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Abstract. In this paper we present a theoretical study of the shock compression of porous graphite by means of combined Monte
Carlo and molecular dynamics simulations using the LCBOPII potential. The results show that the Hugoniostat methods can be
used with “pole” properties calculated from porous models to reproduce the experimental Hugoniot of pure graphite and diamond
with good accuracy. The computed shock temperatures show a sharp increase for weak shocks which we analyze as the heating
associated with the closure of the initial porosity. After this initial phase, the temperature increases with shock intensity at a rate
comparable to monocrystalline graphite and diamond. These simulations data can be exploited in view to build a full equation of
state for use in hydrodynamic simulations.

1. Introduction

The responses of carbon materials under high pressure and
temperature constraints have motivated a large number of
experimental and theoretical studies in the academic and
applied physics fields [1–9]. However building accurate
equations of state (EOS) remains a very challenging
problem due to a lack of reliable experimental data on
the thermal effects associated to its diverse forms and
transformations: indeed temperature measurements can
be particularly difficult under extreme, highly dynamic
constraints. This difficulty increases in the case of
porous systems due to the differences between the
initial samples used in the reference experiments. For
instance, experimentally shock-compressed graphite can
span porosity rates ranging up to more than 20%, yielding
graphite to diamond (G/D) transition pressures from 18 to
45 GPa. These values lie substantially above the estimated
G/D coexistence line (in the 5–8 GPa range according
to experiments and simulations [2,10,11]), which signs a
possible metastability of shocked graphite in the diamond-
predominant regime (reversely, diamond is well-known
to be metastable in the low temperature/pressure regime,
where graphite is the most stable phase). This effect results
in a wide spread of experimental data in the G/D transition
regime [12–17].

Theoretical studies of the shock compression of
graphite are scarce. Recently, a DFT-based molecular
dynamics study yielded one point of the Hugoniot curve
beyond the G/D transition using the Multi-Scale Shock
Technique [18] (MSST-DFT). Then the full Hugoniot
curve of monocrystalline graphite was calculated [9] using
the LCBOPII empirical potential [19,20], in excellent
agreement with MSST-DFT, but with a large over-
estimation of the G/D transition pressure (G/D).
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In this paper we address the shock compression
of porous graphite using atomistic (Monte Carlo and
molecular dynamics) simulations with the LCBOPII
potential using specifically designed porosity models. We
compare our Hugoniot data to experimental results and
discuss the role of the sample porosity on the resulting
equation of state.

2. Numerical setup
This study is based on a combination of Monte Carlo
(MC) and molecular dynamics (MD) simulations. We
ran the MC simulations with the GIBBS code [21] and
the MD simulations with the STAMP code [22]. The
MC simulations used samples of limited sizes (up to
5.000 atoms) of bulk graphite and diamond with 3D
periodic conditions. The MC Hugoniot curves were
calculated using the SCA method [23,24]. We used MD
to calculate the specific energies of the various porosity
models at 300 K, in the NVT ensemble.

We designed two porosity models for the porous
Hugoniot calculations: a so-called “mosaic” model to treat
the intergranular component of the porosity, and a so-
called “intragranular” model to treat the porosity inside
graphite grains. We chose a pole density of 1.81 g/cm3

corresponding to a 20% porosity: this density is close
to the densities of the experimental samples presented
for comparison. In the mosaic model (Fig. 1-left) the
system consists of a 2 × 2 × 2 stack of graphite cubes
of size 6.1 × 6.0 × 6.0 nm3 with alternating orientations:
the spacing between the cubes is adjusted to obtain the
desired density. In the intragranular model (Fig. 1-right)
a paralleliped cavity of size 7.8 × 7.5 × 7.6 nm3 is cut into
a bulk graphite cube of size 13.6 × 13.2 × 13.3 nm3: the
fraction of removed atoms is adjusted to reach a density
within 0.1% of the mosaic model. These two models may
be considered as characteristic of the different types of
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Figure 1. Structure of the mosaic (left), sc-intragranular (right).
In order to highlight the geometry of the pores, we colored
the atoms according to their coordination: blue for the fully
coordinated graphite atoms (sp2), green for under-coordinated
atoms.

porosity that can be found in a compacted powder (inside
a grain for the intragranular case and between grains for
the mosaic case); however the defect sizes probably lie
at the lower boundary of the actual experimental ranges,
thus maximizing the “porous energy” with respect to real
samples. We obtained specific energies of −56.9 MJ/kg
and −57.8 MJ/kg for the mosaic and intragranular case (to
be compared to a specific energy of −58.6 MJ/kg for bulk
graphite at 300 K).

3. Results and discussion
In Fig. 2 we present the results of the MC hugoniostat
(MC-SCA) calculations for bulk and porous graphite and
diamond with a comparison to a set of experimental
data for graphite powders compacted to 1.76 g/cm3 and
1.88 g/cm3.

The results show that the Hugoniot of bulk graphite
is close to the experimental data for pressures lower
than 20 GPa, whereas the diamond shock pressure is
substantially underestimated on the full range. These
discrepancies are corrected by the use of the properties of
porous graphite at the “pole”: in particular the increment
in shock pressure is sufficient to fill the gap between bulk
diamond and experiments, yielding an excellent agreement
for pressures superior to 40 GPa. This effect is also visible,
although less marked, for porous graphite.

For the temperature EOS, the agreement between the
SESAME data and our calculations for bulk graphite is
excellent. However the impact of porosity on the shock
temperature is substantial and not accounted for in the
EDM3 porous EOS. In particular, a sharp temperature
increase is found for low shock intensities (+700 K for
the intragranular case, +1200 K for the mosaic case)
which may result from the closure of the porosity
induced by the shock: similar trends are found starting
from graphite or diamond. After this initial heating
phase, the shock temperatures increase at distinct, quasi
constant rates for graphite and diamond (∼37.4 K/GPa vs.
∼63.3 K/GPa respectively) reflecting the difference in heat
capacity between the two bulk solids (0.71 kJ/kg/K [26]
vs. 0.52 kJ/kg/K [27] at 300 K). Note that the change in
magnitude of the computed slopes agree qualitatively with
the ones estimated by the bulk EOS (∼12.7 K/GPa vs.
∼42.8 K/GPa).

The hugoniostat simulations of graphite and diamond
show strong metastabilities of the bulk phases (at low
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Figure 2. P(V ) and T (P) Hugoniot diagrams of the bulk and
porous systems calculated from MC simulations. The orange
symbols are for the bulk graphite pole, blue lines for the mosaic
porous pole, red lines for the intragranular porous pole. Full
lines are for graphite simulations and dashed lines for diamond.
The black symbols are a few set of experimental measurements
(the corresponding pole densities are given in the legend). The
corresponding SESAME (bulk graphite, T (P) diagram) and
EDM3 [25] (porous carbon, both diagrams) equations of state are
provided (full and dashed black lines respectively).

and high pressure for diamond and graphite respectively).
Accordingly these simulations fail to reproduce the
intermediate states found experimentally between 20
and 40 GPa, which likely correspond to the transition
of graphite toward diamond. This result is not fully
surprising since i) our samples have limited sizes which
may hinder the nucleation of diamond in shocked
graphite (and reversely), and ii) graphite and diamond are
known to be strongly metastable beyond their respective
thermodynamic domains. This draws a limit to the validity
of the calculated shock temperatures in view to build a full
EOS for shocked carbon, and calls for a new strategy in
order to explore this intermediate regime. Note that the
large dispersion of the experimental data in the 20–40 GPa
range could result from the partial shock-conversion of the
initial graphite to diamond, with a probable influence of
the initial sample density and structural properties on the
G/D transition rate.

The results at low and high pressure can be exploited
in view to construct a partial EOS for shocked porous
graphite, including the temperature which is very difficult
to access experimentally. First a domain of confidence
must be drawn for the pure graphite and diamond phases.
The large number of available shock experiments tells
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Figure 3. Same as Fig. 2: domains of confidence for graphite and
diamond (grey regions) and schematics of potential EOS models
are proposed (green lines).

us that graphite is always preserved for shock pressures
lower than 15 GPa, and diamond is always found above
40 GPa. Therefore we will rely on the LCBOPII Hugoniot
for pure graphite and pure diamond in these two respective
low and high pressure domains, either in the P(V ) or
the T (P) diagrams. Examples of potential equations of
state in the T (P) diagram are given in Fig. 3. Note that
new experimental measurements of the shock temperature
appear necessary to validate the final EOS, in particular
in the low shock intensity regime, where the sharp
temperature increase is predicted.

4. Conclusion
We used MC and MD simulations to unravel the
behaviour and EOS of polycrystalline graphite under shock
compression. In the MC-SCA framework, the complex
structure of the polycrystalline samples was accounted for
by using a pole energy estimated from several model of
porous structures, corresponding the variety of porosity
types in granular materials.

Our results show that a reasonable quantitative
estimation of the porous energy yields shock compression
results in good agreement with the available P(V )
experimental data in the P<15 GPa and P>40 GPa
regimes. The simulations predict a sharp heating in the
low compression regime which may be assigned to the
closure of the porosity. These data can be used to build an
EOS with reasonable confidence in the low compression
and high compression regimes, where respectively
graphite and diamond are experimentally, and unambigu-
ously, known to be the only stable form of shocked
carbon.

Due to the strong metastability of graphite and dia-
mond beyond their respective domains of predominance,
the intermediate regime cannot be investigated using
bulk graphite or diamond as the initial material. We are
currently working on a new procedure using hybrid G/D
samples in the MC-SCA framework: we believe that the
use of pre-nucleated diamond in shocked graphite is a
necessary step to explore this regime with small-scale
atomistic simulations.

Besides, we use large-scale MD simulations to unravel
the shock-compression mechanisms at play in porous
carbon: in particular we investigate the dependance of the

G/D transition threshold on porosity, which may explain
partially the major discrepancy between experimental and
simulation Hugoniot curves.

This work shows that a set of simple but well
designed atomistic simulations can be used to obtain
reliable information on the thermodynamic response of
complex materials. From these data, complete EOS can
be proposed and used for finite element methods, in
a multiscale approach. The key ingredients to a full
model are an accurate potential energy function, a set
of approximate structural models which, taken altogether,
are representative of the complexity of the system, and
experimental data in the full targeted thermodynamic
range.

Further developments, or generalization, of tempera-
ture measurement setups applied to the shock compression
of solids is indispensable in order to validate the thermal
component of the proposed EOS.
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