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A simple and rapid way for computing EOS data of multiphase solids with a liquid phase Is 
described with emphasis on carbon. The method uses a scaling model for the liquid phase and 
includes a provision for electronic effects. The free energy minimum determines the stable phase. 

1. INTRODUCTION PK(V) - 3B0/2 [ -B^ t,3 + (1+23^) n ? / 3 -
Recent work on high carbon content 

explosives showed deviations from experiment ^ 1 + B k ' n J ^ F<i)- (2) 
that could be ascribed to phase changes 1n 
carbon. Carbon 1s also an Important component 
of hot-high pressure reactive mixtures 1n 
planetary atmospheres and mixtures formed 1n 
laser heated 3nd shock compressed organic and 
biological materials. For such reactive 
mixtures, we use a chemical equilibrium theory 
with a statistical mechanical description of 
the gas phase and more empirical forms for 
condensed states. The multiphase carbon EOS 
model described here Is sufficiently accurate, 
yet rapid enough to be used in complex 
equilibrium mixture calculations. 

2. THEORY 
We use a straightforward model for the solid 

and define the liquid properties using a scal
ing model described before. The pressure (P), 
energy (E), and Helmholtz free energy (F) of 
the solid are defined by sums of the form 

*(V.T) - * K(V) + * l p t h(v.T) + * e i t h(V,T) (l) 

consisting of O K, thermal lattice, and elec
tronic contributions. Here, * stands for P, E, 
or F, ana the G1bbs free energy used to deter
mine the phase lines is given by G = F + P V. 

We use a modified Birch equation for P • 

Here 8 Q is the bulk modulus at P=0 and T=0, 
B. =0.75(4-8o), BQ 1S the pressure derivative 
of the bulk modulus, and n cV n t r/V. The factor 

2 -? F *=1 1n compression and =(n + n }/2 
when the material Is 1n expansion, to correct 
for an excessively large curvature for 
graphite when V gets large. 

We integrate P K to obtain E K(V Q) - E R(V). 
The value of E R( V

Q) 1s computed from the 
heat of formation, and a correction to the 
entropy 1s used to yield the proper value at 
one atmosphere and 298 K. The lattice thermal 
effects can be reasonably approximated by the 
Einstein model. The thermal pressures and 
energies are related by (dP1 _ / dE. t - ) v = 
y./V = constant, with subscript 1 = 1 or e 
for tho lattice and electronic terms, respec
tively. The electronic properties are described 

2 by the low temperature form £ .. = 1/2 G T . 
This term is important 1n our calculations for 
diamond since high P and T data (shown below) 
are available where electronic effects are 
Important. 

The thermodynamic properties of the liquid 
remain to be described. For metallic systems, a 
successful form for the liquid heat capacity 
Is C (T) - 3/2 ft a/f1*xt). Here C 
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TABLE I 
input values for the modified GRAY model 
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FIGURE 1 
Theorerical vs. Morgan data 

is the value for the solid, a 1s about 0.1, 
and T = T/T with 7 (V), described by a 
linderoann law. We chose to use the previously 
determined form of the Lindeman constant 
X = Z Y - 2 / 3 and the above for C form. The 
G1bbs free energies of the solid and liquid 
phases then define the melting pressure. The 
Integration constant T - 1s used as a free 
parameter to set the liquid Gibbs free energy 
to the value of the solid at the melting 
temperature. 

The liquid phase near the <jraphUe-diamor.d-
11qu1d trlpple point can be expected to have 

3 2 
both diamond-Uke sp and graphitic sp bonding 
The above model without such mixing exhibits a 
first order transition 1n the liquid phase. 
This 1s avoided by using a mixture free energy 
based on Simple Solution Theory 

(1-x) In (1-x) + A (l-x}x, (3) 

where x (^./[n.+n-]) Is the atom fraction for 
which G, 1s a minimum. The logarithmic terms 
represent an Ideal entropy of mixing and A 1s 
an Interaction energy. 

Symbol Graphite Diamond 

WR (« -53.0315 190.273 
D S 2 9 6 / R (iT 1) 0.4636 .1331 
eE (kit) 1.Z80 1.411 
T0 .35 1.15 
G e/B <K"') 1.156E-06 0.0 

8Q (MDar) 
.24 

0.511 
1.1 
4.397 

B0 5.0 3.65 
T n , 0 UK) 4.538 5.875 
delS„/R (K" 1) 1.15 1.15 
G e l / » (K" 1) 1.156E-06 6.04E-05 
Tel .24 1.1 
ft .1 .1 

3. RESULTS 
The numerical values of the Input constants 

used are given In Table I. The two dimensional 
nature of the graphite lattice results In a 
small a. The selecteC value of a with a 
bulk modulus and derivative that fit Hugoniot 
data yields the agreement with the expansion 
of graphite shown 1n Fig 1. For diamond, 
the selected bulk modulus and Its derivative 
agree with low pressure sound speed data, 
the diamond Hugoniot measured at Los Alamos , 
and theoretical calculations of the 0 K 
curve. Strength effects may play a role in the 
Soviet data, and our computed Hugoniot is 
therefore slightly softer than the one obtained 
from their analysis. Expansion measurements 
for diamond are very limited and we have 
therefore used Its T to match the high P 
shock wave data in Fig 2 

The G of graphite 1s assumed to be the low-
temperature value. Diamond is an Insulator with 

g 
a band gap of 5.5 eV which increases with P. 
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FIGURE ? 
Computed vs. experimental results 

The hexagonal form of diamond and a BC-8 
structure, that becomes stable at 11 Hbar and 
0 K, have band gaps that decrease with P and may 
be as low ss 0.5 eV at 400 GPa. while 1n the 
solid phase we may expect a relatively high 
resistance for cubic diamond, the liquid phase 
could have more high-pressure hexagonal and 
BC-8 structures mix^d together and therefore be 
quite conductive. For the purpose of match-

\uq the above High pressure Hugonlot data we 
have taken the assumption that solid diamond 
remains an Insulator, and that liquid diamond 
Is a conductor. We use the atom in a cell 
model. INFERNO,10 to estimate G ? and y 

The result is the phase diagram in Fig 3. 
There we compare the computed values with the 
graphite-diamond transition determined by 

1? Berman and Simon (dashed) Including their 
extrapolation (double-dashed) to the trlpple 
point, and with the graphite meeting line 
(circles) and the solid transition (dots) 

13 measured by Bundy. We note that the 
graphite-diamond phase transition 1s well 
represented by the model. The graphite part of 
the melting line does not show the shape of 
the measured one, but 1s consistent with a 
recent determination of the melting point, 
at 150 atmospheres. 

In Fig. 1 we show a Hugoniot from a density 
3 

of Z.I Hg/m . Alternatively, the graphite 
sample may be heated. F1g 4 shows hugoniots 
from 1000 and 3000 K samples superimposed on a 
set of Isoterms between 2g8 and 7000 K 
computed with our Chemical equilibrium code. 
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FIGURE 3 
Carbon phase diagram, Exp. vs theory 

FIGURE 4 
The P,p plane for graphite and diamond 



Experiments of that type should give valuable 
Information on melting. 

4. CONCLUSION 
He have described a simple and efficient 

model to compute the EOS of multiphase systems 
that Includes melting. The model describes the 
phase change between graphite and diamond 
well, and Includes a model for mixed phase 
liquids. A theoretical estimate for the 
melting line 1s presented. 
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