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Spinodal decomposition as a possible void initialization mechanism for spallation
in shock melted materials under high strain rates

Yutong Yang ©,! Zixiang Yan®,? Hao Liu®,? Jingxiang Shen®,*>-" and Wei Kang

5.1

VHEDPS, Center for Applied Physics and Technology and School of Physics, Peking University, Beijing 100871, China
2School of Science, Beijing University of Posts and Telecommunications, Beijing 100876, China
3Department of Applied Physics, School of Physics and Electronics, Hunan University, Changsha 410082, China
*Institute of Applied Physics and Computational Mathematics, Beijing 100094, China
SHEDPS, Center for Applied Physics and Technology, College of Engineering, Peking University, Beijing 100871, China

® (Received 7 August 2024; revised 19 December 2024; accepted 27 February 2025; published 17 March 2025)

We show with molecular dynamics simulations that spinodal decomposition is a probable initiation mechanism
of spallation in impact-melted samples at extremely high strain rates. The formation of voids or bubbles is a
secondary process following the spinodal amplification of density fluctuations. As a result, the spallation strength
can be related to the inherent thermodynamic property of the liquid, i.e., the liquid-gas spinodal curve, which
can be determined by independent equation-of-state studies in prior. This connection between high strain-rate
spallation and spinodal decomposition may be further examined in future experiments.
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I. INTRODUCTION

Dynamic spallation processes of materials at high strain
rates are of critical importance to a wide range of scientific
and engineering disciplines, including astrophysics, material
sciences, and aerospace engineering [1—4]. It is involved in
subjects like planetary collisions [5], jet engine debris impacts
[6], and laser-driven impact experiments [7].

Typically, spallation occurs when a strong shock wave
interacts with a free surface. For decaying shocks generated
by impacts, the returning rarefaction waves generated when
shock breaks out of the free surface would superimpose with
the decaying part of the shock following the shock front.
Strong tensile stress can be created, which may break the
material from inside at this stretched zone. Depending on
the strength and rate of stretching, material may fail in a
complicated way, which is not yet fully understood.

The formation of voids is considered one of the main
causes for spallation [8—10]. However, for different impact
strength and strain rates, there are fundamental differences
between void formation mechanisms. For relatively weak
impacts and relatively low strain rates, most of the bulk ma-
terial would remain solid during spallation. The formation of
voids in these cases is generally described within the frame-
work of solid mechanics [11,12]: Voids are initiated from
imperfections (like impurities, vacancies, dislocations, grain
boundaries, and cracks) and may grow by vacancy diffusion
and plastic flow [13,14] before causing failure.

On the other hand, owing to the recent development of
high-power short-pulse lasers and advanced x-ray diagnos-
tic techniques, spallation induced by much stronger impacts
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can be realized and probed in situ [1,15,16]. With strong
impact, the bulk material may have crossed the liquid-solid
phase boundary upon the arrival of the forward-propagating
shock front, i.e., becoming liquid before encountering the
tensile stress. This eliminates the possibility of void for-
mation around imperfections in bulk solid materials. Also,
short-pulse impacts are naturally accompanied by very high
strain rates (up to 10° s~! [1]). This kind of microspalling in
liquids shows distinct phenomena both in simulations [17,18]
and experiments [19-21]. Detailed knowledge concerning the
mechanism for spallation under such extreme conditions re-
mains unclear.

Molecular dynamics (MD) investigations have previously
shown [1,22,23] that, when the liquid phase is involved in
spallation, bubblelike voids of nearly spherical shape can be
observed, which is usually regarded as a signal of classical
nucleation in metastable (overheated) liquids. On the other
hand, however, it has also been long conjectured that spinodal
decomposition, i.e., phase separation in the unstable zone of
the liquid-gas phase diagram, could be the dominating mech-
anism of void formation at high strain rates [3,21,24,25].

Note that these two kinds of initiating mechanisms are
physically distinct. The former implies a strong dependence
on kinetic features, such as the nucleation rate, while the latter
indicates that thermodynamic features should be dominant
for spallation under such extreme conditions. Therefore, for
both physical understanding and application purposes, it is of
considerable interest to identify how the generation of voids
is triggered in such extreme conditions.

In this paper, we show with MD simulations that, for
shock-melted material at high enough strain rates, spallation
originates from spinodal decomposition. Evidence for spin-
odal decomposition, like the static structural factor in the
stretched region prior to void formation, is presented and
discussed. As a result, the spallation strength can be further
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FIG. 1. An illustration of our molecular dynamics (MD) sim-
ulations for spallation. The initial dimension of the target is
81 x 18.225 x 18.225 nm. The impact by the flyer plate is strong
enough to melt the aluminum target at the shock front. Then, the
voids/bubbles form and grow in liquid aluminum, thus taking spher-
ical shapes due to surface tension.

related to the liquid-gas spinodal boundary: In this high strain-
rate regime, spallation strength obtained for several different
shock strengths and strain rates can be collapsed to a single
curve related to the spinodal curve, indicating that the kinetic
details of the dynamical impact process are largely irrelevant
under these extreme conditions.

The remaining parts of this paper are organized as follows.
In Sec. II, we describe numerical details for the MD simula-
tion of spallation as well as our methods for determining the
spinodal and binodal (equilibrium phase boundary) curves.
Our main simulation results and the signatures for spinodal
decomposition are analyzed and discussed in Sec. III. This
paper concludes in Sec. IV with a short summary.

II. METHODOLOGY AND NUMERICAL DATA
A. MD simulation of spallation induced by flyer plate impact

Spallation in this paper is generated by flyer plate impact in
planar geometry [2,26]. This process is simulated by nonequi-
librium MD so that the initial stage of void formation can be
captured with atomic resolution, as schematically displayed in
Fig. 1.

Here, aluminum is taken as an example, of which both
the flyer plate and the planar target in our simulations are
made. The interactions among the aluminum atoms are de-
scribed by the modified embedded-atom method (MEAM)
empirical potential, which was developed by Aitken et al. [27]
and improved by Yan et al. [28]. It was shown in previous
studies that this empirical potential has a good description
of lattice constant, cohesive energy, and dissociation energy,
along with other mechanical and thermodynamic properties
of aluminum. We have also checked its validity for the liquid
phase by comparing the critical point and radial distribution
function predicted by this potential against experimental and
ab initio results [29-31].

The collision velocity v. between the flyer plate and the
target is set high enough to ensure melting of the aluminum
sample upon the forward passage of the shock, and subsequent
stretching of the sample due to rarefaction waves would lead
to void and spallation in this liquid.

To be specific, periodic boundary conditions are enforced
in y and z directions of the simulation system, whereas free

boundary conditions are applied in the x direction along which
impact is applied (Fig. 1). The target is an 81-nm-thick alu-
minum slab with 18.225 x 18.225 nm lateral intersection
and a lattice constant of 0.405 nm, containing 1.62 million
atoms. The [100] crystalline direction is aligned with the x
axis. Since the aluminum samples are ensured to be shock
melted, the crystalline direction for loading/unloading would
have no influence on spallation behavior.

At initialization, the flyer plate and the sample are sepa-
rated from each other by a small distance of 3 nm. Both are
equilibrated for 20 ps at 300 K. Then the thermal reservoir
is turned off, and the flyer plate and target are assigned with
bulk velocities +v, along the x axis in opposite directions to
generate impact. The shock processes were carried out under
the NVE ensemble to ensure the conservation of energy in
the system. In this paper, we use flyer plates with thicknesses
ranging from 10.125 to 40.5 nm, creating decaying shocks
with different decay rates. Here, v, is adjusted between 4 and
10 km/s to give relative impact velocities ranging from 8 to 20
km/s, large enough to ensure shock melting.

After collision, two strong shocks are launched from the
impact plane and propagate along +x directions in the target
and the flyer plate. Because the flyer plate is much thinner
than the target, the right-going shock propagating in the target
will soon become a decaying shock, with rarefaction waves
following the shock front. When the shock front reaches the
free surface on the right end of the target, returning rarefaction
waves are generated at the free surface and propagate along
the —x axis. These two groups of rarefaction waves interact
with each other, generating negative pressure and hence voids
and bubbles, finally leading to spallation (Fig. 1).

All simulations are carried out using the open-source soft-
ware LAMMPS [32], and the simulation time step in this study
issetto I fs.

B. Determining the binodal and spinodal curves

Since we would like to demonstrate that the liquid alu-
minum sample undergoes spinodal decomposition when these
voids and/or bubbles are initiated, we calculate the liquid-gas
binodal and spinodal curves for our aluminum system charac-
terized by this MEAM potential [28].

The binodal curve refers to the liquid-gas phase equilib-
rium curve, i.e., the boundary dividing pure phases from the
coexistence zone. The spinodal curve is a second boundary
inside the coexistence zone, dividing the metastable region of
the homogeneous phase against the absolutely unstable one
[33,34].

The binodal curve is determined by a direct MD simulation
of a liquid-gas coexisting system [35,36]. The simulation box
is 56.2 x 16.2 x 16.2 nm, with periodic boundary conditions
applied in all three directions. At initialization, a liquid slab
pre-equilibrated at temperature above the melting point is
defined which occupies % of the total volume. The remaining
part of the simulation box is left as vacuum. Then the system
undergoes NVT evolution for 500 ps at a given temperature T
to reach equilibrium. After that, further 100 ps NVT trajecto-
ries are averaged to obtain densities of the liquid and phases
at this temperature T [yellow squares and blue triangles in
Fig. 2(a)]. We see that, <3000 K, the equilibrium density of
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FIG. 2. The binodal and spinodal curves of this liquid-gas alu-
minum system. (a) The temperature-density phase diagram. The
square and triangle markers are the results of phase-equilibrium
simulations at different temperatures. A fitting of the binodal (co-
existence) curve is shown in blue. The critical point, marked by
the arrowhead, is located to satisfy T — 7. o |[p — o.|*3® (inset).
The high-density branch of the spinodal curve is presented in red,
which is determined following the steps shown in panel (b). (b) The
spinodal curve was determined from molecular dynamics (MD) sim-
ulations of metastable isotherms. Black: Isotherms between 900 and
4500 K. Blue curves: Parabolic fittings to these isotherms near the
local minima. Red dots: Local minima of the fittings. The pressure-
density spinodal curve is then obtained by fitting these red dots (solid
red curve).

the gas phase effectively becomes zero, so bubbles under these
conditions are voids.

We use the T'(p) binodal curve to determine the critical
point (po., Tz). The values of p. and 7. are adjusted so that
the binodal curve satisfies T — T. o |p — p.|? near the critical
point with the critical exponent following the Ising universal-
ity class 8 ~ 0.33 [37]. The resulting T, is 4700 K, and p. is
0.765 g/cm?. Pressure at the critical point can be estimated
in a similar manner as P, = 0.15 GPa, in accordance with
existing experiments [29,30].

The spinodal curve is defined as (dp/dp)r = 0 along
isotherms of the homogeneous system [38]. Here, only the
high-density branch, which separates the unstable zone from
metastable liquid, is relevant to this paper. With regular equi-
librium MD simulations, isotherms approaching (dp/dp)r =
0 are not directly accessible since the state of matter involved
here is certainly out of equilibrium. The system is absolutely
unstable on one side and metastable on the other side. On
the absolutely unstable side, it is very unlikely to conduct
simulations of the pure phase of any kind because, in the
(0p/9p)r < 0 region, phase separation occurs immediately
without any energy barrier. Fortunately, the homogeneous

phase can be accessed by MD simulation on the metastable
side if nucleation does not occur. We therefore follow Guis-
sani and Guillot [39,40], using a small system (N = 108) in
the MD simulations to suppress long-wavelength fluctuations
and delay the phase separation in the metastable liquid phase.
In our simulations, each state point was relaxed for 500 ps
under the NVT ensemble, during which period nucleation
does not occur. This time period is enough for the system to
relax on the atomic scale. The time average of the last 100 ps
of this 500 ps trajectory is taken to calculate thermodynamic
quantities of the metastable state. In this way, the isotherm can
be obtained in the metastable zone, so that the local minima
(0p/9p)r = 0 can be approached from the metastable side.
As revealed previously, this method can determine the equa-
tion of state near the spinodal curve from the metastable side
with satisfactory precision.

The isotherms obtained in this way are smoothed by per-
forming parabolic fittings near their local minima, and we
take the minima of these fittings as the (dp/dp)r = 0 points.
In this way, we obtain the pressure, density, and temperature
values of these data points on the spinodal curve. A fitting to
these points (starting from the critical point with zero slope)
thus gives our estimation of the spinodal curve.

Note that, while the phase coexistence (binodal) curve
always has positive pressure for the liquid-gas system, the
spinodal curve goes to negative pressures. This is exactly
where spallation starts, as will be shown below.

III. RESULTS AND DISCUSSION

In this section, evidence for spinodal decomposition in
the initiating phase of spallation is provided from different
angles, and then the relation between spallation strength and
the spinodal curve is discussed.

A. Dynamics of spallation and formation of voids

In Fig. 3, the case with collision velocity v, = 5 km/s
and the 10.125-nm-thick flyer plate is studied in detail, with
special attention paid to the period and region where voids are
initiated.

Figure 3(a) shows the pressure profiles at four selected
time moments r = 1.4, 1.8, 2.2, and 2.6 ps after shock breaks
out from the free surface. The horizontal dashed black line
represents zero pressure. We have added a —10 GPa shift be-
tween adjacent profiles for better visualization. The stretched
region behind the free surface with negative pressure is clearly
visible. The region of material in which voids are first going
to initiate is traced through these time points, as marked by
the shaded blue area.

Time evolution of density and pressure in this “most un-
stable region” traced through many time steps are shown in
Fig. 3(b), together with the P(p) spinodal curve. It is clear that
only after the state of matter enters the unstable “spinodal”
zone that the tensile stress begins to release due to phase
separation.

Nevertheless, Figs. 3(a) and 3(b) suggest that the sys-
tem crosses the spinodal boundary just before the time point
marked by blue, i.e., 1.8 ps after shock breakout. We can take a
close look at the MD sample in the vicinity of this time point.
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FIG. 3. Time evolution of the spalling shock-melted liquid be-
fore and after void/bubble formation. (a) The pressure profiles at
1.4, 1.8, 2.2, and 2.6 ps after shock breaking out from the free
surface. The stretched region where voids first appear is traced
through time and marked by the shaded blue region. We have added a
—10 GPa shift between the profiles of adjacent time points for better
visualization. Dashed black lines represent zero pressure. (b) The
pressure-density trajectory for the traced stretched region. The spin-
odal curve calculated in Fig. 2(b) is shown as a reference. The black,
blue, green, and magenta crosses correspond to 1.4, 1.8, 2.2, and 2.6
ps after shock breaks out. Note that the horizontal axis represents
the nominal density, i.e., the average density, including the volume
of voids. It decreases monotonically as voids grow during stretching.
While density for the pure liquid phase should increase slightly once
tensile stress starts to release. (c)—(f) Atomic configurations near the
free surface at 1.4, 1.8, 2.2, and 2.6 ps after shock breaks out. We
take a 1.0-nm-thick slice in the z direction. The region that is traced
and analyzed above is colored in white-blue according to the local
potential energy (which serves as a representation of density). Here,
voids initiate in the third snapshot [panel (e)], and we mark a typical
void with a near spherical shape with the red circle.

The atomic configurations for a slice in the x-y plane
with a thickness of 1.0 nm centered around z = 14.0 nm is
shown in Figs. 3(c)-3(f). These four panels correspond to
the above selected moments: t = 1.4, 1.8, 2.2, and 2.6 ps
after shock breakout, respectively. The selected most unstable
region mentioned above is colored in white-blue according to
the local per-atom potential energy. Note that, in the stretched

region, potential energy between atoms correlates negatively
with density; thus, lower density regions appear in darker
blue.

Before crossing the spinodal curve, as shown in Figs. 3(c)
and 3(d), it is important to note that there is no sign of voids or
bubbles in this early stage of stretching. Instead, in Fig. 3(d),
there are floclike patterns [41,42] of density modulations, of
which the characteristic wavelength is ~2 nm, as estimated
by the average distance between low-density regions. This
kind of pattern is a typical feature of spinodal decomposition
[43,44]. Therefore, it seems that spinodal decomposition starts
as soon as the system enters the unstable zone. This kind of
matching is quite interesting since the observation of floclike
density modulation in the direct MD simulation of dynamic
spallation is methodologically independent of the calculation
of spinodal boundary derived from our metastable equation-
of-state simulations.

Then the release of tensile pressure begins as soon as
void appears. When voids are generated, the volume occu-
pied by the liquid phase decreases, and so does the average
distance between atoms in the liquid phase, which reduces the
stretching as well as the tensile forces between liquid atoms.
Therefore, in this paper, the direct observation of voids in the
atomic configuration [Fig. 3(e), red circle] and the release of
tensile pressure [the green cross in Fig. 3(b)] are regarded as
two criteria for the initiation of void. With these two criteria,
it is clear that, for shock-melted systems at such high strain
rates, the void formation starts in the unstable region, not in
the metastable zone.

At first glance, it may be surprising to find that the void
formation is initiated in the unstable region. With spinodal
decomposition, the system would typically develop labyrinth
patterns, as usually observed in alloy or solution systems [45].
This is quite different from the nearly spherical voids/bubbles
observed here.

However, we would like to clarify that void formation is
a secondary process following the spinodal decomposition
process. Voids are initiated sometime later inside the unstable
region, and the voids start to gain their spherical shapes only
afterward during the nonlinear evolution stage due to the
effects of surface tension. When the surface tension on the
interfaces of the two phases is small, as typically in alloys and
solutions, a full labyrinth structure will be developed. How-
ever, when the surface tension is strong enough, the nonlinear
development of the spinodal decomposition will be dominated
by the surface tension and near spherical voids or bubbles
will be formed [46,47]. In short, such late-phase evolution
of the void shape is physically different from how the voids
are initiated, hence cannot be used to judge the initiating
mechanism.

Therefore, the formation of voids or bubbles here is initi-
ated by spinodal decomposition, not by classical nucleation.

There is an important difference between void formation
triggered by spinodal decomposition and through classical
nucleation. The classical nucleation mechanism involves a
free energy barrier, and it takes some time to wait for this free
energy barrier to be overcome by thermal fluctuations [48,49].
Therefore, if the liquid is stretched fast enough, i.e., the state
of matter passes through the metastable zone of the phase
diagram very fast, it will not have enough time for classical
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FIG. 4. Evolution of the structural factors S(k) during stretching.
Shown here are S(k) at a total of seven time points: 1.4, 1.6, 1.8, 2.0,
2.2,2.4, and 2.6 ps after shock breakout. Colors are consistent with
Figs. 3(a) and 3(b). The long-wavelength (small k) peaks of S(k) rep-
resent hydrodynamic fluctuations, which can be fitted by the typical
Lorentzian profile (dashed black lines). The short-wavelength peaks
and oscillations show the typical atomic-scale features of liquids.
The spinodal peaks in the middle are marked by the dotted rectangle.
Inset: A magnification of the dotted rectangle, with linear scales on
both axes.

nucleation to occur. As a result, the liquid would be quenched
deeply into the unstable region.

On the other hand, once entering the unstable spinodal
region, the free energy barrier for creating density modulation
diminishes. Thus, phase separation begins immediately after
the state of matter crosses the spinodal curve. This mechanism
should dominate under high enough strain rates.

B. Evolution of structure factor near the spinodal curve

In addition to the direct observation of the floclike density
modulations, the onset of spinodal decomposition can be char-
acterized in a more quantitative manner from the perspective
of the (static) structure factor S(k) [50,51]:

S(k) = (|Aak)[*), (D

which is the Fourier transform of the density correlation func-
tion. Here, (-) denotes the ensemble average, k is the wave
number vector, and 7i(K) is the Fourier transform of number
density fluctuations 7i(r) = n(r) — n around the average den-
sity 71 in real space, namely,

(k) = /dr exp(—ik - r)[n(r) — a]. 2)

When a modulating structure with a characteristic length scale
of [ grows out of a homogeneous system, a peak centered
around the corresponding characteristic wave number k; =
2/l will appear and grow in the structure factor S(k). For
spinodal decomposition, ks o< 4/[(dP/dn)r| according to the
Cahn-Hilliard theory [52,53]. Since the liquid-gas system here
is rotational invariant, we have S(k) = S(k).

The S(k)’s along the time trajectory shown in Fig. 3(b)
are plotted here in Fig. 4. They are calculated with atoms in
a small region near the location of the largest tensile stress

to minimize the influence of density gradient along the x
direction. Note that S(k) displayed in Fig. 4 includes more
snapshots along the trajectory in addition to those plotted in
Figs. 3(c)-3(D).

On the long-wavelength side, S(k) shows the signal for
long-wavelength hydrodynamic density fluctuations [54,55],
which is characterized as a Lorentzian peak centered at k = 0.
On the short-wavelength side, the density correlation signals
characterize the atomic-scale correlations between neighbor-
ing liquid atoms [56,57]. These atomistic features do not show
any significant change along the time evolution trajectory
even at the later stage of spallation when spherical
voids/bubbles are present. This implies that the density as
well as local atomic-scale structure in the liquid phase of the
liquid-gas mixture do not change much, although the nomi-
nal/average density at the later stage is much lower than the
liquid phase because of large low-density bubbles.

The characteristic peak of spinodal decomposition appears
at the intermediate wave number between the hydrodynamic
fluctuations and the atomic correlations [58]. In Fig. 4, this
feature is spotted and marked by the dotted rectangle. This
region of interest is zoomed-in as the inset of Fig. 4. It is clear
that the spinodal peaks start to appear att = 1.8 ps after shock
breaking out from the free surface (solid arrowhead), but not
for the previous time points. For some readers, it may be hard
to tell by eye the difference between the patterns in Figs. 3(c)
and 3(d), but here, the peak at k & 0.3 A~! appears at r =
1.8 ps but not at r = 1.4 ps, which serve as stronger evidence
that these two time points are inherently different. This is
consistent with Fig. 3(a) that spinodal decomposition begins
only after entering the unstable zone of the phase diagram.

The center of the peak shifts gradually from k ~ 0.3 to
0.24 A~! within 0.4 ps (solid and empty arrowheads in Fig. 4,
corresponding to a characteristic length ~2.1-2.6 nm). This
shift represents early stage coalescence of the density mod-
ulation patterns and is in line with the size change of the
real-space patterns.

The peak in the spectrum of S(k) corresponds to the
presence of a spatially extended periodic density modula-
tion structure in real space. Thus, the spinodal peak in S(k)
provides strong support for the existence of spinodal decom-
position at the initial stage of spallation.

C. Spallation strength estimated from the spinodal curve

The spallation strength oy, i.e., the maximum tensile stress
that the system is capable of resisting, is an important charac-
teristic quantity in the study of spallation:

o5 = max{lox(x, 1)[}. 3)

Here, o, represents the tensile stress in the direction of load-
ing and release, but for liquids here, the stress is essentially
isotropic.

Given that spallation is initiated by spinodal decomposition
under the extreme conditions studied here, it is interesting to
show that this insight can lead to a much simpler characteri-
zation of the spallation strength.

In previous studies, the spallation strength was usually
given as an empirical scaling law with respect to spallation
temperature and strain rate [2,59], but here, we would like
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TABLE I. Flyer-plate thickness and collision velocity values for
a total of 13 MD simulation cases. Their spallation strength and
corresponding density and temperatures are show in Fig. 5.

Flyer-plate thickness H (nm) Collision velocity v, (km/s)

10.125 5,6,7,8,9,10
20.25 4,5,6,7
40.05 5,6,7

to show that the spallation strength for shock-melted samples
under high enough strain rates can be associated with the spin-
odal curve, which relies only on the inherent thermodynamic
property of the material.

To obtain the spallation strength in situ, we divide the
simulation sample at each recorded time step into thin slices
with a thickness of 1.2 nm along the x axis and record the
average o, for each slice and time point. The maximum tensile
stress in the simulation case can thus be obtained among all
slices and time steps.

We have carried out a series of MD simulations using
different flyer-plate thicknesses and collision velocities, as
summarized in Table 1. The spallation strength, along with
the temperature and density values corresponding to the max-
tensile-stress state, are recorded. As demonstrated in Fig. 5,
these data points can all be collapsed onto a single curve close
to the spinodal.

The spallation strength, when plotted as a function of den-
sity as in Fig. 5(a), turns out to show the same overall trend as
the spinodal curve albeit with some quantitative deviations.
Physically, the deviation is a reflection of the delayed ob-
servation of bubbles relative to spinodal decomposition. This
discrepancy can be largely offset by introducing an ad hoc
shift to density (dashed red curves):

Ojspallation (p) ~ Pspinodal(p — Ap); (4a)
Ojpallation (T)~ Pspinodal (T). (4b)

The offset in density here in Fig. 5 is Ap = 0.15 g/cm>.
In a sense, this shift mimics the overshoot of the metastable
liquid phase into the unstable zone as illustrated in Fig. 3(b).

In the physical sense, the overshoot of metastable liquid
beyond the spinodal boundary would lead to a decrease in
density, an increase in tensile stress, as well as a decrease in
temperature. Thus, in principle, this ad hoc shift is needed
for all three parameters 7', P, and p. However, an interesting
observation is that nearly no shift is needed for the spinodal
curve to match the spallation data in the temperature-pressure
coordinates. This is because the increase in tensile stress and
the decrease in temperature would largely cancel each other:
It just goes along the spinodal boundary itself, so the shift
of the one-dimensional boundary becomes insignificant. As a
result, only a shift in density is needed to give a fairly good
correction [Eq. (4) and Fig. 5].

Instead of building phenomenological scaling laws for
spallation strength from scratch, Eq. (4) offers a much simpler
description using the spinodal boundary, although the relation
of Eq. (4) is purely ad hoc, obtained using our MD simu-
lations. It would remain valid if the sample is shock-melted

1x108

FIG. 5. The strength, density, and temperature at the onset of
spallation can be related to the spinodal boundary. Results from
13 molecular dynamics (MD) simulations with different flyer-plate
thicknesses H and collision velocities v, are presented. Crosses: H =
10.125 nm, v.=5, 6,7, 8,9, and 10 km/s. Squares: H = 20.25 nm, v,
=4,5, 6, and 7 km/s. Circles: H = 40.05 nm, v. = 5, 6, and 7 km/s.
This spallation boundary can be approximated by the spinodal curve
(solid red curve) after a small ad hoc shift in the density axis (dashed
red curve). Panels (a)—(c) show these results in the pressure-density,
pressure-temperature, and temperature-density plots. The binodal
phase boundary is also shown in the temperature-density plot for
reference.

before spallation and that spinodal decomposition remains the
dominant initiating mechanism of voids.

The value for Ap should, of course, change with the exact
condition for spallation if one wants to generalize this ad hoc
law to a broader range of applications. Since Ap reflects the
delayed observation of bubbles relative to the initialization
of spinodal decomposition, it may be a function of strain
rate. When the strain rate varies, the depth of the system
penetrating the unstable region changes accordingly. This
kind of generalization may relax the requirement on strain
rates for the examination in future experiments or numerical
studies.

IV. SUMMARY

In summary, we show with MD simulations that spinodal
decomposition could be the primary initiation mechanism of
spallation at extremely high strain rates. As a successive pro-
cess, the nonlinear evolution of density modulation leads to
void formation. This provides a mechanism of void formation
without having to overcome any energy barrier and thus could
be dominant under high strain rates.

By analyzing our MD simulation results on spallation, we
provide evidence that the voids are initiated in the spinodal
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zone: (1) The pressure and density values for the spalling
layer under the maximum tensile stress have no doubt crossed
the spinodal curve determined from independent equation-
of-state simulations. (2) Density fluctuation shows floclike
patterns as well as spinodal peaks in the static structure fac-
tor S(k) prior to the formation of voids. Also, the spallation
strength for all our simulation cases with different flyer-plate
thicknesses and impact velocities can be collapsed onto a
single curve close to the spinodal boundary, which provides
a better understanding of the behavior of spallation strength
in this high strain-rate limit.

The proposed relation between spallation strength and
spinodal decomposition curve may be further examined in
future experiments.
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