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ABSTRACT

Shock experiments are widely used to understand the mechanical and electronic properties of matter under extreme conditions. However,
after shock loading to a Hugoniot state, a clear description of the post-shock thermal state and its impacts on materials is still lacking. We
used diffraction patterns from 100-fs x-ray pulses to investigate the temperature evolution of laser-shocked Al-Zr metal film composites at
time delays ranging from 5 to 75 ns driven by a 120-ps short-pulse laser. We found significant heating of both Al and Zr after shock release,
which can be attributed to heat generated by inelastic deformation. A conventional hydrodynamic model that employs (i) typical descrip-
tions of Al and Zr mechanical strength and (ii) elevated strength responses (which might be attributed to an unknown strain rate depen-
dence) did not fully account for the measured temperature increase, which suggests that other strength-related mechanisms (such as
fine-scale void growth) could play an important role in thermal responses under shock wave loading/unloading cycles. Our results suggest
that a significant portion of the total shock energy delivered by lasers becomes heat due to defect-facilitated plastic work, leaving less
converted to kinetic energy. This heating effect may be common in laser-shocked experiments but has not been well acknowledged. High
post-shock temperatures may induce phase transformation of materials during shock release. Another implication for the study is the pre-
servability of magnetic records from planetary surfaces that have a shock history from frequent impact events.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0217779
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I. INTRODUCTION

A shock wave is a large-amplitude mechanical wave across
which pressure, density, particle velocity, temperature, and other
material properties change nearly discontinuously.” The shock
compression process is thermodynamically irreversible, where a
substantial portion of energy in a shock wave goes into raising the
entropy and temperature of the material. While the pressure,
volume, and energy across the shock front are determined by the
Rankine-Hugoniot equations, the temperature depends on the dis-
tribution of this energy across various possibilities such as lattice
vibrations, bond dissociation, and plastic work. Moreover, calculat-
ing the residual temperatures once the shock is released involves
further challenges. This suggests the need to measure the tempera-
ture experimentally, but determining temperatures with micrometer-
level spatial resolution and nanosecond temporal resolution needed
for laser-shocked samples is challenging.

Several methods have been developed to determine the temper-
ature of samples under dynamic compression conditions. For materi-
als shocked to very high temperatures (0.3 eV, 3500 K or higher),
optical pyrometry is often considered the gold standard by assuming
that the heated sample is a gray-body emitter.” Streaked optical
pyrometry (SOP) can be used to infer the time variation in
temperature’ ® but is only sensitive to the sample surface for opaque
materials. Time-resolved Raman spectroscopy offers another method
to track temperature. By examining the height difference between the
Stokes and anti-Stokes lines, temperatures up to several thousand
Kelvin can be derived.” Using the temperature dependence of the
Debye-Waller factor, which can be deduced from EXAFS spectra,
one can also determine the temperature of shocked materials, assum-
ing that thermal contributions dominate Debye-Waller factor varia-
tion under shock conditions.”” Still, other approaches have been
explored, including embedded thermal gauge layers, where thermal
histories are extracted from resistance changes in thin metal layers
(e.g. thermistors'”), or optical sensors;' | however, these methods
often cannot be applied to short time scale experiments. In many
cases, it remains challenging to deconvolve compressional vs thermal
contributions, especially at shorter timescales, i.e., before shock rare-
faction and release waves have traversed the sample multiple times.
The integration time for these methods to build significant
signal-to-noise ratios can be long, which hinders their application to
experiments with high temporal resolution demands.

In this paper, we used ultra-fast x-ray probes to track the
thermal response of aluminum (Al) and zirconium (Zr) on shock
release from experiments outlined in our previous studies.''> We
quantified a thermal effect lasting to long timescales (tens of nano-
seconds after cessation of picosecond shock compression), termed
residual temperatures, with unprecedented spatial and temporal
resolutions using the lattice expansion determined by in situ x-ray
diffraction (XRD). Measurements from ultrafast XRD measure-
ments were collected at different time delays to obtain the time
history of residual temperature increases. We further used thermal
conduction simulations to understand this time evolution of tem-
peratures and found a high temperature of Zr right after shock
release. Our results indicate that plastic work induced heating,
lasting over tens of nanoseconds and indicating a non-isentropic
release pathway. We believe this significant heating could exist in
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many laser-shock experiments. As the temperature influences
almost every material property, this can certainly provide an alter-
native interpretation of experimental results of shock release.

Il. METHODS
A. Temperature determined from x-ray diffraction

Fast compression experiments were conducted at the matter in
extreme conditions (MEC) station of the LINAC Coherent Light
Source (LCLS) at SLAC.'>"” The x-ray diffraction patterns collected
in only 100 fs were enabled by a high-flux x-ray free electron laser
(XFEL) at SLAC. We prepared the Zr/Al targets using a sputter
coating method and checked the composition with x-ray photoelec-
tron spectroscopy (XPS). Details of the preparation and characteriza-
tion of the Zr/Al metal composites can be found in previous
reports.'>'” The Zr/Al metal film layers were compressed by a 120-ps
duration drive laser with total energies of 2.5, 25, and 30 m)], as
shown in Fig. 1. Peak pressures in the Zr/Al layers were estimated to
be 13/10, 33/27, and 46/36 GPa, respectively (Table 1)."” Lattice con-
stants of Al and Zr were examined by 100 fs duration x-ray diffrac-
tion at different time delays ranging from 1 to 75ns. It is worth
noting that Al has a sufficiently large thermal expansion coefficient
(23x107°K™)" for tracking the temperature change by lattice
expansion. On the other hand, the relatively low thermal expansion
coefficient (5.8x107°K™)"" of Zr and its broad peak shape
(FWHM = 0.6°-0.7°) (Fig. 2) only allows for temperature determina-
tion with a resolution of ~800-1000K, and we, therefore, do not
include the Zr temperature results from XRD in this study.

To collect the XRD data, charge-integrating detectors, specifi-
cally Cornell-SLAC Pixel Array Detectors (CSPADs), were used at
a fixed distance and calibrated with CeO, and Al powder standards.
Integration of two-dimensional XRD patterns and background sub-
traction were processed in Dioptas version 0.5.2'° as shown in
Fig. 2. Al (111) and (200) peak positions as a function of lattice
constant a were fitted in Mathematica using a Lorentz function.

B. Heat conduction simulations

To understand the temperature change in Al and infer the Zr
temperatures from 5 to 80 ns (Fig. 3), we conducted a heat conduc-
tion simulation within the ANSYS workbench. The transient heat
conduction equation is solved across the composite domain through
the finite element method (FEM). Temperature-dependent thermal
properties of Al'*'” and Zr'® are used to accurately capture the heat
transfer. At such high temperatures, the thermal properties are
strongly dependent on temperature. The initial temperature for alu-
minum was set to the experimental value for the corresponding
drive energy, whereas the initial temperature for zirconium is esti-
mated from these simulations based on the aluminum data. A range
of initial temperatures is systematically evaluated, and the resulting
aluminum temperature is compared with the experimental data to
determine an appropriate initial zirconium temperature. For the 2.5,
25, and 35 m] cases, the range of the initial Zr temperature values is
1000-1500, 1500-1900, and 1550-1950 K, respectively (Fig. 4). The
upper limit of the derived range is based on the maximum initial
temperature of Zr, which does not lead to the melting of Al in simu-
lations, as melting was not observed in the x-ray diffraction data.
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FIG. 1. Schematic of the experimental setup of the short-pulse laser shock experiments. Data were collected at the MEC end-station of LCLS with the sample and drive

conditions described elsewhere.'> "

Additionally, it is assumed that the temperature rises due to the laser
being confined to a radius of 35um,"” while the remaining portion
of the composite remains at room temperature. Figure 4 illustrates
the variation in average Al and Zr temperatures with time for differ-
ent drive energies. As expected, the temperature of Al begins to rise
as heat diffuses from Zr to Al

To check whether thermal radiation significantly cooled the
sample, we simulate Zr/Al temperature evolution at the later stage
with heat conduction only. We found that including radiation
cooling does not change the temperature profiles, and our assump-
tions of ignoring heat radiation are valid.

C. Hydrodynamic simulations

To further understand the deformation and heating of Zr and
Al during shock wave loading and release, we performed continuum
hydrodynamic simulations of the initial stage of the experiment (up
to a time of ~1 ns) followed by continuum thermal diffusion simula-
tions after release (>3 ns after the drive). The continuum thermal dif-
fusion modeling aimed to track the thermal conduction between the
Al and Zr layers after the shock wave loading/unloading cycle and
capture initial thermal conditions that are responsible for the longer
time scale temperature response out to 80 ns.

To obtain the estimates of temperature and dissipated energy,
we employed 1D simulations of shock wave loading in the

hydrodynamics code ALE3D."” The pressure boundary condition was
generated using an empirical calibration from existing data'>* and
designed to emulate the laser drive. A Mie-Gruneisen equation of
state was used for the pressure-volume responses of the Al and Zr
layers. The simulations are locally adiabatic, with temperatures
obtained from the differences between internal energy and unshocked
room-temperature energy and a constant heat capacity (Fig. 5). Here,
the equation of state (EOS) does not describe any phase transforma-
tions of Zr or Al (e.g., melting). To estimate the heating from plastic
work, the model employs a Steinberg-Guinan model of strength,
using published parameterizations for Al and Zr.*"** In the model,
dissipative work occurs at each loading and unloading step, with con-
tributions from both deviatoric plastic stress-strain work and numeri-
cal (volume) viscosity. This model does not include any heating from
fine scale mechanisms associated with spallation (e.g., void nucleation
and growth and/or shear localization). In addition to models with
realistic strength values, we also performed simulations with elevated
strength (with strength values doubled) and obtained only a modest
increase (<12%) in post-shock temperatures [Fig. 5(b)].

lll. RESULTS AND DISCUSSION

A. XRD results

Interestingly, for the XRD patterns of Al under shock loading,
even at late time delays after shock compression and release had
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FIG. 2. Caked two-dimensional XRD pattern and the corresponding integrated pattern. Intensities are shown as a function of the scattering angle for a 25 mJ drive energy
probed at a 20 ns time delay. Vertical lines indicate expected peak positions for Al at different temperatures, based on Lu et al., 2005, labeled in the figure with a color
code. Blue lines are Al at ambient temperature. Line height corresponds to the expected peak intensities. A clear lattice expansion of Al can be identified from the peak
positions. bce-Structured Zr transformed from hcp-Zr can be identified with a new set of diffraction peaks. The inset shows pre-shot (i.e., ambient conditions) and in situ

shocked diffraction patterns.

been completed, the peak position of each metal indicated a sys-
tematic increase in d-spacing. Several precautions were considered
before we attributed this effect to thermal strain, including
shot-to-shot self-amplified spontaneous emission (SASE), XFEL
pulse wavelength fluctuation, and detector-to-sample distance
reduction due to shocked sample motion toward the detector. The
x-ray wavelength fluctuation was insignificant. To calculate the
sample-detector distance change, Zr Hugoniot data®’ were used to
estimate the maximum surface velocity and the distance the sample
could have traveled at XRD probe times. The resulting distance was
less than 0.2 mm, such that the adjusted detector-to-sample has a
negligible effect on the measured peak d-spacings and derived
lattice constants. Using traditional radiation hydrodynamics
codes,"” shock stresses induced by the drive laser are completely
released by a few ns for all three energies. Therefore, we conclude

J. Appl. Phys. 136, 055901 (2024); doi: 10.1063/5.0217779
© Author(s) 2024

that the Al peak position shifts are entirely due to thermal expan-
sion. Using peak position information, we calculated the tempera-
ture of Al using a thermal EOS'" as shown in Figs. 2 and 3.

Uncertainties in the Al lattice constant were estimated by
combining both the SASE XFEL wavelength jitter and the peak
fitting statistical errors using 40 independent x-ray measurements
of pre-shock face-centered cubic (fcc)-Al patterns, resulting in a
standard derivation of 0.003 A. The Al peak fitting statistical errors
were typically 0.001-0.002 A. The total uncertainty of lattice
spacing was further propagated to temperature uncertainty shown
in Fig. 3, assuming that the uncertainty of the thermal expansion
coefficient is negligible."*

Body-centered cubic (bcc) structured Zr was observed in 25
and 30 m]J runs at time delays from 1.4 to 75ns. This bcc-Zr is
only stable in the high temperature regime, which indicates that a
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FIG. 3. Temperature history of the Al layer determined from lattice expansion fol-
lowing the laser-driven dynamic compression events. The arrival of the drive laser
is t=0ns. Dashed lines are theoretical simulations of the temperature evolution of
an Al layer, in contact with a Zr layer with higher temperature. The initial tempera-
tures of the Al and Zr layers of heat conduction simulations are provided in the
figure caption.

part of the Zr sample volume probed is at least at temperatures
more than 1150 K.

In thin film multilayers, the strain at the interface of two
materials, such as Al and Zr, remains consistent prior to mechani-
cal failure. This phenomenon could potentially influence tempera-
ture estimations derived from thermal strain. However, we find that
this effect would primarily result in an underestimation of tempera-
ture, which does not critically undermine our conclusions.

At the Al-Zr interface, strain is influenced not only by tem-
perature variations but also by the intermetallic bonding between
these layers. Given the disparate thermal expansion coefficients of
Al and Zr, differential expansion of these layers is anticipated.
Nevertheless, the mechanical robustness of Zr is likely to counteract
this misalignment. Consequently, while our temperature estimates
based on the strain-temperature relationship might be affected by
this strength constraint, the significantly higher thermal expansion
coefficient of Al implies that this mechanical aspect would primar-
ily suppress excessive displacement. Hence, our temperature assess-
ments, though slightly conservative, remain valid and well beyond
the model estimation without a significant plastic heating effect.

The effects of Al deformation on XRD peaks from thermal
gradient-induced deviatoric stress are also considered. The strength
of pure Al is in the tens MPa range at ambient temperature’* and
drops substantially upon heating to hundreds of degrees Celsius.””
As such, we do not expect substantial deviatoric stresses from
thermal gradients to be supported in aluminum—such stresses will
plastically relax for temperature gradients much less than the tem-
peratures we estimate. For the same reason, we do not expect sig-
nificant temperature-induced stresses at the Zr/Al boundary.

In Fig. 3, we show the inferred temperatures determined via
the measurements of thermal expansion at different time delays.
We report data after 5ns to ensure that shock wave reverberations
have dissipated, so lattice expansion only occurs due to elevated

ARTICLE pubs.aip.org/aip/jap

1
—— AI400 K - Zr 1000 K
—— AI400 K - Zr 1100 K
—— AI400 K - Zr 1200 K

a) 2.5 mJ cases

1400 o

Al 400 K - Zr 1300 K
Al400 K - Zr 1400 K
Al 400K -

1200 Zr1500K L

1000

Temp (K)

800 + -

600 r

400 -

T T T T T T
0 10 20 30 40 50

2000 1+

T T
70 80

I 1
Al 550 K - Zr 1500 K
Al 550 K - Zr 1600 K
AI550K-Zr1700K -
Al 550 K - Zr 1800 K
Al'550 K - Zr 1900 K

1600 r

1400 L
3
g

1200 r
2

800 r

b) 25 mJ cases

1800

NARRA

600 r

T T T T T T
0 10 20 30 40 50

2000 T+

T T
70 80

1 1
Al650 K - Zr 1550 K
Al650 K - Zr 1650 K
AIB50K -Zr 1750 K
Al650 K - Zr 1850 K
Al650 K - Zr 1950 K
AIB50 K - Zr 2050 K

c) 30 mJ cases

1800

L o
S

1600

< 1400

Temp (K

1200 A

1000 - -

800 r

600 —— T T T
0 10 20 30

T T T T
50 60 70 80

|
S

Time (ns)

FIG. 4. Continuum heat conduction model results. Variation in average Al and
Zr temperatures with time for difference cases: (a) 2.5, (b) 25, and (c) 35 mJ.
The initial temperatures of Al and Zr for different conduction models are given in
the figure caption. Cases highlighted by thick lines correspond to those shown
in Fig. 3. In all simulated cases, no Al melting was found.

temperature at ambient pressure. As seen in Fig. 5, we see reverber-
ations which continue to at least beyond 1 nanosecond. Five nano-
seconds is 5-10 reverberation times subsequent to shock, which is
sufficient for the pressure to release to zero uniformly over the
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8

entire sample. At early times (<5 ns), we observe fluctuations of the start from two layers with homogeneous thermal states, and this §

lattice constant that we associate with these reverberations. model only serves as a first-order description of the heat conduc- 3

However, this is not included in Figs. 3 and 4 since we have no tion process between metal layers and this was not intended to fit =
deterministic way to separate pressure and temperature contribu- the data perfectly.

tions to the lattice strain. On the other hand, the averages of short-
time scale strains (and correlated temperatures) are still noticeably
well beyond the temperature predicted by hydrodynamic simula-
tions (Fig. 6). The significantly elevated temperatures (Table I) at late times
(>5ns) for Al indicate considerable heat coming from the Zr layer,
given the sample is thermally isolated in vacuum. This led us to
investigate the thermal states for both Al and Zr at early times

Since Zr diffraction peaks are wide and Zr thermal expansion (<5 ns). For Al, the average temperatures for the 2.5, 25, and 30 mJ
is not as significant as Al per unit of temperature change, we cases prior to 5ns are ~420, 610, and 720, which are noticeably
attempted to use Al temperature changes (>5ns) to determine the higher than the Al temperatures predicted by hydrodynamic simu-
range of Zr temperatures using heat conduction models. We lations (Fig. 6). We also did not observe a monotonic increase in
modeled the heat conduction between Zr and Al layers, using the thermal strain or temperature at 1-5 ns, as predicted from the heat

C. Hydrodynamic simulations

B. Heat conduction simulations

later stage of temperature change. Al temperature kept increasing conduction models, possibly due to strain fluctuations associated
after 20 ns, while Zr temperature dropped by ~200K, as heat was with wave reverberations. Furthermore, no thermoelastic cooling
being transferred from higher temperature Zr to lower temperature due to pressure release was visible in Al temperatures at early times
Al. We reproduced this observation in a heat conduction model, from the diffraction data. However, this thermoelastic cooling was
using the sample design with Al and Zr thermal properties and predicted to be ~80-130K for Al by hydrodynamic simulations.
setting an initial homogeneous temperature of Al and Zr at 700 The lack of cooling was thought to be an effect of plastic work due

and 2100 K in the shock heated with a radius of 35 um, respectively to defects.”® For Zr, the inferred initial temperatures constrained by
(Fig. 4). This means that the temperature evolution in Al and Zr heat conduction models also exceed the hydrodynamic model

after pressure release is well described by the thermal conduction results by large amounts (see Fig. 6). From the perspective of
process. Note that in reality, we do not expect heat conduction to energy conservation, besides accelerating the bulk sample to their
J. Appl. Phys. 136, 055901 (2024); doi: 10.1063/5.0217779 136, 055901-6
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FIG. 6. Comparison of temperatures at early time scales from experimental results and hydrodynamic simulations. For the Al dataset, the XRD results are taken at 5ns
after the start of laser ablation, which produced the shock wave. For the hydrodynamic model, we plotted the data at 1 ns and used upper error bars to represent the tem-
perature increase up to 5ns due to thermal conduction from Zr. In this case, we used the most conservative estimation based on high Zr temperatures from the heat con-
duction model at 1 ns. For the Zr dataset, the initial temperatures were obtained from heat conduction (constrained by Al temperature observations) and hydrodynamic
models. For both materials, the elevated residual temperatures based on the heat conduction model also showcase the uncaptured portion of thermal energy in the hydro-

dynamic models.

final particle speed, the shock energy has to be converted to com-
pressing or breaking chemical bonds. The compressing part can be
possibly recovered through thermal-elastic cooling while the break-
ing bond part is irreversible and can possibly explain our observa-
tions here. Additionally, a significant portion of heating from
plastic work can be attributed to void growth associated with
spallation-type behavior.”””® In such cases, various defects may
serve as nucleation centers, including impurities, second-phase par-
ticles, and grain boundaries.

Our target material selection allows the capture of thermal
effects in these nanosecond scale experiments. Specifically, Zr has
high strength that efficiently converts shock energy into heat, while
Al has a high thermal expansion coefficient that makes this heat
visible in XRD patterns. We suspect that this plastic-work-induced
heating also occurs in several previous studies.”” ' However, due

TABLE I. Peak shock pressures, shock Hugoniot temperatures, and the released
temperatures of the samples.

Laser Peak Release
energy pressure  Hugoniot Release temp”
(m]J) Layer  (GPa) temp” (K) tempb (K) (K)
2.5 Al 10 336 400 + 40 313
Zr 13 355 1300 + 250 381
25 Al 27 483 550 + 40 393
Zr 33 610 1700 £ 250 645
30 Al 36 607 650 + 40 464
Zr 46 820 1800 + 250 863

*From hydrodynamic simulations.
PFrom XRD and thermal conduction model constraints.

to the relatively early time scale of x-ray probing or low thermal
expansion of the materials used, this effect is yet to be confidently
resolved in these experiments. We also believe the higher-than-
expected residual temperature is likely a consequence of the small
scale of these experiments, and that such effects are absent from
millimeter-scale experiments done for the typical Hugoniot data-
sets. This indicates that plastic heating is likely uneven and primar-
ily associated with the boundary regions.

IV. CONCLUSION

In this paper, we have shown that it is feasible to measure
residual temperatures following ultrafast shock compression out to
late times. In particular, a short-pulse (130 ps) shock was shown to
exhibit significant heating after release (out to 80 ns elapsed time),
exceeding expectations based on conventional models of rate-
independent high-pressure plasticity, which is important for ther-
modynamic modeling of the effects of shock compression and
release. X-ray diffraction has been shown to be an effective ther-
mometer to measure this temperature. We believe that this opens a
new avenue of research for looking at shock temperatures since this
likely occurs in a wide range of shock compression experiments but
is not generally acknowledged or measured. We note that this mea-
surement requires a thin target and availability of x-ray diffraction
at times long after shock release. This requires no additional experi-
mental infrastructure, and we propose that many experiments
would benefit from following the temperature history for longer
times than has normally been acknowledged as relevant.

An area of application where this new residual temperature
phenomenon is important is studying the thermal effects of shock
release for geo-materials during cratering processes.”””> Thermal
effects during shock events can be critical for examining the shock-
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modified paleomagnetic records in lunar basalts. Magnetization of
these rocks is used to recover the lunar dynamo behavior at times
when rocks were cooled below their Curie/Néel temperature.”"*”
However, if basalt was later shocked and heated above a certain
temperature, its magnetic record would be reset and not represent
the original paleomagnetic field. Thus, knowing how much heating
is accompanied by shock processes at late times, including residual
temperatures, is necessary to evaluate these paleomagnetic records
in rocks.

SUPPLEMENTARY MATERIAL

See the supplementary material for hydrodynamic simulation
results for 2.5 and 30 mJ cases.
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