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CONDENSED MATTER PHYSICS

Real-time (nanoseconds) determination of liquid phase
growth during shock-induced melting

Pritha Renganathan’, Surinder M. Sharma', Stefan J. Turneaure', Yogendra M. Gupta'%*

Melting of solids is a fundamental natural phenomenon whose pressure dependence has been of interest for
nearly a century. However, the temporal evolution of the molten phase under pressure has eluded measure-
ments because of experimental challenges. By using the shock front as a fiducial, we investigated the time-de-
pendent growth of the molten phase in shock-compressed germanium. In situ x-ray diffraction measurements at
different times (1 to 6 nanoseconds) behind the shock front quantified the real-time growth of the liquid phase
at several peak stresses. These results show that the characteristic time for melting in shock-compressed ger-
manium decreases from ~7.2 nanoseconds at 35 gigapascals to less than 1 nanosecond at 42 gigapascals. Our
melting kinetics results suggest the need to consider heterogeneous nucleation as a mechanism for shock-
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induced melting and provide an approach to measuring melting kinetics in shock-compressed solids.

INTRODUCTION

Melting of solids constitutes a ubiquitous structural change com-
monly encountered in everyday life. Pressure effects on melting
have been studied extensively since Bridgman's pioneering work
(1, 2), and pressure (P)-temperature (T') phase diagrams serve as
a starting point for understanding different states of matter in a
wide range of scientific disciplines (3—13). Despite the vast body
of literature related to pressure effects on the melting transition, ex-
perimental determination of the melting kinetics or the growth of
the liquid state, particularly on short time scales (nanoseconds to
microseconds), remains an outstanding challenge.

The use of shock wave compression to achieve melting at high
pressures is well established (14); the propagating shock front
imparts a near-discontinuous change in temperature and pressure
to the pristine solid ahead of the shock wave. Sound speed measure-
ments in the shock-compressed state are commonly used to deter-
mine the onset of melting in shock experiments (15-19). Although
these measurements along with the Hugoniot data are useful for de-
veloping equations of state (EOS) at high pressures, they do not
provide details of the mixed phase composition—determination
of liquid and solid phase fractions.

Recent developments regarding real-time, in situ x-ray diffrac-
tion (XRD) measurements in shock-compressed solids constitute
a paradigm shift in understanding shock-induced structural trans-
formations (20-26). In situ observations of the coexistence of crys-
talline and liquid phases in shock-compressed iron (27)
demonstrated the first-order character of shock-induced melting.
However, the lack of time-resolved measurements precluded obser-
vations of the liquid phase growth and the determination of melting
kinetics. We report here on an innovative approach to achieve in
situ XRD measurements at different times behind the shock front,
resulting in time-resolved determination of the mixed phase com-
position. Our results on shock-compressed germanium reveal
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melting kinetics that are notably more rapid than current theoretical
predictions and make the case for heterogeneous nucleation as a
mechanism to understand shock-induced melting.

[100] Ge single crystals were chosen to examine the temporal
growth of the liquid phase, for this first study, because of the follow-
ing factors: high-pressure and high-temperature Ge data under
static compression (28-30); continuum measurements on shock-
compressed Ge single crystals (31); and recent XRD measurements
on thin [100] Ge crystals in plate impact shock experiments (32).
The plate impact XRD measurements, obtained more than 150 ns
behind the shock front, demonstrated a fully liquid state at and
above 35 GPa. In contrast to the plate impact experiments, the
XRD measurements presented here provide the temporal evolution
of the shock-induced liquid state at shorter times. Although the
loading history and measurement times are different in the plate
impact and laser shock experiments, other experimental variables
(peak stresses, sample thickness, and the x-ray source) are similar
for the two types of shock experiments.

RESULTS

Using the configuration shown in Fig. 1A, XRD and wave profile
measurements were obtained in laser shock experiments (33) con-
ducted at the Dynamic Compression Sector, located at the Ad-
vanced Photon Source. Targets consisting of a 50 um-thick
Kapton ablator bonded to thin (~33 um) [100] Ge crystals were
ablated generating a shock wave into the sample. For the two
types of targets used in our experiments (with or without LiF
window), the particle velocity histories were recorded at the
sample rear surface using laser interferometry (34) and representa-
tive profiles are shown in Fig. 1B. Shock wave amplitudes were de-
termined precisely by analyzing these wave profiles and the
calculated stresses demonstrated good consistency between the
two types of targets (35).

Figure 2 shows representative single-pulse (~100 ps duration)
XRD patterns, obtained using ~23.6 keV x-rays, for [100] Ge
laser-shocked between 24.2 and 46.5 GPa. Although the overall
XRD measurement approach is similar to that used in previous
laser shock experiments (24, 27, 36), the present work incorporated
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Fig. 1. Experimental setup and results. (A) Experimental configuration used for
in situ XRD and wave profile measurements in laser-shocked Ge. (B) Representative
particle velocity histories measured in the present work.

a key noteworthy feature, obtaining XRD measurements at different
times (ranging from 1 to 6 ns) after the shock wave entered the Ge
sample. XRD data at different times, for the same peak stress, are
necessary to reliably obtain the temporal evolution of the liquid
phase. Since the XRD measurements are made through the entire
sample thickness, both the shocked and unshocked regions contrib-
ute to the data. Hence, the single-crystal diffraction spots, corre-
sponding to the unshocked Ge, were masked before analyzing the
XRD data.

The lineouts below each XRD pattern correspond to the one-di-
mensional line profile (intensity versus scattering angle) obtained
by integrating the recorded XRD images azimuthally using Fit2D
(37, 38). At 24.2 and 29.5 GPa, we observe non-uniform diffraction
rings representing the textured high-pressure solid Ge phase.
Between 34.8 and 42.4 GPa, we observe (i) the emergence of a
smooth broad diffraction ring, and (ii) the gradual disappearance
of the second diffraction peak (corresponding to crystalline Ge)
with increasing stress.

Figure 3A shows excellent agreement between the simulated line
profiles and the measured line profiles for the representative results
shown in Fig. 2. The simulated line profiles incorporated the target
information, the spectral flux, and x-ray absorption in the target;
details regarding the simulations are presented in sections S2 and
S4 in the Supplementary Materials (35). The diffraction profiles at
24.2 and 29.5 GPa correspond to the f-Sn structure, also observed in
the plate impact experiments (32). Measured line profiles in laser
shock and plate impact experiments (32) at these stresses (fig. S5)
(35) show good agreement, demonstrating that the cd to p-Sn
phase transformation is very rapid and does not depend on the
peak state duration. The a and c lattice parameters for laser-
shocked Ge were determined by fitting the first two doublet peaks
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in the high-pressure B-Sn structure since these peaks are sharp and
clearly discernable. Within experimental scatter, these lattice pa-
rameters show good consistency with previous plate impact
results (see fig. S8) (35).

Notable comments are in order regarding the XRD simulations
between 34.8 and 42.4 GPa. To obtain a good fit to the measured
line profiles using only the solid phase (B-Sn), a large increase in
the amount of line broadening was essential (see fig. S7A) (35).
This phenomenon is similar to the results observed for laser-
shocked Fe (27) and suggests that the line broadening increase is
due to partial melting of the shocked Ge—a consequence of the
superposition of the broad liquid diffraction ring on the first two
B-Sn doublets. To determine the lattice parameters of the 3-Sn
structure and to estimate the liquid fraction in the mixed phase
region, we used the procedure described previously (27). Using
that procedure, the measured line profiles were fit to a superposition
of simulated crystalline B-Sn diffraction peaks and a shifted liquid
line profile from the 46.5 GPa experiment, representing the fully
molten Ge phase. The liquid line profile fraction resulting in the
best overall fit (corrected for unshocked Ge in the experiment) pro-
vided the determination of the liquid fraction. The calculated liquid
percentage as a function of peak stress in shock-compressed Ge is
shown in Fig. 3B. The uncertainty in determining the liquid volume
fraction using this approach is expected to be ~8 to 10% (see section
S4) (35).

Figure 4 shows the growth of the liquid phase as a function of
time for three peak stresses: nominally 35, 38, and 42 GPa. The
dashed lines shown in Fig. 4 correspond to a fit based on the phe-
nomenological Johnson-Mehl-Avrami-Kolmogorov (JMAK) equa-
tion (39-44), widely used to describe phase transformation kinetics

() = 1 —exp [— G) m} (1)

where x(f) is volume fraction of the emergent phase (in this case,
liquid volume fraction) at time t, T is the time constant of phase
growth, and m corresponds to different geometries of the liquid
phase: spherical (three dimensions, m = 3), disk-shaped (two di-
mensions, m = 2), and rod-shaped (one dimension, m = 1). Since
different regions in the shock-compressed sample experience differ-
ent peak stress durations, depending on their distance from the
shock front, care is needed in evaluating the liquid phase fraction
using the JMAK equation as explained below.

The shock-compressed sample thickness, denoted as A, can be
considered as a large collection of thin zones—each having a thick-
ness dz, where z (bounded by 0 and A) denotes the distance behind
the shock front along the shock propagation direction. Thus, the
liquid phase fraction at any location, z, can be written as

X(z,0) = 1 — exp {— ({%} %) m} 2)

and the liquid phase fraction for the entire shock-compressed
sample is given by
10

X(t) = XJ x(z, t)dz 3)

0

Initial fits to the data gave m as ~1.5 for 34.9 GPa and ~0.7 for
38.2 GPa, qualitatively suggesting a one-dimensional (needle like)
growth. With m = 1 (a reasonable approximation), the fits to our
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Fig. 2. Representative single-pulse XRD patterns and corresponding lineouts. (A-H) Single-pulse XRD patterns obtained after shock enters the sample; the peak
stress and XRD measurement time for each experiment are shown in the lineouts. Bright localized spots in the XRD patterns are from unshocked Ge single-crystal samples.

data resulted in: T = 7.2, 2.0, and 0.3 ns for the experiments at 34.9,
38.2, and 42.3 GPa, respectively.

Figure 4 provides several interesting insights regarding the
melting transition kinetics in shock-compressed Ge: (i) Beyond a
threshold stress, the molten phase abundance increases rapidly
and is quantifiable within ~35 to 42 GPa; (ii) increase in the peak
stress substantially shortens the time needed for the same fractional
abundance (~95%) of the liquid phase: ~144 ns at 35 GPa, ~40 ns at
38 GPa, and ~6.6 ns at 42 GPa; and (iii) beyond 42 GPa, the tem-
poral evolution of the liquid phase would likely be too rapid to
measure in our experiments, implying almost instantaneous (sub-
nanosecond) melting. We note that the previous observation of
complete melting of shocked Ge at ~35 GPa in plate impact exper-
iments (32) is consistent with the results in Fig. 4, since the earlier
XRD measurements (32) were made at longer times (>150 ns)
behind the shock front than the times shown in Fig. 4. However,
because of loading history differences in the two sets of shock ex-
periments, care needs to be exercised in making comparisons.

DISCUSSION

Both laser shock and plate impact (32) experiments have established
35 GPa as the melting threshold along the Ge Hugoniot. However,
the lack of temperature measurements in shocked Ge requires the
use of a theoretical approach to estimating temperatures along the
Hugoniot. The theoretical multiphase EOS developed by Crockett
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et al. (45) shows that the Ge Hugoniot crosses the P-T melt boun-
dary, determined from static compression studies (46-51), at ~50
GPa. In view of the XRD results, the multiphase Ge EOS will
need to be revised.

To estimate shock temperatures, we used the following ad hoc
approach—shifting the Hugoniot from (45) to cross the statically
determined melt boundary at 35 GPa (see fig. S9) and using the
shifted Hugoniot to estimate the shock temperatures. The resulting
temperatures are 1354 K at 35 GPa and 1534 K at 38 GPa. We note
that the melt boundary determined from static P-T measurements
provides a temperature of 1410 K at 38 GPa. Because of the closeness
of these temperatures (within 10%), temperatures from the shifted
Hugoniot are used in the following discussion.

To gain mechanistic insight into the rapid melting kinetics ob-
served in this work, we first note some findings obtained from ex-
perimental studies and molecular dynamics (MD) simulations
related to melting. Experiments at ambient conditions show that
melting begins at free surfaces and grain boundaries and then prop-
agates (52). To approximate the growth velocity of the molten phase
due to homogeneous melting for our work, we consider the prop-
agation of melting from an interface. For a ~33 pm thick Ge single
crystal, if we assume instantaneous melting at the shocked surface,
then the melting of the entire crystal in ~4t (corresponding to ~75%
melting) would require a solid-liquid interface velocity to be greater
than 1100 m/s at 35 GPa and greater than 4000 m/s at 38 GPa.
However, most of the MD simulations indicate that the melt
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Fig. 3. Shocked Ge XRD results. (A) Comparison of measured and simulated Ge
XRD lineouts. Solid lines are the measured line profiles shown in Fig. 2, while red
and blue dashed lines correspond to the best fit simulations. Red dashed lines are
from simulations incorporating only the 3-Sn crystalline diffraction peaks. Blue
dashed lines are from simulations that incorporated a superposition of the crystal-
line diffraction peaks and the broad liquid scattering line profile. Experiments at
42.3 and 42.4 GPa correspond to at least 95% liquid, suggesting that shocked Ge
completely melts beyond 42.4 GPa. (B) Percentage of the shocked Ge in the liquid
phase with increasing peak stress for the XRD data shown in Fig. 2. The red symbols
were obtained by fitting the measured line profiles to a superposition of the sim-
ulated crystalline -Sn diffraction peaks and the liquid line profile.

interface velocity for ~20% superheating (beyond the melting tem-
perature) is a few hundred meters per second (~450 m/s in copper)
(53). Similar simulations of heterogeneous melting initiated at the
grain boundaries give comparable velocity of 450 m/s in Ni at 20%
superheating (54) and 550 m/s in Al at comparable superheating
(55). Phenomenological modeling of melting in Al suggests that,
at a given reduced temperature (1/7,,, T,, being the melting tem-
perature at a pressure), the growth rate of the molten phase is not
very sensitive to the pressure (56).

In view of the above comments, a reasonable explanation of our
observed results in terms of presently known melting models would
require an extreme level of superheating. On the basis of the tem-
perature estimates noted above for shocked Ge (fig. $9), extreme su-
perheating is not a plausible explanation, and an alternate melting
mechanism needs to be considered under shock compression.

Our experimental geometry suggests that, under shock compres-
sion, melting is likely nucleated at the shock front. Uniaxial strain
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Fig. 4. Ge liquid volume fraction as a function of time for different peak
stresses. The dashed lines correspond to a fit based on the phenomenological
JMAK equation (39-44) The time required for the same fractional abundance
(~95%) of the liquid phase is shown by the purple horizontal dashed line; the
~95% line intersects the 35 GPa curve at 144 ns. Uncertainty in the liquid
volume fraction is estimated to be 8 to 10%.

compression and the cubic diamond (cd) to 3-Sn phase change will
convert the Ge single crystal into a heterogeneous state for the nu-
cleation of melting. For a shock speed of 5.06 km/s (31), the trailing
heterogeneous melting, which also does not require much super-
heating (57), would explain the observed results if the grain sizes
are small and melting nucleation takes place widely at these
grains. For example, assuming that the melting growth velocity is
only a few hundred meters per second, as suggested by MD simu-
lations noted above, then the observed rapidity of melting implies
that the grain size for heterogeneous melting may be a few hundred
nanometers. Although we cannot confirm the size of the grains in
the present work, the following observations are consistent with this
suggestion. Several in situ experiments on phase transitions in ma-
terials suggest that the size of coherent diffracting volume of the
emergent phase is of the order of tens of nanometers (20, 36, 58).
In addition, although qualitative in nature, m ~ 1 in Eq. 1 suggests
needle-like growth of the molten phase. Such a small size of grains
and needle-like growth are qualitatively consistent with the hypoth-
esis that melting is facilitated by dislocations (59-61). However, we
emphasize that these qualitative arguments need to be validated by
more detailed theoretical investigations. These calculations may also
help determine the preferred nucleation sites for melting and a
mechanism for the growth of the molten phase in the shock-com-
pressed solids.

By combining well-defined, reproducible laser shock experi-
ments with synchrotron-based XRD measurements, the real-time
response of shock-compressed [100] Ge was examined to 46 GPa.
High-quality XRD results were obtained in the high-pressure (3-Sn)
solid phase (below 35 GPa), in the mixed or B-Sn/liquid phase (35 to
42 GPa), and upon complete melting (beyond 42 GPa). Using XRD
measurements at different times (ranging from 1 to 6 ns) behind the
shock front, we provide the first experimental determination of the
real-time growth of the liquid phase. The melting kinetics data ob-
tained at three different peak stresses could be fitted using the phe-
nomenological JMAK equation (widely used to model phase
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transformation kinetics) resulting in the following melting charac-
teristic times: 7.2 ns at 35 GPa, 2.0 ns at 38 GPa, and 0.3 ns at 42 GPa.

The experimental results presented here demonstrate the need to
incorporate melting kinetics into multiphase EOS descriptions for
use in shock compression studies and the need for detailed theoret-
ical investigations to achieve a mechanistic understanding of the ob-
served rapid melting kinetics. Finally, we note that the experimental
developments presented here for Ge provide an approach for mea-
suring melting kinetics in other shock-compressed solids.

MATERIALS AND METHODS

All the samples used in this study were cut from high-quality
(99.99% pure) Ge single-crystal boules, oriented to within 1° of
the [100] direction. The cut surfaces were ground flat and then
hand-polished to ~33 pm in thickness, using diamond suspension
having particles down to 1 um in size. The Ge samples were char-
acterized when the sample thickness was ~1 mm. The average
density, measured using the Archimedean method, was
5.328 + 0.002 g/cm’. Using the pulse-echo technique, the average
longitudinal and shear sound speeds were measured to be
4.97 + 0.03 and 3.56 + 0.02 mm/ys, respectively. These values are
in excellent agreement with values reported in the literature (31).

The experimental configuration used in this work is shown in
Fig. 1A. The targets consisted of a 50-pm-thick Kapton ablator
bonded to thin (~33 + 4 um) [100] Ge crystals. Two types of
targets were used as follows: (i) Some targets used approximately
1-mm-thick LiF windows to obtain interface particle velocity pro-
files to calculate the peak stress and (ii) other targets only had free
surfaces (no LiF) to obtain optimal XRD data and free surface ve-
locity measurements. The target was ablated using a 500-um-diam-
eter drive pulse generating a 10-ns duration shock wave into the
sample (33). Laser ablation of the Kapton layer results in a shock
wave propagating through the Ge sample. A velocity interferometer
system for any reflector (34) was used to record the velocity histories
at the rear surface of the Ge sample (Fig. 1B). Peak stress in the Ge
sample was obtained by analyzing the measured wave profiles
(section S3) (35). The peak stresses in the present work ranged
from ~24 to 46 GPa.

The XRD measurements and analysis are described in detail in
the Supplementary Materials (35), and only a brief overview is pre-
sented here. The overall XRD measurement approach is similar to
that used in previous studies (24, 27, 36). The in situ XRD measure-
ments were obtained using the x-ray pulse (100-ps duration) from
the Advanced Photon Source hybrid mode. By appropriately syn-
chronizing the x-ray pulse and the laser drive pulse, XRD measure-
ments were obtained over a range of times (1 to 6 ns) after the shock
wave entered the sample. Since the XRD measurements are made
through the entire sample thickness, these data include contribu-
tions from the unshocked and shocked Ge, and the unshocked dif-
fraction spots were masked before analyzing the XRD data (35).

Supplementary Materials
This PDF file includes:

Sections S1 to S5

Figs. ST to S10

Table S1
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