk modulus of 75 GPa, shear modulus of 26 GPa, and Poisson’s
ratio of 0.2, and this is comparable to the wide range bulk modu-
lus of 48-74 GPa and Poisson’s ratio of 0.30 previously reported.'
The sample porosity is expected to have reduced the moduli, as com-
pared to a dense sample. Samples tested at DCS were sliced from
one of the pellets, as described in the experimental section. The
microstructure of a piece of the sample prepared from the other
pellet is shown in Fig. 1. ~8% porosity was estimated using Image]
analysis software,” slightly lower than the Archimedes estimated
porosity, likely from the expected underestimation in image analysis.
Approximately spherical pores (consistent with the high tempera-
ture sintering, near the melting point of ~1231°C’) with sizes of
~1 to 8 ym are observed, with some sub-micron porosity evident
as well. Micro-cracking was observed, as shown in the figure, which
likely occurred from stresses created during quenching from high
temperature sintering. A grain size of ~10-30 ym is estimated from
backscatter electron micrographs.

An example of the velocity profile measured at the back of the
sample using PDV analysis for an impactor velocity of 1.222 km/s is
shown in Fig. 2. At impact, a large stress is generated at the sample
surface, which progresses as a shockwave through the sample. The
shockwave travels across the sample in ~13 ns (based on the speed
of sound and sample thickness), after which there is a sudden ini-
tial steep rise in the measured velocity as the PDV probe records
sample movement at the sample-window interface. As time pro-
gresses, the shockwave bounces between sample interfaces with the
window and impactor, resulting in an observed characteristic feature
at ~500 m/s (one of the reflections off the sample-window interface).

FIG. 1. Electron backscatter image of the polished sample showing porosity and
micro-cracks.
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FIG. 2. Example of the PDV response during dynamic compression for a sample
impacted at 1.222 km/s. The dashed line is a fit to the analyzed data. Arrows
indicate velocity points of the expected wave reflections off the sample/window
interface based on elastic properties.

At times >~150 ns, in these measurements, the sample experi-
ences a quasi-static pressure and temperature (i.e., quasi-constant
velocity in the figure) for tens of ns, which is when the sample is
uniformly compressed between the impactor and window. Using
the elastic properties derived from the speed of sound measure-
ments, the velocities (up) for the wave reflections off the back of the
sample were estimated and are indicated in Fig. 2. The second
reflection matches well with a feature in the PDV analysis. Unfor-
tunately, a relatively low signal-to-noise ratio was observed in the
measurements, likely from the very thin samples required to achieve
adequate x-ray transmission for structural analysis. As a result, the
first characteristic reflection is not observed in the patterns. Given
the agreement in the estimated wave reflection timing and the char-
acteristic in the PDV described above, the response of the samples
was deemed to be elastic under these conditions. The pressure
estimated for the sample at impact, using impedance matching based
on the elastic properties of the sample and the Hugoniot of the
impactor and window, and at 1.222 km/s impactor velocity (Fig. 2)
is 3.1 GPa.”” The pressure estimated from the Hugoniot of the
impactor and window at the quasi-steady-state pressure and tem-
perature generated from ring-down (i.e., the plateau in velocity at
time later than 150 ns in Fig. 2) is 2.0 GPa.

The before impact (left) XRD image in Fig. 3 shows clear
diffraction (Debye) spots from the large grains in the sample with
some characteristic rings for TPX at a low angle (right-side of
the image) and, after impact, a loss of diffraction lines from the
sample, consistent with amorphization. All four XRD images, col-
lected sequentially at 153 ns intervals, after impact showed the same
response as the after-impact image in the figure. The integrated XRD
images are shown in I'ig. 4 for a second sample measured at a nearly
identical impact velocity of 1.221 km/s and thus similar impact pres-
sure. The diffraction peaks before impact (0) are consistent with the
a-ZrW,Og phase, with low angle peaks consistent with TPX (shown
by vertical dashed lines). After impact (1-4), a broad increase in

ARTICLE scitation.org/journalladv

Before

FIG. 3. XRD image before (left) and <153 ns after (right) impact for the sample
impacted at 1.222 km/s.

intensity is observed, consistent with sample amorphization. Both
measurements (1.221 and 1.222 km/s impact velocity) showed sim-
ilar results, demonstrating that the amorphization is consistently
observed. Due to challenges in timing interpretation, the exact start
of x-ray imaging is not clear but is estimated to be within ~150 ns of
impact. The peak pressure at which amorphization during dynamic
compression occurred (3.1 GPa) is within PIA pressures reported
from quasistatic measurements described in the introduction.
Turning now to pressures close to the threshold expected to
result in PIA, two experiments with nearly identical impactor veloc-
ities of 0.731 and 0.741 km/s were used, resulting in an estimated
peak pressure (at impact) of 1.8 GPa with a quasi-steady-state pres-
sure of 1.0 GPa (at the plateau in velocity in PDV). After impact,
diffraction peaks clearly remain, although a broadening is observed,
as shown in Fig. 5. Broadening may arise from partial amorphization
that is consistent with the lowest reported PIA of 1.5 GPa described
in the introduction, which is lower than the estimated peak stress of
1.8 GPa here. Within ~150 ns, the lower 1.0 GPa quasi-steady-state
pressure is reached, at which point PIA is not expected, indicating
that the kinetics of amorphization are too slow for this time frame.
As indicated in the introduction, high compressive pressures can
occur in fabrication methods. This research has shown that the time

Intensity [arb. units]

20 [°, A = 0.34497 A]

FIG. 4. XRD patterns before (0) and after (14 sequentially in time, 153 ns apart)
impact for an impactor velocity of 1.221 km/s corresponding to an approximate
maximum pressure of 3.1 GPa. Vertical dashed and solid lines show expected
peak positions for TPX and ZrW,Os, respectively.
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FIG. 5. XRD patterns before (0) and after (1-4 sequentially in time, 153 ns apart)
impact for an impactor velocity of 0.731 km/s, corresponding to an approximate
maximum pressure of 1.8 GPa. Vertical dashed and solid lines show expected
peak positions for TPX and indicated phases, respectively.

frame of applied pressure plays an important role in amorphization
and, for example, the short stress pulses expected in ball milling and
spraying would require a higher stress for amorphization than the
quasistatic case.

For the diffraction peaks, while there are some relative changes
in peak intensity (likely from re-orientation of grains with respect to
the x-ray source and detector from sample movement during shock),
there are no obvious secondary phases formed (e.g., ZrO, or WO3),
which would indicate decomposition of the metastable material.
Unfortunately, changes in the phase fraction of y-ZrW,Og and
a- ZrW;,Os cannot be reliably determined here due to the similarity
in XRD patterns coupled with the low XRD signal-to-noise ratio for
these samples at the DCS. As noted in the introduction, formation
of y is expected to be above 0.2 GPa. Similar behavior was observed
in the second sample, as shown in Fig. 6 (although a timing issue
led to only one of the post-impact XRD images occurring within the
experimental time frame). Finally, a decrease in the lattice parameter
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FIG. 6. XRD patterns before (0) and after (4) impact for an impactor velocity of
0.74 km/s, corresponding to an approximate maximum pressure of 1.8 GPa. Ver-
tical dashed and solid lines show expected peak positions for TPX and indicated
phases, respectively.
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FIG. 7. Lattice parameter estimates from two different fitting techniques for the low
velocity samples before (0) and after (1-4) impact.

after impact was observed for the two lower impact velocities during
the DCS measurement, as expected from the applied compressive
stress, which is shown in Fig. 7. However, after the initial decrease
immediately following impact, the lattice parameter remains con-
stant, within the error of the two refinement methods, for the four
XRD images, consistent with the quasi-steady-state-pressure applied
over this time frame. The initial lattice parameter shown in Fig. 7 is
9.161 (2) A, which is similar to the 9.1575 (2) A reported previously
for a-Zrw,0g.”

CONCLUSIONS

a-ZrW,Og samples were examined under dynamic compres-
sion with in situ XRD at the DCS. Amorphization was observed
at a peak pressure of 3.0 GPa and is consistent with quasi-static
measurements. At 1.8 GPa, evidence of partial amorphization was
observed that may be kinetically restrained by the short (<~150 ns)
time scale of the applied high pressure. This result has implications
in material processing, where the short stress pulses expected in, for
example, ball milling and kinetic spray would require a higher stress
for amorphization than the quasistatic case.
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