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Direct observations of shock-induced melting in a porous solid using time-resolved x-ray diffraction
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In this work we provide direct evidence of shock-induced melting and associated kinetics in a porous
solid (aluminum powder) using time-resolved x-ray diffraction. Unambiguous evidence of melting in 50%
porous aluminum (Al) powder samples, shocked to peak pressures between ∼13-19 GPa, was provided by
the broadening of the Debye-Scherrer ring corresponding to the (111) peak. Shocked Al powder did not melt
completely in any of our experiments within the durations of measurement. Incomplete (partial) melting of the
powder, even after several hundreds of nanoseconds of shock loading, provides insights into thermal transport
with Al powder particles under high-pressure dynamic loading. Such insights are quite valuable for developing
well-constrained melting models and thermodynamic equations of state for porous Al and other porous solids
relevant to planetary and materials science.

DOI: 10.1103/PhysRevMaterials.4.063604

I. INTRODUCTION

Melting is a key first order solid-to-liquid phase transi-
tion that affects the equation of state (EOS) of materials
[1]. Melting of porous solids (regolith, rock, ice, etc.) as
a result of shock wave compression and subsequent release
from high pressure during impact cratering and collisions be-
tween planetesimals is widespread in the solar system [2–4].
Accurate knowledge of the conditions required for incipient
(intergranular) and bulk melting in shocked porous solids,
as well as the associated kinetics, are crucial for simulating
and understanding phenomena important to planetary science.
Examples of such phenomena include post-impact thermal
evolution in planetesimals [4], crater and chondrule formation
[5,6], formation of melt pockets and entrapment of atmo-
spheric gases within them [7], and hazard mitigation by as-
teroid deflection [8]. Understanding shock-induced melting of
porous solids is also important for gaining better control over
shock consolidation [9] and shock synthesis [10] processes
important to materials scientists.

In the past, melting of porous solids under shock loading
has been inferred from a change in the measured pressure-
density Hugoniot slope [2,11], luminescence, viscosity, sound
speed, or electrical conductivity in the shocked state [12–15].
For example, Asay and Hayes [12] estimated that incipient
melting takes place at ∼7 GPa and completes at around
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14 GPa in 40% porous Al (1.6 g/cm3) by measuring sound
speed through shocked samples. However, these measure-
ments only provide indirect evidence of melting and lacked
insight into the underlying kinetics.

In this work our objective is to directly examine shock-
induced melting and associated melt kinetics in porous alu-
minum (Al) using time-resolved synchrotron x-ray diffraction
(XRD) coupled with a dynamic loading platform (powder
gun). Aluminum is our material of choice for a few reasons:
(a) it is adequately x-ray transparent, (b) previous shock-
induced melt studies on porous Al [12,14] could be used
to guide the pressure range examined in our study, (c) its
high-pressure response is well studied [16–20], and (d) high
pressure-high temperature thermodynamic properties are well
known [21–23]. In our work, 50% porous Al powder samples
were shock loaded to peak pressures of ∼13-19 GPa, and the
ensuing melt kinetics was examined directly by recording four
diffraction images of the shocked Al powder separated by
153.4 ns and observing the evolution of Debye-Scherrer rings.

II. EXPERIMENTAL DETAILS

Plate-impact experiments, coupled with dynamic XRD,
were conducted at the Dynamic Compression Sector (DCS)
of the Advanced Photon Source (APS) to examine shock-
induced melting of 48.5(±0.1)% porous Al powder. Alu-
minum powder was purchased from Atlantic Equipment En-
gineers, a division of Micron Metals, Inc. The nominal pu-
rity of the powder and the particle size were quoted as
99.9% and −325 mesh (< 45 μm), respectively. As shown
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FIG. 1. Schematic of the overall configuration used in the x-ray diffraction (XRD) and x-ray phase-contrast imaging (PCI) experiments
conducted separately to examine shock-induced melting of Al powder is shown in the middle. The 0.8-mm-diameter powder column was
encapsulated in a PMMA cylinder using PMMA baseplates. Examples of (left) XRD and (right) PCI data are shown in false color, along with
CTH simulations of the PCI data. Time is relative to impact.

in Fig. 1, targets for dynamic XRD experiments contained a
800-μm-diameter Al powder column encapsulated in a 8-mm-
diameter × 6.7-mm-long PMMA cylinder. The powder was
contained by epoxying ∼0.7-mm-thick PMMA baseplates on
either side of the PMMA cylinder. The powder targets were
impacted by 〈100〉-oriented lithium fluoride (LiF) impactors
at 1.63, 2.04, and 2.42 km/s. The 10-mm-diameter × 4-mm-
thick LiF impactors, mounted on polycarbonate projectiles,
were launched using a 12.7-mm-bore powder gun. Projectile
velocities were measured with 0.5% uncertainty using a laser
interruption system attached to the gun muzzle.

Following impact, a planar shock wave propagated through
the PMMA baseplate, which subsequently interacted with the
PMMA/Al powder interface and resulted in transmitted shock
waves in the powder and the surrounding PMMA. X-ray
phase contrast images (PCI), obtained from a separate set
of experiments [24] conducted at DCS, and corresponding
CTH hydrocode [25] simulations are presented in Fig. 1 to
help visualize the propagating shock waves and resulting
deformation of the powder column. The continuum-scale
CTH simulations, validated by the PCI data, provided the
thermomechanical states of the shock-compressed powder
required for the XRD data analysis presented later. Details of
CTH simulations and PCI experiments [26] are provided in
the Appendix and Supplemental Material [27], respectively.

X-ray diffraction measurements of the shocked Al powder
were made using the standard 24-bunch mode of the APS
storage ring, which consists of 80 ps FWHM x-ray bunches
separated by 153.4 ns. The spectral flux profile of each x-ray
bunch had an asymmetric shape with a peak near 23.1 keV
(�E/E ≈ 2%). As shown in Fig. 1, XRD experiments were
carried out in the transmission geometry where the incident
x-ray beam was perpendicular to the gun axis and the PMMA
cylinder. The incident beam was focused on the Al powder
between 2.11 and 2.36 mm away from the impact face of
the powder column. The 300 (W) × 800 (H) μm2 focal spot,
referred to as the “diffraction window,” is indicated in Fig. 1;
window width (W ) is defined along the cylinder axis. In each
experiment, four diffraction images of the shocked powder

were recorded using the DCS diffraction detector system [28].
The x-ray detector has a 75-mm-diameter active area. Its
modular front end consists of an x-ray phosphor (Lu2SiO5 :
Ce, LSO)-coated fiber optic plate that converts incident x-ray
photons to visible light, a fiber optic taper, and a microchannel
plate (MCP) image intensifier. The back end of the detector
system includes beamsplitters, four camera lenses, and four
PI-MAX®4 intensified charge-coupled device (ICCD) cam-
eras. Each ICCD camera was gated sequentially to capture
an exposure from a single x-ray bunch; thus, four detectors
allowed recording of four diffraction patterns that are 153.4 ns
apart in time. For additional details, see the Supplemental
Material [27].

III. DATA REDUCTION AND RESULTS

Representative diffraction images, from the 2.04 km/s
experiment, are shown on the left of Fig. 1. Raw diffraction
images from all three experiments, as well as representative
ambient diffraction images taken prior to conducting these
experiments, are provided in the Supplemental Material [27].
Despite short decay lifetimes of the LSO phosphor coating
on the fiber optic plate and the P47 phosphor anode in the
MCP image intensifier of the DCS detector system, after-
image contributions resulting from residual phosphor decays
of preceding x-ray bunches are unavoidable in the 24-bunch
mode. After-image contributions were subtracted from the
raw diffraction images following the method described in
Ref. [28]. The after-image corrected diffraction patterns were
then integrated azimuthally in HiSPoD [29] to produce XRD
line profiles. Finally, PMMA background was subtracted from
the integrated line profiles as described in Ref. [27].

Temporal evolutions of the background-subtracted line
profiles corresponding to experiments conducted at impact ve-
locities of 1.63, 2.04, and 2.42 km/s are shown in Figs. 2(a)–
2(c), respectively. The corresponding powder peak pressures
were estimated to be about 13.0, 15.8, and 18.8 GPa, respec-
tively, from CTH simulations. Peak pressures were realized
along the center of the powder column at the propagating
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FIG. 2. Temporal evolutions of the ∼50% porous Al powder diffraction line profiles, background subtracted and adjusted for differences
in detector sensitivities, obtained from experiments conducted at impact velocities of (a) 1.63, (b) 2.04, and (c) 2.42 km/s are shown with solid
lines. The dotted lines in frames 2–4 show the corresponding liquid diffuse background, which is indicative of melting. The powder shock
had propagated partway into the diffraction window in frame 2 of the 2.42 km/s experiment, resulting in partly shocked powder within the
diffraction window and a relatively broadened diffraction line profile. Time is relative to impact.

shock front, which was followed by a release in pressure.
Static data recorded prior to conducting each dynamic exper-
iment are shown with the black lines; the (111), (200), (220),
and (311) peaks of Al powder (face-centered cubic Fm3̄m) are
indicated in Fig. 2(a). The corresponding diffraction profiles
recorded 153.4 ns apart during the dynamic event are shown
with blue (frame 1), red (frame 2), green (frame 3), and purple
(frame 4) solid lines. Powder volumes probed in subsequent
dynamic frames of an experiment are different due to the flow
of shock-compressed powder particles through the diffraction
window, which is fixed in space, in the direction of the
propagating powder shock. In all experiments, frame 1 images
were recorded prior to the arrival of the powder shock at
the diffraction window. Measured peak intensities (integrated
intensity) in frames 2–4 of all listed experiments correspond
to shock compressed powder, and they are lower than the
corresponding unshocked (frame 1) intensities.

Broadening of the (111) peak in frames 2–4 and the
presence of a diffuse background or “hump” underneath it,
observed in both the raw 2D images (see Fig. 1 and Ref. [27])
and the integrated line profiles (Fig. 2), provide unambiguous
evidence of melting of the shock-compressed Al powder in all
three experiments. Similar evidence was provided in support
of melting in previous shock [30,31] and static high-pressure

[32,33] experiments. Liquid diffuse background contributions
to the measured line profiles in frames 2–4 are shown in
Figs. 2(a)–2(c) with the dotted lines; construction of the liquid
diffuse background is described in Ref. [27].

Liquid diffuse background subtracted line profiles, pre-
sented in Figs. 3(a)–3(c), show that the largest peak intensity
loss occurred in the 2.42 km/s experiment. At least a part of
the peak intensity loss observed in all three experiments was
due to shock-induced melting of the powder. Since complete
melting of the powder would have led to complete loss of all
peak intensities [34], Figs. 3(a)–3(c) suggest that the shocked
powder did not melt completely within the duration of our
measurements. In the following, we attempt to determine the
melt fraction within the shocked Al powder by analyzing the
observed (111) peak intensity loss. We begin by identifying
and accounting for all possible contributions toward the ob-
served peak intensity loss.

IV. PEAK INTENSITY LOSS FROM CHANGE IN POWDER
DENSITY AND TEMPERATURE

Changes in Al powder and PMMA densities follow-
ing shock compression, along with change in the shock-
compressed powder temperature, are primarily responsible for
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FIG. 3. Temporal evolution of (111) peak intensities in shock
compressed Al powder in all three experiments after subtracting liq-
uid diffuse backgrounds from the diffraction line profiles presented
in Figs. 2(a)–2(c). Time is relative to impact.

the observed differences between the shocked and unshocked
(or ambient) peak intensities measured in a given experiment.
While texture evolution can also lead to peak intensity loss,
recorded Debye-Scherrer images do not indicate any signifi-
cant change in the powder texture following shock compres-
sion (see Ref. [27]).

To decouple the contributions from changes in the density
and temperature toward the observed peak intensity drop,
we begin by estimating the integrated (111) peak intensi-
ties (Ies

111) that would have resulted in frames 2–4 solely
from the density changes in the shocked powder and the
PMMA container. Below, we describe the procedure that was
adopted, following Ref. [35], to estimate the value of Ies

111 in a
given diffraction frame using the corresponding static (111)
peak intensity and the CTH-calculated densities of shock
compressed Al powder and PMMA within the diffraction
window.

We begin by showing a cross section of the PMMA cell
containing the Al powder column in Fig. 4, where the size
of the powder column is exaggerated for clarity. The shaded
rectangle represents a diffracting element within the pow-
der that contributes to the measured peak intensities in our
experiments. The parallelepiped diffracting element has a
thickness W equal to the width (300 μm) of the incident x-ray
beam along the length of the powder column. Therefore, the
volume of the diffracting element is dV = dx × dy × W . The
cylindrical diffracting powder volume with a diameter equal to
the powder column diameter (800 μm) and length equal to W
is then made up of numerous such parallelepiped diffracting
elements that contribute to the overall scattered x-ray intensity
measured in each diffraction image. The PMMA cylinder
was also assumed to be made up of similar parallelepipeds,

FIG. 4. Schematic of the PMMA cylinder cross section showing
the parallelepiped diffracting element (ith element) within the Al
powder column is presented on the left. A side view of the diffracting
element is shown on the right.

which absorb the incident intensity but do not contribute to
the scattered intensity.

In reality, densities of the shocked powder and PMMA
within the “diffraction window” depends on both the location
along the cylinder axis (z) and radius (r). This is illustrated
through density snapshots presented in Fig. 5, where CTH-
calculated Al powder densities at two different radial locations
are shown. The density of the shocked powder (and PMMA) at
a given r location within the diffraction window does not vary
significantly with z location (axial position), unless the shock
is within the window. Therefore, to simplify our analysis,
we assumed that densities of Al powder (ρAlp) and PMMA
(ρPMMA) within the diffraction window is only a function of r,
i.e., density of the parallelepiped diffracting element depends
on its distance r from the center of the PMMA cylinder. The
density of each parallelepiped element was taken to be the

FIG. 5. CTH-calculated densities in the 2.42 km/s experiment
along the center of the powder column (r = 0 mm) and along the
horizontal powder/PMMA interface (r = 0.4 mm) are shown with
solid and dashed lines, respectively. The blue, red, green, and purple
lines represent density snapshots at the time of recording frames 1–
4, respectively. The diffraction window is indicated by the dotted
rectangle. Time is relative to impact.
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average of all density values along its length W . An exception
to this was only seen in frame 2 of Fig. 5.

Now consider incident x rays that impinged on the ith
diffraction element, located at B in Fig. 4, at a distance r from
the center of the PMMA cylinder along the path AA′B, and
were subsequently scattered at an angle 2θ along BB′C. The
incident intensity I0 was partially attenuated at point B due to
absorption according to

IB,i = I0e
−

(
μPMMA

m

∫ A′
A ρPMMA(r)dl+μAl

m

∫ B
A′ ρAlp(r)dl

)
i . (1)

In Eq. (1), μPMMA
m and μAl

m are mass absorption coefficients of
PMMA and Al powder, respectively. Through interpolation,
values of μPMMA

m and μAl
m at 23.1 keV were calculated to be

0.4883 and 2.724 cm2/g, respectively, from μm values listed
on the NIST website [36]. Densities of PMMA and Al powder
are constants, i.e., ρPMMA = 1.186 g/cc and ρAlp = 1.39 g/cc
under ambient conditions. For shock-compressed PMMA and
Al powder, ρPMMA(r) and ρAlp(r) values were obtained from
CTH-calculated densities as described above.

Now, intensity of x rays scattered by the ith diffracting
element at B is given by

IS
B,i = IB,iK

ψi

v2
i

= I0K
ψi

v2
i

e
−

(
μPMMA

m

∫ A′
A ρPMMA(r)dl+μAl

m

∫ B
A′ ρAlp(r)dl

)
i , (2)

where K is a constant which contains the structure factor,
Lorentz-polarization factor, multiplicity, and other constants,
vi is the unit cell volume of Al, and ψi is the solid volume
fraction of Al within the ith diffracting element [35,37]. For
powder density of ρAlp(r) < ρAls

0 , ψi = ρAlp(r)/ρAls
0 and vi =

v0, where ρAls
0 = 2.703 g/cc is the density of solid Al and v0

is the unit cell volume of Al under ambient conditions. For
ρAlp(r) � ρAls

0 , φi = 1 and vi = v0[ρAls
0 /ρAlp(r)].

The intensity of the x rays scattered by ith diffracting
element at B gets further attenuated while propagating through
Al powder and PMMA along BB′C. Therefore, the scattered
intensity at point C is

IS
C,i = IS

B,ie
−

(
μPMMA

m

∫ C
B′ ρPMMA(r)dl+μAl

m

∫ B′
B ρAlp(r)dl

)
i . (3)

Equation (3) can be rewritten as

IS
C,i = I0K

ψi

v2
i

e−
(
μPMMA

m χPMMA
i +μAl

m χ
Alp
i

)
, (4)

where χPMMA
i = ∫ A′

A ρPMMA(r)dl + ∫ C
B′ ρ

PMMA(r)dl and

χ
Alp
i = ∫ B′

A′ ρAlp(r)dl are total mass thicknesses of PMMA
and Al powder layers, respectively, that the incident x rays
scattered by the ith diffracting element go through. Here mass
thickness χ is defined as χ = ∫

ρdl .
For ambient or preshot measurements, Eq. (4) becomes

IS,amb
C,i ≈ I0K

(
0.51

v2
0

)
e−

(
0.58LPMMA

i +3.79LAlp
i

)
, (5)

where LPMMA
i and LAlp

i are total thicknesses of the PMMA and
Al powder, respectively, that incident x rays scattered by the
ith diffracting element go through.

Total intensity of all x rays scattered by the Al powder
within the diffraction window in the dynamic experiments is
obtained by summing the contribution from each diffracting
element and it is given by

IS
total =

N∑
i=1

IS
C,i

= I0K
N∑

i=1

ψi

v2
i

e−
(
μPMMA

m χPMMA
i +μAl

m χ
Alp
i

)
, (6)

where N is the total number of diffracting elements within
the diffraction powder volume, i.e., diffraction window. For
preshot (ambient) measurement,

IS,amb
total =

N∑
i=1

IS,amb
C,i

≈ I0K

(
0.51

v2
0

) N∑
i=1

e−
(

0.58LPMMA
i +3.79LAlp

i

)
. (7)

Since IS,amb
total = Iamb

111 and IS,dyn
total = Ies

111 when 2θ = 13.2◦,
estimated (111) peak intensity Ies

111 was calculated from the
following equation using 2θ = 13.2◦:

Ies
111

Iamb
111

=
∑N

i=1
ψi

v2
i
e−

(
μPMMA

m χPMMA
i +μAl

m χ
Alp
i

)
(

0.51
v2

0

)∑N
i=1 e−

(
0.58LPMMA

i +3.79LAlp
i

) . (8)

The ambient (111) peak intensity Iamb
111 is calculated from the

preshot diffraction images recorded prior to conducting each
dynamic experiment. Once Iamb

111 is known, Ies
111 can be calcu-

lated from Eq. (8), which provides a reasonable quantitative
estimate.

In Fig. 6(a) we plot the relative magnitudes of the measured
(Im

111) and the corresponding estimated (Ies
111) intensities of

the (111) peak against the “shocked duration” of the corre-
sponding diffracting powder volumes in frames 2–4 of all
four experiments. As shown in Fig. 6(b), shocked duration
provides a measure of the time duration for which a powder
volume was under compressive loading before arriving at
the diffraction window; its value was determined from the
CTH-calculated loading history of the powder. The error
bars shown in Fig. 6(a) represent the uncertainties in the
estimation of relative detector sensitivities and in subtracting
the liquid diffuse background from the XRD line profiles
shown in Figs. 2(a)–2(c). Since Ies

111 values were calculated by
considering only density changes in the shocked powder and
PMMA, values of (Im

111/Ies
111) < 1 in Fig. 6(a) are indicative

of additional peak intensity loss resulting due to a change in
the shocked powder temperature. Both a Debye-Waller (DW)
effect [37,38] and melting of powder particles [34] could
lead to peak intensity loss caused by a change in the powder
temperature in our experiments.

V. DISCUSSION

Pressure (P)-temperature (T) values in the shocked powder
volumes located within the diffraction window in frames 2–4
of a given experiment are highlighted by the shaded regions
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FIG. 6. (a) Measured (111) peak intensities (Im
111), normalized by

the corresponding peak intensities (Ies
111) estimated considering den-

sity changes alone, are plotted against the shocked duration (defined
in the text) of corresponding diffracting powder volumes in frames
2–4 of all four experiments to illustrate the effect of temperature
rise in the shocked powder. (b) CTH-calculated loading histories of
the powder particles located at the center of the diffracting powder
volumes in frames 1–4 of the 2.04 km/s experiment are shown. Time
is relative to impact. The rising points of pressure, which correspond
to the instances of being shocked, are different because powder
volumes probed in subsequent dynamic frames were different due
to flow of the shock-compressed powder through the diffraction
window, which was fixed in the laboratory frame. The solid circle on
each loading profile indicates the recording time of the corresponding
diffraction frame.

within each bounding polygon in Fig. 7. Frame 1 is not
included because it was recorded before shock arrival at the
diffraction window. These P-T values, which are obtained
from continuum-scale CTH simulations, agree quite well with
those reported by Asay and Hayes [12] for shock loading of
porous Al samples of comparable initial density. While CTH
simulations capture the spatial variation in the powder tem-
perature (and pressure) caused by variation in shock strength
along the powder shock front and the release wave following
the shock, they do not capture particle-scale temperature
inhomogeneity existing within shocked porous solids [39].
During shock compaction, the outer layer of each Al powder

FIG. 7. The four-sided polygons encompass CTH-calculated
pressure (P)-temperature (T ) states in the shock-compressed diffract-
ing powder volumes in the 1.63, 2.04, and 2.42 km/s experiments.
Shaded regions inside each polygon highlight the P-T states within
the diffracting powder volume during recording of frames 2–4 of the
corresponding experiment.

particle undergoes severe friction and plastic deformation
[40]. This leads to formation of localized regions of energy
concentration known as “hotspots” on particle boundaries,
while the shocked interior remains a much lower temperature
[12,41,42]. Subsequent thermal equilibration within each par-
ticle is achieved via conductive heat transfer from the hotter
boundary to the cooler interior [12,43].

CTH-calculated temperatures shown in Fig. 7 are those
that would have resulted in the shocked powder if thermal
equilibrium were reached within each powder particle, i.e.,
aforementioned temperature inhomogeneity within each pow-
der particle were eliminated via heat transfer. In this scenario,
Fig. 7 suggests that shock compressed diffracting powder
volumes in frames 2–4 of the 2.04 and 2.42 km/s experiments
would have melted completely because the corresponding cal-
culated P-T states lie above the Al melt curve. Consequently,
all Al peaks would have disappeared from recorded diffraction
images [34] corresponding to these frames, except for frame
2 of the 2.42 km/s experiment where the diffracting powder
volume is partially shocked. However, this is not consistent
with the data presented in Figs. 2, 3, and 6(a), which clearly
show that the (111) peak persists, albeit with decreasing
intensities, in all diffraction frames corresponding to 2.04 and
2.42 km/s experiments. Even the (200) peak is seen to persist
until frame 3 in both of these experiments. Persistence of
Al (111) and (200) peaks in our recorded diffraction images
strongly suggests that the shock compressed diffracting pow-
der volumes did not melt completely in these experiments.

Incomplete (partial) melting of shocked Al powder in the
2.04 and 2.42 km/s experiments, therefore, indicates that
thermal equilibrium was not reached within powder parti-
cles in the duration of our measurements. While mechani-
cal equilibrium in the shocked powder is typically reached
within tens of nanoseconds, particle-scale thermal equilib-
rium is not achieved as rapidly [12]. In fact, analysis of our
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diffraction data, as presented in Fig. 6(a), shows that thermal
equilibration within powder particles was not achieved in the
2.04 and 2.42 km/s experiments even after ∼600 and 450 ns,
respectively, following shock loading. Since the time required
to reach particle-scale thermal equilibrium depends on both
particle size and thermal diffusivity of the powder material
[43,44], insights into thermal transport in porous Al under
high-pressure dynamic loading can be gained from our study.
Additional insights could be gained by performing similar
dynamic x-ray diffraction experiments on porous Al powder
with different grain sizes. Such insights are important for the
development of well-constrained heat transfer and melting
models for Al powder and other porous solids relevant to
planetary and materials science.

Although powder particles did not reach thermal equilib-
rium in our experiments, temperature of the particle interior
increased, while temperature of the particle boundaries de-
creased, toward the CTH-calculated values shown in Fig. 7
with increasing shocked duration due to thermal conduction.
Increase in the particle interior temperature close to and
beyond the melt temperature likely led to the (111) peak
intensity loss with shocked duration seen in Fig. 6(a) in all
three experiments. While mesoscale simulations are required
to confirm this, an increase in (111) peak intensity in the
1.63 km/s experiment following ∼400 ns of shocked duration
may have resulted from either quenching or due to corre-
sponding P-T states falling below the Al melt curve.

VI. CONCLUSIONS

In this work we provide direct evidence of shock-induced
melting and associated kinetics in a porous solid (Al powder)
using time-resolved x-ray diffraction. Unambiguous evidence
of melting in aluminum (Al) powder samples, shocked to
peak pressures between ∼13-19 GPa, was provided by the
broadening of the Debye-Scherrer ring corresponding to the
(111) peak. Furthermore, our diffraction data indicated that
the shocked Al powder did not melt completely within the
durations of our measurement in all three experiments. In-
complete melting of the shocked powder, when combined
with CTH-calculated P-T states, suggested that thermal equi-
librium within powder particles was not reached even after
∼600 and 450 ns, respectively, following shock loading in
the 2.04 and 2.42 km/s experiments. Since the time to reach
particle-scale thermal equilibration depends on average parti-
cle size and thermal diffusivity of the powder, the diffraction
data obtained in this work provide insights into the thermal
transport process in porous Al under high-pressure dynamic
loading. Such insights are needed to develop well-constrained
heat transfer and melting models, as well as the development
of high-pressure thermodynamic EOS, for shocked Al powder
and other porous materials, which will significantly impact
dynamic compression problems across multiple fields, includ-
ing planetary and materials science.
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DOE Office of Science User Facility operated for the DOE
Office of Science by Argonne National Laboratory under
Contract No. DE-AC02-06CH11357.

APPENDIX: CTH SIMULATIONS

The multimaterial Eulerian shock wave code CTH [25] was
utilized to simulate the 2D, axisymmetric shock evolution for
all XRD experiments listed above. CTH hydrocode was also
used to simulate additional x-ray PCI experiments performed
to image the propagating shock front through the Al powder
and subsequent deformation of the powder column. Shock
response of LiF 〈100〉 (XRD experiments) and 6061 Al (PCI
experiments) impactors and PMMA cylinder/baseplate were
modeled using Mie-Grüneisen (MG) EOS. PMMA was ad-
ditionally assumed to be a linearly elastic, perfectly plastic
solid with a yield strength of 50 MPa and a Poisson’s ratio
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of 0.3. The values of ambient density (ρ0) bulk sound speed
(C0), slope of the shock velocity–particle velocity curve (s),
and Grüneisen parameter (�0) used to describe PMMA, LiF,
and 6061 Al response are listed in Table I.

Shock response of the Al powder was modeled using
SESAME EOS 3700 [45]. The compaction response of the
powder was captured using the well known P-α model
[46,47]:

α = 1 + (αE − 1)[(P − PE )/(Ps − PE )]n, (A1)

where P is the shock pressure and α is the ratio of specific
volumes of the porous material and the corresponding fully
dense solid. It was assumed that the elastic regime persists
up to a pressure (Pe) of 20 MPa, which is significantly lower
than the pressure (Ps) of 100 MPa required for complete void
elimination. The scaling parameter (n), which governs the
shape of the compaction curve, was set to 2 to match existing
1D shock compaction data on porous Al [16]. For the initial
density (ρ00) of the Al powder, a value of 1.45 g/cc was
used.
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