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a b s t r a c t

Simulations of experiments on shock-induced melting, fragmentation and vaporization in aluminum and
zinc targets are presented. A titanium impactor moves at a velocity of 10.4 km/s and causes melting of
these materials in a shock wave. Under rarefaction the thermodynamic path crosses the liquid–vapor
coexistence boundary and enters into a metastable liquid region. Liquid in a metastable state may
undergo either liquid–vapor phase separation or mechanical fragmentation. Homogeneous nucleation
theory and the mechanical fragmentation criterion of Grady are taken into account to control the kinetics
of these processes in our model. The first effect dominates in the vicinity of the critical point, the second
one – at lower temperatures. Analysis of phase transitions and kinetics of phase separations is performed
using a thermodynamically complete equation of state with stable and metastable states for all materials
under consideration.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The dynamics of impact loading depends basically on material
properties and impact velocity. Effects of shock-induced melting in
metals come into play at impact velocities of the order of 6 km/s.
Partial or full vaporization is possible at higher speeds and thus
higher shock-wave pressures. These phenomena were studied
experimentally and theoretically in Refs. [1–10].

The purpose of this work is to investigate numerically the
dynamics of isentropic expansion of metastable liquid and possible
interplay of mechanical and thermal effects of material decompo-
sition. An impact of titanium plate with a velocity of 10.4 km/s on
aluminum and zinc targets is simulated. To describe media prop-
erties and phase transitions we use semi-empirical thermody-
namically complete multi-phase equation of state (EOS) in a tabular
form for all metals under consideration.

2. Method

2.1. Numerical model

Numerical analysis is performed based on a multi-material
high-order Godunov method in a purely Eulerian form [11,12]. This
approach for modeling of strong shock waves in problems involving
multiple condensed phases was proposed in Ref. [11]. Multiple
phases are modeled by constructing an effective single phase in
which the density, specific energy, and elastic properties are given

by self-consistent averages of the individual phase properties [11].
For the interface reconstruction procedure, which is an essential
step in multi-material Eulerian hydrodynamics, a second-order
volume-of-fluid method is used [13].

2.2. Equation of state

For completeness of the model we apply a semi-empirical multi-
phase EOS accounting for melting and evaporation effects. The free
energy is used as a thermodynamic potential and has a form F(r,
T)¼ Fc(r)þ Fa(r, T)þ Fe(r, T), composed of three terms, which
describe an elastic part of interaction at T¼ 0 K (Fc) as well as
thermal contribution of atoms (Fa) and electrons (Fe). Here, r is the
material density, T is the temperature. Analytical form of F items
has different expressions for the solid and liquid phases [14]. The
tables of pressure and specific internal energy over a density–
temperature mesh are calculated taking into account changes of
these thermodynamic parameters during the solid–liquid, liquid–
gas, and solid–gas phase transitions and possible metastable states
of matter at both positive and negative pressures [15,16].

The EOS used for aluminum, zinc, and titanium satisfy experimental
data on both room-temperature and shock-wave compressions, as well
as on adiabatic expansion for a wide range of densities and tempera-
tures including measured temperatures and phase transition heats at
melting and evaporation points under normal pressure. Calculated
parameters of the critical point (CP) of the liquid–gas phase transition
are as follows: Pcr¼ 0.3988 GPa, Tcr¼ 6.595 kK, rcr¼ 0.6978 g/cm3 for
aluminum; Pcr¼ 0.3560 GPa, Tcr¼ 3.261 kK, rcr¼ 2.342 g/cm3 for zinc;
Pcr¼ 0.4775 GPa, Tcr¼ 8.658 kK, and rcr¼ 1.128 g/cm3 for titanium.
They agree with earlier evaluations [17].
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2.3. Metastable liquid phase treatment

Analysis of isentropic expansion of highly compressed matter can
be performed using the phase diagram of each substance under
consideration. In Fig. 1 we demonstrate several isentropes in
aluminum which cross binodal at different densities. It is known that
the physics involved in an expansion process depends on the position
of the material state in the phase diagram. When the isentrope goes
above the CP the direct atomization occurs on rarefaction (see isen-
trope 1 in Fig. 1). The more complex situation takes place when the
thermodynamic path crosses the liquid–vapor equilibrium curve
(binodal) and penetrates into the metastable liquid region (see Fig. 1,
isentropes 2–4). The lifetime of this metastable state is limited by
increase of instabilities and the substance undergoes either phase
explosion (explosive boiling) with formation of a liquid–gas mixture
or mechanical spallation (cavitation) into liquid droplets. It is known
that the first effect is typically observed in the vicinity of the CP,
whereas the second one dominates in the metastable region at lower
temperatures, where the energy is less or of the order of the evapo-
ration threshold. In our model, when the liquid branch of the binodal
curve is crossed and the matter transits into a metastable liquid state,
we include a particular treatment for each of the following two
competitive effects. The first (i) is the thermal decomposition;
a criterion of the metastable liquid lifetime is used based on the
theory of homogeneous nucleation [18,19]. The second effect (ii) is
the process of mechanical fragmentation; a failure criterion of Grady
is applied [20].

In the first case (i), we estimate the metastable liquid lifetime as

snucl ¼ ðCnVÞ�1�expðW=kBTÞ; (1)

where C¼ 1010 s�1 is the kinetic coefficient [21], n is the concen-
tration, V is the volume under consideration (the volume of
a numerical cell in our case), W¼ 16ps3/DP2 is the work required on
a formation of the critical-size gas bubble in the liquid phase, kB is
the Boltzmann constant, DP is the difference between the saturated
vapor pressure at the same temperature, which are known from

EOS, and the current pressure of substance. The temperature
dependence of the surface tension s is described in the form [18, 19]

s ¼ s0ð1� T=TcrÞ1:25; (2)

Where Tcr is the temperature in CP, and s0 is the surface tension
at the melting temperature; s0¼ 860, 767, and 1400 g/s2 for
aluminum, zinc, and titanium, respectively [22]. When the lifetime
snucl in the volume of interest V is expired, the metastable one-phase
liquid separates into stable two-phase liquid–vapor mixture. This
phase separation process is accompanied by abrupt changes of
thermodynamic parameters such as pressure, temperature, sound
speed, compressibility, heat capacity, etc. (point C2 on isentrope 2 in
Fig. 1). The EOS with metastable phase states is therefore no longer
relevant in this volume, so that we continue to calculate the ther-
modynamic properties by using the EOS without metastable states.

To account for the second effect (ii), a fragmentation criterion of
Grady [20] is used for the liquid phase with the spall strength and
the time to fracture in the form

Pspal ¼
�

6s_3r2c3
�1=3

; (3)

sspal ¼
�

6s=r_32c3
�1=3

; (4)

where _3 is the strain rate, and c is the sound speed. When the pressure
of matter drops below the negative value �Pspal, and the duration of
this event is longer than the time sspal, a criterion of fragmentation is
satisfied, and thus the confluence of the voids occurs and new free
surfaces can appear in the material. To describe this phenomenon
numerically we let a ‘‘destroyed’’ substance shrink back until the
pressure comes to zero value (through the segments C3B3 and C4B4 of
isentropes 3 and 4 in Fig. 1). The difference between old and new
volumes we compensate by introducing a vacuum fraction into
a numerical cell. Both thermal and mechanical criteria described
above are used simultaneously and each of them can prevail in a given
computational cell depending on the substance location on the phase
diagram.

3. Results and discussion

3.1. Aluminum target

A titanium flier of 0.9 mm thickness travels at 10.4 km/s and
interacts with an aluminum target of 1.0 mm thickness. These
initial data correspond to parameters achieved in experiments of
Chhabildas et al. [10]. In Fig. 2 one can see the thermodynamic
path of the aluminum target layer (initially located in the middle
section of the target) after the collision with the projectile. The
fast compression in a shock wave (the time of shock propagation
through the numerical cell is given by t w [10 km/
s]�1�10�2 mm¼ 1 ns) results in melting, when the Hugoniot
curve crosses the melting zone, see the segment AB in Fig. 2.
Then the shock wave moves through the target, reaches the free
surface and reflects as a rarefaction wave. Melted and strongly
compressed material of the target stays in this state until the
leading fan of the rarefaction wave reaches this point. After that
an adiabatic expansion starts and the thermodynamic trajectory
crosses the liquid branch of the binodal (BC path in Fig. 2). From
this moment the lifetime of the metastable liquid is governed by
the kinetics-based criteria described above. It is seen that the
mechanical fragmentation mechanism dominates for the present
thermodynamic path and after fragmentation (turning point C in
Fig. 2) the trajectory relaxes to the zero pressure (CD path in
Fig. 2). This interpretation is confirmed by experimental results
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Fig. 1. Phase diagram of Al. States: g – gas, l – liquid, s – solid, lþ g – liquid–gas
mixture, sþ g – solid–gas mixture, sþ l – melting region, (g) – metastable gas, (l) –
metastable liquid, (s) – metastable solid, (sþ l) – metastable solid–liquid mixture. Solid
lines are the phase boundaries; the critical point (CP), liquid–gas binodal (bn), and
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[9], where the shock threshold for vaporization of aluminum was
determined to be about P w 230 GPa. The shock-induced pressure
(pressure at point B in Fig. 2) in our simulation was observed to
be around P w 210 GPa that is below the threshold value and thus
we should not expect a noticeable vaporization of Al material in
a rarefaction wave.

We also plot the thermodynamic path on the phase diagram for
the middle section of the impactor (Fig. 3). It is seen that adiabatic
expansion of the projectile material ends by mechanical fragmen-
tation (cavitation) of the material in a metastable liquid phase
(point C in Fig. 3). The material then shrinks back until the pressure
is zero (segment CD in Fig. 3).

The fragmentation dynamics in Ti–Al interaction is shown in
Fig. 4 for different time delays after collision. Already by the time of

t¼ 0.2 ms both impactor and target materials are in the liquid state.
Intensive tensile waves pass through the samples resulting in
fragmentation (see the density profile at t¼ 0.5 ms in Fig. 4). Finally,
the debris cloud expansion is accompanied by increasing of the
gaps between the spalls (compare the profiles of t¼ 0.5 and 1 ms in
Fig. 4). Such formation of the plate-like debris of the aluminum
target was previously observed in experiment [9].

3.2. Zinc target

For this simulation a titanium impactor of 0.9 mm thickness
travels at 10.4 km/s and interacts with zinc target of 0.5 mm
thickness. In Fig. 5 one can see the thermodynamic path of the zinc
target after the collision with the projectile. The higher impedance
of zinc with respect to aluminum is the reason why higher pressure
(316 GPa) is achieved on compression in this experiment. Thus, on
rarefaction, the thermodynamic trajectories cross the binodal
closer to CP. In Fig. 5 the adiabatic expansion of zinc (segment BC)
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Fig. 2. Thermodynamic path (dot-dashed line) of the target (Al) during Ti-with-Al
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crosses the binodal in the vicinity of the CP. In this case the thermal
mechanism of homogeneous nucleation prevails over mechanical
fragmentation. Formation of the gas nuclei gives rise to the meta-
stable liquid phase separation on the two-phase liquid–vapor
mixture. This process is accompanied by abrupt increase of pres-
sure from negative to positive value and fast decrease of the sound
speed. Then the zinc target expands as a two-phase mixture
(segment DE in Fig. 5). In the present simulation we do not
distinguish the individual liquid droplets in the liquid–vapor state.
We control only the mean density of the mixture knowing however
the individual thermodynamic properties for each of the
components.

In Ti–Zn interaction the temperature in the impactor after
compression is higher than in the case of Ti–Al. It means that
thermodynamic path under rarefaction penetrates into the meta-
stable liquid region closer to the CP. We observe in this case that
material of the projectile is also partially vaporized (Fig. 6, expan-
sion segment CD). An abrupt jump of temperature in the vicinity of
the liquid spinodal corresponds to the moment of phase explosion
in considered point of the flier.

One can see in Fig. 7, that some layers of the target material are
already turned into the liquid–gas mixture by the time moment
0.5 ms. We see that the target material expansion results in
conversion of the liquid droplets from the liquid–gas region into
a gas fraction. The relative fraction of liquid and gas components
depends on the time instant after the collision. It is seen in Fig. 7
that the impactor debris cloud contains long-lived individual liquid
droplets (the temperature T w 6 kK and density r w 3 g/cm3 which
correspond to the point of intersection of binodal and isentrope)
separated by the liquid–vapor mixture, the mean density of which
decreases in time.

3.3. Comparison with experiment

It has been found that numerical results are quite sensitive to
the mesh size in the regions of unsmooth flow (zones of spallation).
An acceptable convergence of the solution is observed when the
grid cell has size 10 mm. Further refinement results in negligible
introduction of clarity in drops size. The presented results were
obtained on the grid size 10 mm for each cell. Some remarks ought
to be done about comparison with available experimental findings.
In this work we ignore the fact of possible data spread in

experiments caused by the internal structure of prepared samples
such as manufacturing conditions, grain size in a sample, inclusions
of admixture. We expect that these parameters make a negligible
contribution into the entire picture of the process at chosen
velocities of impact. The results of simulation of shock-induced
fragmentation and vaporization were obtained in 1D-geometry and
thus may be used for the interpretation of experiment [10] only on
small time delay after the impact. Previous experimental studies on
shock-induced vaporization of aluminum and zinc [7,8,10]
demonstrate that the kinetics of vaporization are controlled by the
ratio E/Ev, where E is the specific internal energy in a material, Ev is
the specific energy of evaporation. It was found in Ref. [8] that full
vaporization of zinc under rarefaction from the shock pressure
occurs at P w 550 GPa. These pressure values are not achieved in
the present simulation. Nevertheless we observe that partial
evaporation with formation of the liquid–gas mixture upon release
of zinc takes place at shock pressure P w 316 GPa. Further analysis
should be done based on the information of witness plate free
surface response [8,10] to verify the used criteria of spallation and
vaporization.

4. Conclusions

In this study, simulations of shock-induced fragmentation and
vaporization processes were carried out. Analysis of possible
evolution of target and impactor materials is based on application
of semi-empirical multi-phase equation of sates with metastable
states and phase boundaries. The thermodynamic path of
substance through the metastable liquid region is governed by two
competitive mechanisms: homogeneous nucleation and mechan-
ical fragmentation. These time-dependent mechanisms play an
important role in formation of the debris cloud and its properties
upon long-term release. In simulation the liquid–gas balance in the
cloud is sensitive to the parameters of the models of nucleation and
spallation. Experimental findings with a witness plate will be used
for verification and adjustment of these models.
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