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THEORETICAL E@lATIONS OF STATE FOR METALS

G. I, Kerley*
Ma Alanms National Laboratory, La Alamord,NM 87545

ABSTRACT

E@ation of StRte (EOS) calculations for xenon, iron, and
beryllium are described ●nd shown to give good agreanent with shock
wave experiments. The theory includes ~els for both ●olia and
fluid phases, calculation of the melting curve, and effects of
atomic shell structure on tlwrmal ●lectraic contribution- to the
EOS.

DESCRIPTION OP M HODELS

.~e ~“ c~PUtor
codes woro us8d in our calculaticms. Tho PANDA

ccdnputesthe prossu.re,intwnal ●nergy, and Haluholtz free
energy, as functions of dansity and tqratu.ro, for both solid and
fluid phasesI tha nlting line is locatad by matching tha pressures
and Gibbs fro. ●nargios of the tw p ●sos ● a function of tampara -
tu.re. Tho INFERNO codo of Ld.ber=en9 Ocmputos tho thonlul clac-
tronic contributions to the MM, which ●ro input to PANDA,

?he solid EOS consists of thrae term. For ●xamplo, tho
pressure is given by

PJP, T) - pc(P) + Pi@,T) + pJP, T) , (1)

whar~ P and T arc tho damity and temgaratur~, rospectivoly.
the zero Kmlvin isothrm (cold cuM) , which w construct frm ‘d:
thaoratical calculation and ●perkul data. PI, tho latt.ica
vibrational tom, is givm by tho Mbya ti91. P* is t.hothe~l
•lectroni~ ~~, fr~ 1~~, ~is~ssd hl~.

ThQ fluid EOS consists of - tcm. Tho prossuro is written

pf[P,T) = Pn(13,T) + P#,T) . (2)

P incltias contribution frm tha ~round ●lactronic ●tatm and frcnn
& mtion of tho nuclei. TMs tam is ~utti fra hard spharc
perturbation tlmo~, uming t.hoCRIS modal. In this mod-l, the
@n@rqy of ● fluid ●taa in tho oaqo fomad by its naiqhbora is dctar-
minod from tho cold ~ of tho solid. Ther*foro, it is not naccs-
8q to sp9cify tha intiramic potentials or any othor paramet~rs
in order to calculato tha fluid m6. Contrihthns frm th. glgc-

tronic and nuclmr d~roos of fmdm ●r. strwqly oouplodl thcra-
fora, ua do not •o~rato Pn imm a uold ~ and ● thrmal tom ●s
m do for t.h sol~d.
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The INFERNO model of Liberman 2 is used to compute the thermal
electronic contributions to the EOS for both solid and fluid phases.
In this theory, the Dirac equation ir solved to obtain wave func-
tions and thermodynamic properties for
tion of both density and temperature.
theory is that it includes effects due
that are smear d out in simpler models
(TPD) theory. 1

XENON

an average atom, as a func-
m important feature of the
to atomic shell structure,
such as Thomas-Fermi-Dirac

Like all materials, xenon is expected to become metallic at
high densities.

~
ero temperature band theo-.eticalcalculations of

Ross and McMahan predict the energy gap between the filled 5p band
and the empty conduction band to close at a density of 12 g/cc. In
shock wave experiments, where there is thermal electronic excitation,
effects due to this insulator-metal transition can be observed at
lcwer densities.

The thermal electronic pressure calculated using the INFERNO
model is shown in .’ig.1. At densities in the range 2-10 g/cc,

1
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rig. 1. Thermal ●lectronAc prasmre fox
xenon, as ● function of density~ ●t
sovsral temperatures.

narrowing of the band
gap allows increased
electronic excitation
and also results in a
negative contribution
to the pressure. This
result agrees with
Ross’s mode15for the
rare gases.

In this work, the
cold curve was taken
from the band calcula-
tions of

P
ss and

McMahan, shown ~S

circles in Fig. 2.
This result, together
with the CRIS model
and the INFERNO model,
completely define t-e
fluid EOS :priori.
Our predictions of the
?kgoniot ●rt ccaqpred
with ●xperiment W in

Fig. 2. If no mloctronic ●xcitation Lm ●llowed, the calculations
dowimte sharply from experiment at high pressures. When the TFD
model is umed to describe the ●loctronic ●xcitations, the results
ue bettor but still not satisfactory. Calculations ustiq the
~- mdel am in eamellent ●greement with the ●xperimental data.
J3JFERN0prediotm metalliaation to occur ●t about 10 g/cc, in fair
agreement with the band theoretical calculations.
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Fig. 2. Cold curve and Hugoniok for xenon.

Fig. 3. Iron melting curve and Hugoniots
for two initial denaitiom.

IRON

Application of
the theory to iron is
complicated by the
exiotence of several
solid phases. In
this work, we con-
sidered only the
close packed E-phase,
which is stable at
pressures above 13
GPa. The cold curve
was taken from the
static high pressure
experirnen:ald ta of
Mao and Bell.

9

Our theoretical
melting curve for
iron is shown in
Fig. 3. In this cal-
culation, we forced
agreement with the
experimental meiting
point at zsro pres-
sure by subtracting
an empirically-
determined constant
from the frea energy
of the fluid. (Th~s
correction was abou:
4% of the oolid bind-
ing ●nergy.) Calcu-
lated Hugoniots for
two initial $lensities
are also shown in
Fig. 3. Alpha-phase
iron, having ● den-
sity Of 7.85 g/cc, ie
predicted to begin
m91ting ●t about
300 GPa, Ln fair
agreamam with the
value of ,250Gka
obtained

P
8rm~ and

M@uemi. Porous
a-phas~ iron, having
● denmity of 4,0 g/cxt~
is pradiuted to begin
malting at 4!SGPa.



Shock velocity vs. particle velocity curves for iron of various
initial densities are shown in Fig. 4. Agreement between the theory

Fig. 4. Shock ve.l(tcityvs. particle
velocity for iron at several injtial
densities.
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Fig. 5. Hugoniot for pOrouD iron having ●n

good for both solid
and fluid phases over
the entire range,
which extends to
1000 GPa. More
detail can be seen in
Fig. 5, sho i

N,N ::nhock data
an initial density of
4,8 g/cc, In the
calculated Hugoniot,
the mixed phase
region is shown by a
dashed line. Agree=
ment with the experim-
ental data is excel-
lent except at the
lowest pressures, for
which the shocked
state is in the
u-phase.

BERYLLIUM

The cold curve
for beryllium waa
taken from the band
theoretical calcu~f-
tions of Perrot,
shown as circles in
Fig. 6. Tm solid
EOS i~ fairly ●enai-
tive to the form of
the Griineism parema-
ter. We used the
●xprcssion

which agrees with both
thermodynamic data and
?kal~s shock Vqve
meam,remente ‘4 to
within ●xperhnental

initial density of 4.0 9/cc.
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Fig. 6. Cold curve and Hugoniot
for beryllium.

The calculated melting
point at zero pressure is 1545
K, in good agreement with
experiment. The theoretical
melting curve has a small nega-
tive slope over the pressure
range 10-160 GPa, and melting is
predicted to begin at about 90
GPa, under shock loading.

The theoretical Hugo~&:~3is
compared with experiment
in Fig. 6. The mixed phase
region is depicted by a dashed
line. Our theory predicts a
significant softening of the
Hugoniot.due to melting. These
calculations are in very good
agreement with th~3data of
Isbell, et. al., shown by

triangles. New measurements in this high pressure region would be
useful. o
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