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Molecular-dynamics study of melting on the shock Hugoniot of Al
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We investigate the Hugoniot melting point of Al using a molecular-dynamics approach based on an
embedded-atom method. We calculate the Gibbs free energies of the crystalline and liquid phases as a function
of pressure and temperature using the coupling-constant integration method and obtain the melting curve up to
1.6 Mbar, in good agreement with experiments. We also examine the melting properties near zero pressure.
The Hugoniot equation of statéBOS up to 1.8 Mbar is obtained from the Rankine-Hugoniot relation and the
isotherms determined for different temperatures. Comparing the melting curve with the Hugoniot EOS'’s for the
solid and liquid phases, the Hugoniot melting is found to begin at 1.2 Mbar and to end at 1.4 Mbar, consistent
with shock-wave datd.50163-182@9)02301-3

[. INTRODUCTION below the experimental data of 933 K. We extend MD simu-
lations to the pressure regime 1.6 Mbar to determine the
Recently, molecular-dynamicéMD) simulations have melting curve and find the pressure variation of the melting
made it possible to observe directly the dynamical aspect gboint to be well reproduced. Finally, we examine the solid
solid-liquid phase transitions with increasing temperatifre. and liquid Hugoniots, and find the melting to begin at 1.2
Similar studies were also performed for solid-solid phaseMbar and to end at 1.4 Mbar, in good agreement with pre-
transitions under compressidnVith use of the thermody- vious theoretical calculations and shock-Hugoniot data.
namic integration methot,which considers a thermody- Thus, the EAM potential used here is accurate enough to
namically reversible path connecting the real system of indescribe both the static and dynamical properties at very high
terest to a reference system, the temperature and pressyessures and temperatures, with high computational effi-
dependences of the Gibbs free energy for each phase can biency.
calculated from MD simulations. This integration technique, In Sec. Il we describe theoretical methods used for the
which avoids the harmonic-crystal approximation and thecalculations of the Gibbs free energies for the solid and lig-
calculations of the phonon spectrum, has been successfullyid phases and details of molecular-dynamics simulations. In
used to calculate the melting points of Si, Na, andAPFor  Sec. Ill the results of the melting points under pressure and
Al, Mei and Davenport reformulated the embedded-atonthe Hugoniot equation of state are presented and discussions
method(EAM) to study the dynamics of melting and freez- are made. We summarize the results in Sec. IV.
ing with MD simulations? Their calculations, which were
limited to the melting properties near zero pressure, sug-
gested the melting point of 800 K, about 130 K below the Il. THEORETICAL METHOD
measured value. On the other hand, Moriarty and co-workers
calculated directly the melting curve of Al under pressure The internal energy of Al is calculated using the
from the Gibbs free energies of the solid and liquid phdses.embedded-atom metha&AM), which has been successful
Since their theoretical approach does not rely on MD simuin describing the structural properties of various transition
lations, it required a lattice-dynamics model for the phononmetals®® In previous work; the cutoff distance used in cal-
free energy of the solid and a variational fluid theory with aculating the embedding functiof(p) was set to ber
suitable choice of the reference system for the free energy of 1.95r, which lies between the third and fourth neighbors
the liquid. Shock-compression data for Al exhibited theof the fcc crystal at zero pressure. For compressed phases
Hugoniot curve which is very different from the isothermal under pressure, since the nearest-neighbor distance is short-
equation of state. To explain theoretically the Hugoniot melt-ened, the number of neighboring shells depends on pressure.
ing of Al, Moriarty and co-workers extended their general-In our calculations, we employ the same cutoff distange
ized pseudopotential theory to the very high-pressure regime 1.95, and find that this choice of. ensures a proper
and predicted very successfully the melting pressures on thdescription of the binding energy in the fcc environment,
shock Hugoniof. regardless of the number of neighboring shells in the inter-
In this paper, we perform molecular-dynamics simula-action range.
tions to study the dynamics of melting for Al under pressure The Gibbs free energ$(T,P) at temperaturd and pres-
using the embedded-atom method. To carry out isobarisureP is calculated using the coupling-constant integration
molecular-dynamics simulations, we employ a variable-cell-nethod®® In the solid phase of Al, we need to know
shape molecular dynamics that is invariant with respect t&3(Tq,P) at a reference temperatufg and choose the Ein-
simulation cell choicé.We examine the melting properties stein solid with the potentialVs as the reference system.
near zero pressure and estimate the melting point to be 80Phen, from standard thermodynamic relatio®,T,P) for
K, consistent with previous calculationbut about 130 K the solid phase is expressed as

0163-1829/99/5d)/3295)/$15.00 PRB 59 329 ©1999 The American Physical Society



330 JI-WOOK JEONG, IN-HO LEE, AND K. J. CHANG PRB 59

T (Ugam+PV)p 1/ To average of molecular-dynamics simulations at temperature

G(T,P)= —Tf — 1z 4T =3NkgT In — T. For temperatures betwediy andT (=To+ 1000 K), we
To b choose an interval of 50 K and fit the averaged enthalpies to
T 1/ SE4(N) a second-order polynomial to perform the integration. To

T f < 5N > dA+ PV, (1) calculate thex integrations in Eqs(1) and (2), we vary

070 MVo.To gradually the coupling parametarby 0.1 from 0 to 1 and

use a polynomial for fitting. Testing polynomials from
fourth-order to ninth-order, we find similar results.

For the liquid phase, we start from a completely melted
configuration at very high temperature to avoid the super-

ng)é ?QI?:IIDatI: :Eg gﬁ%’:;g?gﬁgtureofotfh'ngi@uzig Ki{ase arqleated state in the simulation of isobaric heating. The statis-
gy quid p ' tical averages of the liquid enthalpy atbtkay—W, in Eq.

|_ntermed|ate n_aference system V.V'th only repulsw_e |_nterac-(2)' which are obtained from MD simulations of isobaric
tions W, was introduced to avoid the possible liquid-gas

— X . : cooling with T,=1100K at zero pressure, are fitted to
phase transitioh.This reference system is obtained by turn- d- and ninth-ord | ol ivelv. which
ing off gradually the attractive part & at constant vol-  oocond-an hinth-order polynomials, respectively, which are
umeVo=V(T,.P), followed by a reveigm)le volume exparn- the same as those used for the solid phase. As the pressure
sion ?c:cessot’o finite voluni/e &, Using the cou Iir? " increases to 1.6 kbar, we increase gradugyip to 5500 K.
b : 9 PING"  The average oP/(pkgTy) in the volume expansion process

constant integration method, the Gibbs free energy of I|qU|c¥S calculated through constant-volume MD simulations,

whereUgpy is the EAM potential ( SEg(N)/ S\ ), is the en-
semble average OfSE((\)/ON with Eg(\) defined as
ANUgam+(1—=N)W, for the coupling constanth (O<\

Al is given by . ) - .
which use a constant matrik formed by{a,b,c} in the
T (UgamtPV(T",P))p 1, Lagrangian formulation, wher&, b, and¢ represent the cell
G(T,P)=-T T T2 dT edges. In this case, we choosedpoints between 0 ang,
0 and use a seventh-order polynomial for fitting, as compared
T 1/ 8E((N) to a fourth-order polynomial in previous wofkHere we
+ T_o fo SN dr+PVo point out that as pressure increases, the poteMtiakug-
\Vo.To gested by Mei and Davenpbiecomes more repulsive and
po dp P gives larger fluctuation errors in MD simulations. Thus, it is
+NkBTf — < — > difficult to determine accurate melting temperatures at high
o P \prksTo o T pressures. Using the potential paramet&ss/6) in W, ,?

which represents weaker repulsive interactions, we are able
Nk T[In(ﬁ n Eln mksTo +1} ?) to reduce fluctuation errors and obtain the melting tempera-
B 2 ’ . .
N 2 2wh tures for pressures 0—1.6 Mbar, which are numerically stable

i for polynomials up to seventh order.
whereE, (1) is expressed asUgay+ (1= MW, . We perform MD simulations for a wide range of tempera-

In our simulations, we use a Notieermostal' to control  yre and pressure and make the isothermal equations of state
the temperature of the ions, which provides the canonicgly, various temperatures. If two of the three variablEs ¥/,
trajectories for the ionic motions. In isobaric molecular- andT) are fixed in theP-V-T diagram, we know the other
dynamics simulations, there have been proposed several iariaple and thereby determine the Hugoniot EOS which sat-
variant forms of variable cell shape dynamic$'*Here we  isfies the Rankine-Hugoniot relation. The solid Hugoniot
use the variable-cell-shape technique that employs an invarpye s obtained for pressures up to 1.5 Mbar, while for the
ant Lagrangian under modular transformations and elimiiqig phase the pressure is increased to 1.8 Mbar. Finally,
nates the_dynamical effects associated with volumgye gre able to predict where the Hugoniot melting occurs, by

fluctuations’ This simulation method has been useful forcomparing the melting curve with the Hugoniot EOS for

studying solid-solid phase transitions under pressure, whichach phase.
require extensive changes in computational cell shape. The

equations of motion for the atomic positions, thermostat, and

cell edges are integrated simultaneously using the fifth-order
predictor-corrector algorithm, with a time step of 84 a.u.

(=2.032 fs). For each simulation run, we first equilibrate the  Our calculated isothermal equations of state at 0 and 300
system for a period of 4000 time steps-8 ps) and use K are plotted up to 1.5 Mbar and compared with experimen-
additional 6000 time steps=(12 ps) to calculate the statisti- tal data in Fig. 1. Since the parameters in the EAM potential
cal average for a particular thermodynamic state andT. used here are determined to reproduce the measured values
For the solid phase at zero pressure, we start from a simpler the cohesive energy, equilibrium lattice constant, and
cubic simulation cell containing 256 atoms with periodic elastic constants at normal pressure, we expect that the equa-
boundary conditions, initially arranged in a fcc latticeTat tion of state at zero temperature is in better agreement with
We use the output configuration of each run as a startinghe measured one, as compared to finite-temperature iso-
system for the next run, and vafy, from 300 to 5000 K as therms. In fact, we find that our equation of state at zero
the external pressure increases from 0 to 1.6 Mbar, so thaémperature well reproduce the experimental isoth€rm,
the melting point for each pressure lies in the integrationwhile the calculated isothermal curve at room temperature is
range. For a given pressure, we calculate the statistical avestightly underestimated by about 3%, particularly, in the re-
age of the enthalpyYgay+PV) in Eq. (1) by taking a time  gion of high pressures. For pressures up to 0.3 Mbar, the two

IIl. RESULTS AND DISCUSSION
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FIG. 1. Isothermal equatlons of state for Al at 300 K. Filled 300 500 200 900 1100
squares represent experimental déRaf. 19 and the dotted and Temperature (K)
solid lines denote the EAM calculations at 0 and 300 K, respec-
tively. FIG. 2. Calculated entropies of the solid and liquid phases for

Al at zero pressure. Filled squares represent experimenta(Reta
isothermal curves at 0 and 300 K are found to be similar taL6).
each other.

We calculate the Gibbs free energies for a wide range ofarger than the measured value, the phonon modes seem to
temperature and pressure. At zero pressure, the Gibbs frée softened, leading to the increase of entropy. In fact, we
energy of solid Al at T;=300K is calculated to be find that the entropies of the solid phase are overestimated by
—3.40 eV/atom, as compared to the measured value adbout 15% and thereby the increase of entropyTl atis
—3.43 eV/atomt® whereas for the liquid phase the Gibbs smaller by about 19%. From the change of entropy, the latent
free energy is found to be-3.87 eV/atom aff;=1100 K.  heat of transformation is estimated to be about 0.08 eV/atom,
By finding the equal Gibbs free energies of the solid andconsistent with previous calculational resifswhile these
liguid phases, we estimate the melting temperatig) (fo  calculated values are slightly smaller than the measured
be 802 K, in good agreement with the previous EAM value of about 0.11 eV/atom. Nevertheless, overall the tem-
results> However, both the calculated values are smaller byperature variations of entropy for both the solid and liquid
about 130 K than the experimentally measured value of 93phases are in good agreement with experiments. Based on
K. In Table I, various thermodynamic quantities at the melt-the melting properties near zero pressure, we estimate an
ing point are summarized and compared with other calculainitial slope of the melting temperature with respect to pres-
tions and experiments. The calculated volume of the solidure, i.e,dP,,/dT,,=0.15 kbar/K, which is obtained from
phase is 121.4 a.u., as compared to the experimentally metiie thermodynamic relation known as the Clausius-
sured value of 120.5 a.u. For the liquid phase, the volume i€lapeyron equatiord P,,,/dT,,=AS,,/AV,,. Here we point
found to be expanded by 7.1 a.u., while the measured valueut that the discrepancy between our calculation and the ex-
is 6.5 a.u. In Fig. 2, the calculated entropies of the solid angberimental values dP,,/dT,,=0.19-0.20 kbar/K) is re-
liguid phases are drawn as a function of temperature at zertected by the accumulated errorsA&§,, andAV,,.
pressure and compared with experiméfitSince the volume We continue to calculate the Gibbs free energies of the
is expanded during phase transition, the liquid phase hasolid and liquid phases so as to construct the melting curve.
softer phonon modes so that the entropy is enhanced. For th#e perform MD simulations for nine different pressures be-
solid phase, since our calculated crystal volume is slightiytween 0 and 1.6 Mbar, keeping the same ninth- and seventh-

TABLE |. The melting properties of Al at zero pressure are compared with other EAM and generalized
pseudopotential theoGPT) calculations and experiments. HeBg,, T,,, AS,,, AV,,, andL denote the
Gibbs free energy, melting point, entropy change, volume change, and latent figat Bite volume of the
solid phase is given by.

Gm T AS, Vs AV, L dP,/dT,,
(eV/atom (K) (kg) (au) (@auv AV,/Vs (eV/iatom (kbar/K)
Present EAM —3.64 802 1.12 121.4 7.1 0.058 0.08 0.15
Other EAM? —3.65 800 1.17 0.08
GPT 1050 0.92 1222 4.2 0.034 0.08 0.20
Expt®? -3.73 933 1.34-1.39 1205 6.5 0.054 0.11 0.19-0.20

%Reference 2.
bReference 6.
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FIG. 3. Calculated melting curve of Al is compared with experi- 0 2000 4000 6000

ments(Ref. 17 and previous theoretical calculatiofiRef. 6. Small
line segments on the cross points represent the sldpeddT,,
determined from the Clausius-Clapeyron equation. FIG. 4. The solid and liquid Hugoniots of Al are plotted to-
gether with the melting curve. The solid and dot-dashed lines rep-
order polynomials for the. andp integrations, respectively, resent our EAM calculations and previous theoretical req&.
in Egs.(1) and(2). From the equal-free energy condition, we 6), respectively. Small line segments on the cross points represent
obtain the melting curve and find the initial pressure variathe slopesdP,,/dT,, determined from the Clausius-Clapeyron
tion of the melting temperaturdP,,/dT,,=0.17 kbar/K to  equation.
be in good agreement with both the calculational results from
the Clausius-Clapeyron equation and experim@htsas  equilibrium assumption and the simplicity of the EAM po-
shown in Fig. 3. In previous calculatiofsyhich employ  tential, the overall agreement with experiments is encourag-
limited information on the structural properties at zero presing. To determine the melting pressures on the shock Hugo-
sure, although the melting point was estimated to be highetiiot, we combine the melting curve and the two Hugoniot
by about 120 K, the variation d?,, with temperature agrees data for the solid and liquid phases, as shown in Fig. 4. We
well with our calculations. Thus, it is encouraging to employfind that the melting begins at about 1.2 Mbar and ends at 1.4
the EAM potential for determining the melting curve for Mbar, which are in the range of experimental measurements
highly compressed phases. To find the melting curve in the.25-1.5 Mbar. Our results for the Hugoniot melting also
high-pressure region, we choose four different pressures, 0.2gree well with other theoretical calculatichsyhich pre-
0.4,0.8, 1.2, and 1.6 Mbar. Combining with the calculationaldicted the pressure range 1.2—1.55 Mbar. In the Hugoniot
results for low pressures below 0.06 Mbar, a parabolic fittingmelting region(see Fig. 4, we note that the liquid Hugoniot
gives the melting curve which is in good agreement withis lower by about 0.1 Mbar than that from shock-wave ex-
previous theoretical calculatiofiss illustrated in Fig. 4. periments, while the solid Hugoniot is nearly the same with
It is known that the Rankine-Hugoniot relation gives athe experimental curve. The discrepancy between the theo-
proper description of nonequilibrium processes such as ex-
plosion and shock compression, while diamond-anvil cells TABLE II. The calculated Hugoniot data for Al. HeRy,, Ty,
for static high-pressure data. To obtain the theoretical shock,,, andv,,sdenote the pressure, temperature, mass density, and
Hugoniot, we assume that the nonequilibrium conditions inmass velocity after shock-wave passage. The shock velocity is
shock-wave experiments are not very far from thermody-given byv goc-
namic equilibrium, so that a particular thermodynamic state

Temperature (K)

is simulated by the molecular-dynamics technique. We per- Py Th PH Ushock Umass
form MD simulations to calculate the isotherm for each pres- (Mbar) (K) (9/co (km/s) (km/g)
sure, vyhere the pressure ranges fr'om O to 1.8 Mbar. Ou(EaIc. 03 705 342 712 159
Hugoniot data up to 0.9 Mbar are given in detail and com- 0.6 1853 3.89 8.44 268
pared with shock compression data in Table Il. The atomic ' ' ' '
densities during the Hugoniot process are found to be larger 0.9 3239 4.22 9.57 3.54
by about 3% than the measured vallidsve note that the Expt2 0.306 3.40 7.45 1.52
temperature determined from the Rankine-Hugoniot relation 0.406 3.54 7.96 1.89
rises to as high as 3200 K at 0.9 Mbar, while experimentally 0.603 3.80 8.81 252
it was suggested to be about 2800KThe shock-wave ve- 0.763 3.08 941 299
locity for each dynamic pressure is found to vary linearly 0.990 4.19 10.17 3.59

with the particle velocity, which was also observed by
shock-wave experiment§.Considering the thermodynamic 2Reference 18.
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retical and experimental liquid Hugoniots may be attributedcalculations. From molecular-dynamics simulations and the

to the fact that the structural information on the liquid state isRankine-Hugoniot relation, we have also calculated the solid
not included in usual fitting procedures. Nevertheless, a gerand liquid Hugoniots of Al and find good agreements with
eral trend for the solid and liquid Hugoniots agrees well withprevious studies. Based on the results for the melting curve
experiments. and the Hugoniot curves, we find that melting on the shock
Hugoniot begins at about 1.2 Mbar and ends at about 1.4

V. CONCLUSIONS Mbar. Our calculational results lead us to conclude that the

EAM potential used here is accurate enough to describe both

We have performed molecular-dynamics simulations tqne static and dynamic properties, with high computational
calculate the melting curve of Al up to 1.6 Mbar using the efficiency.

EAM potential, which is determined from the equal-free en-

ergies between the solid and liquid phases. The calculated
melting properties and the melting curve are in reasonably
good agreement with experiments and previous theoretical This work was supported by the ADD.
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