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TOPICAL REVIEW — High pressure physics

Unreacted equation of states of typical energetic materials under
static compression: A review”
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The unreacted equation of state (EOS) of energetic materials is an important thermodynamic relationship to char-
acterize their high pressure behaviors and has practical importance. The previous experimental and theoretical works on
the equation of state of several energetic materials including nitromethane, 1,3,5-trinitrohexahydro-1,3,5-triazine (RDX),
1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX), hexanitrostilbene (HNS), hexanitrohexaazaisowurtzitane (HNIW or
CL-20), pentaerythritol tetranitrate (PETN), 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105), triamino-trinitrobenzene
(TATB), 1,1-diamino-2,2-dinitroethene (DADNE or FOX-7), and trinitrotoluene (TNT) are reviewed in this paper. The EOS
determined from hydrostatic and non-hydrostatic compressions are discussed and compared. The theoretical results based
on ab initio calculations are summarized and compared with the experimental data.
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1. Introduction trostilbene (HNS), hexanitrohexaazaisowurtzitane (HNIW or
CL-20), pentaerythritol tetranitrate (PETN), 2,6-diamino-3,5-
dinitropyrazine-1-oxide (LLM-105), triamino-trinitrobenzene
(TATB), 1,1-diamino-2,2-dinitroethene (DADNE or FOX-7),
and trinitrotoluene (TNT) are summarized.

Energetic materials are a class of materials that can re-
lease heat and (or) gaseous products at a high rate upon stim-
ulus by heat, shock, impact, spark, etc. They can be classified
as explosives, propellants, and pyrotechnics and are widely
used for military and constructional purposes.[!! Their accu-
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of state (EOS) in thermodynamics. Then a key parameter

called bulk modulus can be evaluated by combining the P- Fig. 1. Crystal structures of typical energetic materials.
V data with the EOS. Here, the isotherms and bulk moduli .
of several typical energetic materials (see Fig. 1) including 2. Equation of state

nitromethane, 1,3,5-trinitrohexahydro-1,3,5-triazine (RDX), Equation of state is a relationship between state variables

1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX), hexani- in physics and thermodynamics. It can be a constitutive equa-
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tion, describing the relationship between several state func-
tions of the materials, such as pressure P, volume V, temper-
ature 7, and internal energy E. Here we give several typical
formulas of EOS as follows.

Firstly, the bulk modulus at constant temperature is de-

fined by
opP

By assuming the bulk modulus is a linear function of pressure,

then the Murnaghan equation can be derived and written as!!

rw-21(%) ") o

where By is the bulk modulus at zero pressure, B’ is the pres-
sure derivative of By, and V} is the equilibrium volume. Note
that one assumes that B’ is a constant in the Murnaghan equa-
tion and is set to 4.0 in most cases. Thus it is unlikely to
describe the high pressure behavior for the cases where B’
changes with pressure.

In order to remedy the disadvantage, Birch modified the
Murnaghan equation using the finite strain theory and derived

the Birch-Murnaghan equation.[®! A finite strain is defined as

v\ 23
G e

Then the Helmbholtz free energy F can be written as

F=af>+bf3+cft+---. (4)

1
=3

According to the relation between P and F, the 2" and the 3™
Birch—Murnaghan EOS are given as
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Apart from these two mostly used EOS, there are many

other equations, such as the Vinet equation!”! and the Poirier—
Tarantola (PT) logarithmic equation, ¥ which are respectively
defined as

=) =)
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Note that the Vinet EOS is considered to be a more realistic
9,10]

model under large compression. !

3. EOS of several energetic materials

3.1. Nitromethane

Nitromethane is an important prototype explosive. To
date, there have been many studies on the isotherms of ni-
tromethane in both solid and liquid states. Experimentally,
Lysne and Hardesty performed shock compression to obtain
the Hugoniots and isotherms of liquid nitromethane up to
10 GPa.!"!l For solid nitromethane, Cromer and his colleagues
first reported its isotherm in the hydrostatic compression of
0.3-6.0 GPa using single crystal x-ray diffraction (XRD).[!?]
By fitting the P-V curve to the Murnaghan EOS, By and B’
were determined to be 7.0 GPa and 5.7, respectively. Later,
Yanger and Olinger re-determined the isotherm up to 15 GPa
at room temperature using the similar technique.!!3! They used
a model including the shock and particle velocities to fit the
P-V data and obtained By = 10.1 GPa at ambient conditions.
Table 1 summarizes the EOS parameters of solid nitromethane
from both experiments and ab initio calculations.

Recently, Citroni et al.l'*! obtained the isotherm of solid
nitromethane using angle dispersion x-ray diffraction below
27.3 GPa, which approaches its reaction threshold pressure.
The results show that the By and B’ using the Murnaghan EOS
are 8.3+0.2 GPa and 5.9£0.1, respectively, which are in per-
fect agreement with the previous experimental values.!!?! But
when the Vinet EOS is used to evaluate these values, the By
and B’ are 8.3+0.3 GPa and 7.44+0.3, respectively, for the
pressure above 15 GPa.

Theoretically, the structural properties of solid ni-
tromethane under hydrostatic pressure up to 20 GPa have been
investigated using density functional theory (DFT) with PBE
functional by Liu et al.!'> The calculated isotherm agrees well
with the experimental data.['”! The Murnaghan EOS gives
By = 5.37 GPa from the P-V data of 0—6 GPa and 6.37 GPa
from that of 0—15 GPa, which are a little smaller than the ex-
perimental values.[!>!3] They attributed the error to poor de-
scription of vdW interaction by DFT-PBE calculations. Zer-
illi, Hooper, and Kuklja studied the mechanical compressibil-
ity of solid nitromethane using both Hartree—-Fock (HF) and
DFT.['%] The results show that the HF calculations with a 6-
21G basis set and uncorrected for basis set superposition error
(BSSE) give the best agreement with the experimental datal!®!
due to the cancellation of BSSE with dispersion force errors.
Moreover, Mota and Cagin analyzed the energy—volume (E—
V) behavior of solid nitromethane using DFT within PBE
functional.l'”! By fitting these data to the 4" BM EOS, the
calculated By is 9.95 GPa, in agreement with the experimental
value of 10.1 GPa.[!3]
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Fig. 2. Examples of experimental and theoretical isotherms of (a) nitromethane, (b) B-HMX, (c) TATB, and (d) FOX-7.

Table 1. Isothermal EOS parameters for nitromethane using different
methods. RT stands for room temperature.

Method T/K PIGPa EOS By/GPa B

Expt.[1?] RT 0.3-6.0 Murnaghan 7.0 5.7

Expt.[13] RT 0-15 - 10.1 -
Expt.[14 RT 0-27.3 Murr.laghan 8.3+0.2 5.940.1
15-27.3 Vinet 83403 7.440.1

DFLPBE.LS] 0 0-6 Murnaghan 5.37 -

0-15 Murnaghan  6.37 -

Calc.l!7! 0 0-3.0 4h BM 9.95 -

DFT-PBE.!'8! M h 8.0 -

5 0 V/Wp=07-10 UTAEED
PW91-D.[18] Murnaghan 12.9 -
B3LYP-D.ZII o - - 14.6 8.1

Interestingly, Conroy et al. reported the EOS of solid ni-
tromethane under both hydrostatic and uniaxial compression
using DFT with and without empirical van der Waals (vdW)
correction.!'®! The results show that the error of the lattice con-
stants for standard DFT is 2%—6%, but reduces to less than
1% after vdW correction. For the P-V curve, DFT with vdW
correction agrees well with more recent experimental data!!*!
under low pressure, while the standard DFT agrees well un-
der high pressure (see Fig. 2(a)). It has been confirmed by
subsequential calculation by Sorescu and Rice.[!'”! Using the
Murnaghan EOS, the calculated By is 8.0 GPa for standard
DFT and 12.9 GPa for DFT with vdW correction. They are

in reasonable agreement with the experimental values ranging

from 7.0 GPa to 10.1 GPa.l'>!4] Under uniaxial compression,
they observed the anisotropic behavior in shear stresses and
predicted that the (001) direction has the greater sensitivity
due to greater shear stress, which is consistent with Dick’s

1.1201 Recently, Slough and Perger calculated the bulk

mode
modulus of solid nitromethane from the elastic constants by
DFT-D method.?!! The calculated value is 14.6 GPa using the
6-311G(d,p) basis set, moderately higher than the experimen-

tal values of 7.0~10.1 GPa.l12-14]

3.2. HMX

1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX) is
Under the ambi-
ent conditions, there are three polymorphs (o, 3, and J),
and the most stable phase is the S-HMX. Table 2 summa-
rizes the EOS parameters of HMX from both experiments

one of the most widely used explosives.

and ab initio calculations. In 1999, Yoo and Cynn??! first
studied the high-pressure behavior by determining the P-V
relation of B-HMX using angle-resolved synchrotron XRD
under quasi-hydrostatic conditions up to 45 GPa and non-
hydrostatic conditions up to 10 GPa. Their results revealed
that the high-pressure behavior of B-HMX strongly depends
on the stress conditions. Under hydrostatic conditions, they
obtained By = 12.4 GPa and B’ = 10.4 by fitting the P-V data
using the 3" BM equation in the pressure range of 0—27 GPa.
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Note that they suggested that there may be a phase transition
with an abrupt volume change of 4% at 27 GPa. But un-
der non-hydrostatic conditions, the chemical reactions occur
above 10 GPa. Thus, By and B’ in the pressure range of 0—
10 GPa are 14.4 GPa and 13.3, respectively. This means that
B-HMX is more compressible under hydrostatic conditions
than that under non-hydrostatic conditions. They attributed
it to chemical reactions occurring under non-hydrostatic con-
ditions. Besides, the static isotherm is in good agreement with
the shock Hugoniot, suggesting little temperature effect on the
P-V relation.

Later, Gump and Peiris reported the temperature effect

on the P-V data of B-HMX under both hydrostatic and non-
hydrostatic compressions.!?*! The By and B’ were calculated
by fitting the P-V relation using the 3™ BM EOS. Under hy-
drostatics compression, the By decreases from 21.04+1.02 GPa
to 13.5+0.56 GPa as the temperature increases from 303 K to
413 K, which means that the compressibility of f-HMX in-
creases with increasing temperature. However, the By was cal-
culated to be 14.8+0.56 GPa under non-hydrostatic compres-
sion at 303 K. Note that the B decreases from 21.0+1.02 GPa
for the hydrostatic case to 14.8+£0.56 GPa for the non-
hydrostatic situation. This trend is consistent with the previous

result by Yoo and Cynn.[??!

Table 2. Isothermal EOS parameters for HMX using different methods. NH stands for non-hydrostatic.

Form Method T/K P/GPa EOS Bo/GPa B
BHMX Expt, 2 273 0-45 3 BM 124 10.4
’ 273 0-10 (NH) 3" BM 14.4 13.3
303 0-5.8 (NH) 3" BM 14.8+0.56 20.7+1.73
B-HMX Expt 303 0-5.8 34 BM 21.041.02 7.454+0.95
373 0-5.8 3" BM 14.1£0.82 11.6£1.41
413 0-5.8 3" BM 13.540.56 9.040.85
B-HMX PBE.[26:27] 0 V/Vo=0.7-1.0 34 BM 9.8 9.1
HE.[28] 0 - 18.4 -
-HMX 13 =0.92-1.02
p HE.[29] 300 V/Vo)' 7 =0.92-1.0 - 142
BCHMX MD. 1301 5 - - 10.95 -
273 - - 6.1 -
B-HMX LDA.33I 0 0-40 Murnaghan 6.18 10.44
B-HMX GGA.[33 0 0-40 Murnaghan 21.1 10.34
B-HMX LDA.B! 0 0-30 Murnaghan 13.07 -
B-HMX PBE. 3! 0 0-40 4t pT 12.5 9.9
B-HMX vdW-DE.[*] 0 - Murnaghan 15.82 8.06
a-HMX vdW-DE.[*] 0 - Murnaghan 14.91 7.39

Compared with the small amount of experimental works,
there have been many more theoretical simulations to study the
high-pressure behavior of HMX crystal. Byrd and Rice ob-
tained the structural properties of S-HMX under hydrostatic
pressure of 0—7.47 GPa using DFT within PW91, PBE, and
LDA functionals.!** They pointed out that LDA underesti-
mates the cell volume, while both PW91 and PBE overesti-
mate it in the calculated pressure range compared to the exper-
iment values.!?>] However, the difference between LDA and
GGA diminishes as the pressure increases. In particular, the
volumes obtained by PW91 and PBE approach the experimen-
tal values at pressure higher than 67 GPa, and converge to the
same value as the pressure increases. The error of the cell vol-
ume, especially at low pressure, comes from the mistreatment
of the vdW interaction, and one should be cautious when LDA
and GGA are employed to interpret the calculated results.

Conroy and his colleagues studied the constitutive rela-
tionships of B-HMX under compression up to V /Vy = 0.7 us-
ing DFT with PBE functional.[?%2”! Their results show that

the isothermal EOS is in reasonable agreement with the ex-

perimental values.!*?! By using the 3" BM EOS, the By is
9.8 GPa, consistent with the experimental values of 12.4—
21.0 GPa.!?>231 Under non-hydrostatic compression, a corre-
lation between shear stresses and sensitivity was built by com-
paring the uniaxial compression data with the experimental
information on the anisotropy in sensitivity to shock-induced
detonation for PETN-I. The more sensitive the direction is,
the greater the shear stresses are. Thus, they predicted that
the anisotropy effect>’] may lead to anisotropy of the elastic—
plastic shock transition and (110) and (010) directions may be
more sensitive to initiation for S-HMX.[?°!

Zerilli and Kuklja simulated the compression curve for
B-HMX under the compression of (V /Vp)'/3 = 0.92-1.02 us-
ing HF approximation.[?® The results show that the isotherm
also coincides well with the experimental curve.l?>?3] They
evaluated the bulk modulus using the usual thermodynamics
relation and obtained By = 18.4 GPa, in agreement with the
experimental values of 12.4-21.0 GPa.[>>?3] Later, they stud-
ied the effect of temperature on the EOS of 3-HMX under hy-

drostatic pressures of 0—10 GPa and at the temperatures of 0—
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400 K using first-principles calculations coupled with thermal

[291 The calculated isother-

vibrational energy to free energy.
mal EOS at 300 K agrees well with the experimental P-V
datal>>?31 (see Fig. 2(b)). They also found that the isother-
mal bulk modulus is relatively insensitive to the temperature
change at constant volume, but sensitive to the temperature at
constant pressure. The calculated By is 14.2 GPa at 300 K and
ambient pressure, in agreement with the experimental values
ranging from 12.4 GPa to 21 GPa at ambient conditions.?>%3]

Xiao’s group performed DFT calculations to study the
isotherm for solid bicyco-HMX (BCHMX) under hydrostatic
pressure of 0-400 Ga.l3%] Their DFT results show that the
compressibility is anisotropic: the structure along the a and
b directions is much stiffer than that along the ¢ direction due
to larger compression in the ¢ axis than that in the a and b axes.
Besides, they also performed classical molecular dynamics to
study the effects of temperature on isotherm for BCHMX in
the temperature range of 5-400 K.[*°1 The bulk modulus can
be obtained from the Lame coefficient (A and p) according
to By = A +2u/3, where A = Cjp and u = (C1; — C12)/2.
The results show that the By decreases from 10.95 GPa to
3.8 GPa as the temperature increases from 5 K to 400 K,
which means that the compressibility of BCHMX increases
as the temperature increases. Later, they investigated the pres-
sure effect on the structural properties of f-HMX under hy-
drostatic pressure of 0—100 GPa using DFT calculations. *!]
LDA (PW91) underestimated (overestimated) the lattice con-

22.23] consistent with their

stants compared with experiments, !
previous works.[3?] But the difference between the lattice con-
stants by LDA and those by PW91 gradually decreases as the
pressures increase. Thus they pointed out that DFT can well
describe the intermolecular interactions in HMX under high
pressure. Moreover, they also found that the compressibil-
ity of HMX is anisotropic, in agreement with experimental
reports!?>231 and theoretical finding.!**! By fitting the P-V
data to the Murnaghan EOS below 30 GPa, the By from the
LDA calculation is 13.07 GPa, close to the experimental value
of 12.4 GPa.!??!

Lu and his colleagues simulated the structural properties
of B-HMX up to 40 GPa with DFT within LDA and GGA.[*3
The P-V relation was obtained and showed that the volume
compression V /Vy = 56.1% for GGA and 66.2% for LDA up
to 40 GPa. Both of the P-V curves reproduce roughly the
trend of experimental observation. The calculated bulk mod-
uli by LDA and GGA are 6.18 GPa and 21.1 GPa, respectively,
by fitting the Murnaghan EOS. Later, Lian et al. studied the
high pressure behavior of f-HMX up to 40 GPa with DFT
within LDA.[**! They pointed out that LDA underestimates

the cell volume by 8.78%, in agreement with the previous
theoretical work.3?! In addition, the calculated EOS reveals
the same trend as the results from Monte Carlo simulation. 3!
Moreover, Cui and his colleagues obtained the bulk modulus
of solid B-HMX under high pressure of 0—40 GPa using first-
principles calculation.*%37] The trend of the PV curve was
roughly consistent with that observed in experiments[?>?3! and
other simulations.3>! The calculated By is 12.5 GPa by fitting
the 4™ PT EOS, 3! in good agreement with the experiment data
of 12.4-21.0 GPa at ambient conditions.?>23]

Chen et al. simulated the EOS of §-HMX by DFT cal-
culation and compared with that of B-HMX.38 They showed
the E-V and P-V curves. The results show that the calcu-
lated elastic constants and P-V data of f-HMX are compared
with the experimental values.?>?3! According to the BM EOS,
the By for B-HMX is 11.7 GPa, in agreement with the exper-
imental value (12.4 GPa).!??! The By of 14.7 GPa was pre-
dicted for 6-HMX. Furthermore, Long and Chen built a phys-
ical model to describe the phonon density of state for HMX to
calculate the thermodynamic properties including bulk modu-
lus and Hugoniot curve.?*! The results are in good agreement
with available experiments!>2234%] at low pressure. The Mur-
naghan EOS gives By = 14.9 GPa for a-HMX and 15.8 GPa
for B-HMX.

Recently, Peng er al. studied the EOS of B-HMX
under hydrostatic pressures up to 100 GPa using DFT-D2
method which includes an empirical vdW correction.*!! The
results show that DFT-D2 could reproduce the hydrostatic-
compression experimental data,?>?3! in agreement with the
previous calculation by Sorescu and Rice.['”) Hence the vdW
interaction is critically important in modeling the mechanical
properties of B-HMX.

3.3. RDX

1,3,5-trinitrohexahydro-1,3,5-triazine (RDX) is also one
of the commonly used explosives. The isotherms of «-
RDX and y-RDX have been explored using XRD and neutron
diffraction up to 8 GPa by Oswald et al.!*?! The bulk moduli
are 10.0 GPa for a-RDX and 8.73 GPa for y-RDX.

Theoretically, Zhao et al. reported the isotherm of RDX
crystal under hydrostatic pressure of 0-3.65 GPa using DFT
within GGA.!*3! The calculated trend of the P-V relation
is in agreement with the experiments.[>>) Using the Mur-
naghan EOS, they obtained By = 8.04 GPa, which is only
2/3 of the experimental value of 12.61 GPa,/?! indicating that
GGA underestimates the stiffness of the RDX crystal. Later,
Byrd and Rice calculated the structural properties of RDX
under hydrostatic pressure of 0-3.95 GPa using DFT within
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PW91, PBE, and LDA functional.[*?*] The results are simi-
lar to that for B-HMX. Moreover, Conroy et al. studied the
anisotropic constitutive relationships of a-RDX using first-
principles calculation.**! They found that the error for the

equilibrium properties is within 2%—-3% compared with the

experimental values. The calculated By for a-RDX is 10.1
GPa, consistent with the experimental data of 12.61 GPa. (23]
Besides, the data from uniaxial compression indicate that the
anisotropy of structural and electronic properties may play a

role for a.-RDX under shock loading.

Table 3. Isothermal EOS parameters for RDX using different methods.

Form Method T/K P/GPa EOS By/GPa B
a-RDX Expt.[#! 273 0-4.0 3" BM 10.0 11.3
y-RDX Expt.[42] 273 0-8.0 3" BM 8.73 11.26
a-RDX PW91.1431 0 0-3.65 Murnaghan 8.04 7.97
a-RDX PBE.[%4 0 V Vo =0.7-1.0 34 BM 10.1 8.4

Vinet 10.3 7.9
a-RDX DFT-D.#] 0 0-5 3" BM 15.54 6.46
y-RDX DFT-D.[#! 0 0-5 34 BM 9.17 12.63
£-RDX DFT-D.[#] 0 0-5 3" BM 10.63 12.32

Recently, DFT-D method has been used to calculate the
EOS of RDX crystals by Hunter et al.!*3 The calculated EOS
of a-RDX, B-RDX, and &-RDX are in excellent agreement
with the experiment data.[#>40] It agrees with the previous cal-
culation on RDX by Sorescu and Rice.['”! The 3™ BM EOS
from the data of DFT-D calculations gives By = 15.54 GPa
for a-RDX, 9.67 GPa for B-RDX, and 10.63 GPa for y-RDX,
which are in good agreement with the previous experimental
values of 10.10 GPa for ¢-RDX,#?! 9.50 GPa for 3-RDX, [#?]
and 10.34 GPa for y-RDX. 4] Thus, the DFT-D model is able
to describe accurately the vdW interaction of RDX. The EOS
parameters of RDX are summarized in Table 3 for both exper-

iments and ab initio calculations.

3.4. LLM-105
2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105) is a

new kind of energetic material, which has performance and
insensitivity between those of HMX and TATB. In experi-
ments, Gump and his colleagues investigated the isothermal
EOS of LLM-105 in the pressure range of 0-5.4 GPa at room
temperature and 100 °C using synchrotron angle-dispersive
XRD experiments.[*’ No phase transition of LLM-105 was
observed under hydrostatic compression up to 5.4 GPa at room
temperature. They pointed out that the diffraction peaks return
to those of the original ambient pressure after the pressure is
released, suggesting that it is a reversible compression pro-
cess. Meanwhile, the b axis is more compressible than the a
and ¢ axes. By fitting the 3" BM EOS at ambient temperature,
the By and B’ are 11.194:0.02 GPa and 18.5440.04, respec-
tively. The EOS parameters of LLM-105 are summarized in
Table 4 for both experiments and ab initio calculations. Be-
sides, the behavior of LLM-105 at 100 °C is similar to that at
ambient temperature. The 4" BM EOS fit to the P-V data at

100 °C yields By = 6.37 +0.05 GPa and B’ = 9.3 +0.3, which
are smaller than those at ambient temperature. This implies
that the compressibility of LLM-105 increases with temper-
ature, whose trend is identical to that of e-CL-20.18! Later,
they obtained the isothermal EOS of LLM-105 at 180 °C in
the pressure range of 0-5.4 GPa using the same method, !
compared to that at ambient temperature and 100 °C. The
isotherm and bulk modulus at ambient temperature and 100 °C
are the same as their previous experimental results.[*’! Then
they used the Vinet EOS to fit the P-V data and obtained
By = 12.5240.01 GPa and B’ = 12.94+0.02 at ambient tem-
perature, By = 5.33 =0.005 GPa and B’ = 18.78 £0.02 at
100 °C. Furthermore, they pointed out that no evidence is ob-
served for phase transition up to 5 GPa at 180 °C and the b axis
is still the most compressible direction among the three axes.
The By and B’ were calculated to be 0.74+0.01 GPa and B’ =
233 £29 from the 3™ BM EOS, but By = 2.97 4-0.003 GPa
and B’ = 25.36 +0.02 from the Vinet EOS. The value of B’
from the BM EOS significantly deviates from that from the
Vinet EOS fit and the larger error is in line with the previ-
ous report, ! which shows that the Vinet EOS is more accu-
rate at higher compression and for highly compressible mate-
rials. Therefore, LLM-105 becomes more compressible with

the temperature increasing.

Table 4. Isothermal EOS parameters for LLM-105 using different
methods.

Method T/K PI/GPa  EOS By/GPa B
Expt.[47] 273 0-54 39BM  11.1940.02 18.54+0.04
373 054 4"BM  6.3740.05 9.3+0.3
Expt.[4] 273  0-54  Vinet  12.5240.01  12.940.02
373 0-54  Vinet 5.33+0.005 18.7840.02
453  0-54 39BM  0.74+0.01 233429
453  0-54  Vinet 2.9740.003 25.36+0.02
DFT-D2.5Y 0o 0-6 3YBM 174+14 7.941.3
0 045 39BM 192402 7.240.1
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Theoretically, Wu and her colleagues obtained the
isothermal EOS for LLM-105 in the pressure range of 0-
50 GPa by first-principles calculations.>°! They observed four
structural transformations at 8 GPa, 17 GPa, 25 GPa, and
42 GPa, respectively. The results show that the compressibil-
ity in the b axis is significantly greater than those in the a and
c axes, in qualitative agreement with the previous results of
0-5.4 GPa.[* Recently, Manaa et al. simulated the isotherm
of LLM-105 up to 6 GPa by DFT-D2 method."!! The cal-
culated EOS agrees well with the experimental data.!*’! Fit-
ting the 3@ BM EOS yields By = 17.4+ 1.4 GPa and B' =
7.9 4+ 1.3 for the P-V data up to 6 GPa, but Bj=19.240.2 GPa
and B’ = 7.240.1 for the entire P-V data up to 45 GPa.
These are somehow higher than the experimental values of
Bp=14.6%1.6 GPa by refitting the P-V data in the experimen-
tal pressure range of 0—5.4 GPa using the 3" BM EOS.

3.5. CL-20

Hexanitrohexaazaisowurtzitane (HNIW or CL-20) is cur-
rently the densest and strongest energetic organic compound
that has practical use. So far, four polymorphs (&, B, 7,
and €) have been observed under ambient conditions and the
most stable form is the B phase. Gump et al. have investi-
gated the EOS of e-CL-20 using synchrotron angle-dispersive
XRD experiments at room temperature in the pressure range
up to 6.3 GPa under both hydrostatic and non-hydrostatic load-
ing conditions.>?! No phase transition was observed within

the experimental pressure range for both hydrostatic and non-

hydrostatic conditions. They found that the peak positions re-
turn to the original ambient pressure positions, meaning a re-
versible compression process. Fitting the 3 BM EOS yields
By =34.340.62 GPa and B’ = 3.57 4-0.31 for the hydrostatic
condition; Byp=27.24+0.22 GPa and B’ = 3.12 +0.14 for the
non-hydrostatic case. Later, they also investigated the temper-
ature effect on the isothermal EOS of €-CL-20 using the same
method in the pressure range of 0-5 GPa and at temperatures
below 175 °C.[48331 A ey phase transition was observed at
ambient pressure and 125 °C.[>3! The P-V data show the b axis
is more compressible than the a and ¢ axes. The 3" BM EOS
fitting for the hydrostatic condition yields By = 13.6 2.0 GPa
and B’ = 11.7 4-3.2 at ambient temperature. Recent theoretical
resultsP showed By = 15.58 GPa and B’ = 9.37, which are
in reasonable agreement with experiments. However, these
values at 75 °C change to 11.0+1.3 GPa and 14.0+2.7, re-
spectively. This reduction of By implies that heating to 75 °C
increases the compressibility of £-CL-20.

Theoretically, Xu et al.®>) simulated the hydrostatic pres-
sure behavior for €-CL-20 using DFT within PBE functional.
The results show that the compressibility is anisotropic both
at low and high pressures and the b axis is most compressible
among the three axes. Meanwhile, Byrd and Rice calculated
the structural properties of £-CL-20 under hydrostatic pres-
sure of 0-2.5 GPa using DFT within PW91, PBE, and LDA
functional.”?*) The results are similar to that for B-HMX dis-
cussed above. The EOS parameters of CL-20 are summarized

in Table 5 for both experiments and ab initio calculations.

Table 5. Isothermal EOS parameters for CL-20, HNS, and TNT using different methods. NH stands for non-hydrostatic.

Form Method T/K P/GPa EOS By/GPa B
£-CL-20 Expt.?] 273 0-6.3 3" BM 34.340.63 3.57+0.31
273 0-6.3 (NH) 3" BM 27.240.22 3.13+0.14
£-CL-20 Expt.[48:33] 273 0-5.75 34 BM 13.6+2.0 11.743.2
348 0-5.1 3" BM 11.0£1.3 14.042.7
HNS Expt.[56:71 273 0-5.4 34 BM 11.2+0.66 6.240.69
TNT Expt.[>] 273 0-10 Murnaghan 9.6-10.8 6.6-8.2
Vinet 7.2-8.8 9.5-12.1
. Murnaghan 12.84+1.4 7.1+£0.8
0-10 (N medium) Vinit 9.0+1.3 11.6+1.2
0-10 (NH) Murnaghan 7.3+0.5 9.6+0.4
Vinet 7.1+0.5 12.0£0.5

3.6. HNS

Hexanitrostilbene (HNS) is a highly insensitive energetic
material. Experimentally, Gump et al. determined the EOS of
HNS at room temperature in the pressure range of 0-5.4 GPa
using angle-dispersive XRD.5%7] The results show that the a
and b axes are more compressible than the ¢ axis and it is also a
reversible compression process similar to that of LLM-105.47]

The calculated By and B’ are 11.2£0.66 GPa and 6.240.69,

respectively, using the 3™ BM EOS at ambient condition. We
summarize the EOS parameters of HNS in Table 5 for both
experiments and ab initio calculations.

Theoretically, Zhu et al. simulated the structural prop-
erties of HNS under hydrostatic pressure of 0-80 GPa using
DFT within LDA. %8 Their calculations show that the a axis is
the most compressible of all three axes, while the b and ¢ axes

remain essentially unchanged with pressure. This means that
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the compressibility of HNS is anisotropic. The isotherm was
also calculated and it was shown that the volume compression
is 50% up to 57 GPa.

3.7. TNT

Trinitrotoluene (TNT) is the first commercially used ex-
plosive material. Three non-hydrostatic isothermal compres-
sion experiments have been performed for TNT up to 10 GPa
at room temperature by Bowden and his colleagues.>*! They
obtained zero-pressure isothermal By and Bj, by fitting Mur-
naghan and Vinet EOS. According to the data set and fitting
form used, the By ranges between 7.1 GPa and 10.8 GPa for
the non-hydrostatic data (Table 5). It is noteworthy that the
non-hydrostatic data are softer than the hydrostatic compres-
sion curves. Furthermore, the structural change of TNT is
anisotropic under compression, that is, the ¢ axis is most sen-
sitive to compression while the a and b axes are identically
sensitive. Most importantly, they ruled out the low phase tran-
sition near 2 GPa. DFT-D including vdW correction may show
reasonable isotherm of TNT compared with the experimental
data.[!%]

3.8. TATB

Triamino-trinitrobenzene (TATB) is one of the insensi-
tive and more widely used explosive materials. Olinger and
Cady first reported the EOS of TATB in 1976.[01 Recently,
the isothermal EOS of TATB has been measured by Stevens et
al. at room temperature in the pressure below 13 GPa.!°!! The
results show that all reported isotherms are consistent to ap-
proximately 2 GPa, but their experimental values are slightly
stiffer than those reported by Olinger and Candy.!%°! They
used three EOS including Murnaghan, Birch—-Murnaghan, and
Vinet forms to determine By and B’ for TATB. Up to 8 GPa,
the average results for By and B’ are 14.7 GPa and 10.1, re-
spectively.

Theoretically, Byrd and Rice calculated the structural
properties of TATB under hydrostatic pressure of 0-7.0 GPa
using DFT within PW91, PBE, and LDA functional.’**! The
results are similar to those for B-HMX discussed above. Liu
and his colleagues!®?! studied the PV curves under hydro-
static pressure up to 10 GPa using DFT with LDA and GGA.
They also found that the P-V curves by LDA are in better
agreement with the experimental data than those by GGA.

Due to the important role of the vdW interaction for
TATB, the hydrostatic and uniaxial compression of TATB have
been studied using DFT with empirical vdW correction. (3]
The hydrostatic EOS for V/Vy of 0.7-1.0 is in good agree-
ment with the available experimental data.!%!! They fitted the
P-V data below 8 GPa to the 3¥ BM EOS to determine
Bo = 18.7 GPa, which is close to the experimental value of
13.6 GPa.!6!!

Recently, Fedorov and Zhuravlev investigated the hydro-
static pressure effects on the structural properties of TATB
below 40 GPa using DFT with empirical and nonlocal vdW
correction.[®*! The isothermal EOS calculated from these
methods are in good agreement with experiments.[%!! The 3™
BM EOS yields By = 13.63 GPa for DFT-D2, 13.84 GPa for
DFT-D3, 20.95 GPa for vdW-DF2, and 14.78 GPa for vdW-
DF2-C09, in good agreement with the previous experimental
values of 13.6-17.1 GPa.[®!]

Xiao’s group simulated the room-temperature isotherm
in the pressure range of 0—100 GPa using ab initio molecu-
lar dynamics with and without vdW correction.!®! Their re-
sults show that the isothermal P-V curve by DFT-D agrees
well with the experimental results®!! (see Fig. 2(c)), whereas
that by DFT either underestimates or overestimates the exper-
imental results evidently. Moreover, the DFT-D results show
that TATB is chemically stable in the entire pressure range in-
vestigated, in agreement with the experiments. But DFT mis-
estimates that TATB decomposes at 50 GPa and polymerizes
at 100 GPa. In other words, the vdW correction is necessary
and important when the structure of TATB is studied. The
EOS parameters of TATB are summarized in Table 6 for both

experiments and ab initio calculations.

Table 6. Isothermal EOS parameters for TATB using different methods.

Method T/K PIGPa EOS By/GPa B
Expt.[01] 273 0-8 Murnaghan 15.740.9 8.040.5
Vinet  14.7+0.8 10.0+0.6
3{MBM  13.6+0.6 12.440.3
0-13 Murnaghan 18.9£0.5 5.9+£0.5
Vinet  17.5+0.6 7.6+0.6
34BM  17.1+£0.3 8.1+1.4
PBE.[63] 0 V/Vo=07-1.0 39BM 18.7 7.9
DFT-D2.[04] 0 0-40 34 BM 13.63 11.65
Vinet 15.14 9.16
DFT-D3.164] 0 040 3" BM 13.84 8.68
Vinet 14.33 7.94
vdW-DF2.[64] 0 0-40 34 BM 20.95 7.31
Vinet 21.02 7.20
vdW-DF2-C09.1041 0 0-40 34 BM 14.78 9.49
Vinet 15.58 8.32
3.9. PETN

Pentaerythritol tetranitrate (PETN) is known as one of
most powerful high explosives. Olinger, Halleck, and Cady
measured the isothermal compression of PETN up to 10 GPa
using XRD technique.®0! They also calculated the shock com-
pression Hugoniot curve from the isothermal compression.
The bulk modulus according to the shock velocity was eval-
uated to be 8.3 GPa. The EOS parameters of PETN are sum-
marized in Table 7 for both experiments and ab initio calcula-

tions.
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Table 7. Isothermal EOS parameters for PETN and FOX-7 using different methods.

Form Method T/K P/GPa EOS By/GPa B
PETN Expt.[66] 273 0-10.45 - 8.3 -
PETN-I PWO1.[68] 0 0-10.4 3" BM 9.1 8.3
PBE.!"7] 0 0-6 4 BM 11.36 -
a-FOX-7 Expt.[09] 273 0-8 2" BM 17.6+0.4 -
3 BM 9.6+1.6 20.8+4.3

Expt.[7 273 0-4.14 3" BM 11.81 11.41
a-FOX-7 HF. (28] 0 - 12.1 -
—_— 200 V/Vo)'/? =0.92-1.02 - 150 -

a-FOX-7 DFT-D 0 0-4 3" BM 12.46 12.01

Theoretically, the isothermal EOS under hydrostatic com-
pression to 50 GPa was simulated with ReaxFF and DFT cal-
culations by Oleynik et al.1”! The computed isotherms agree
very well with the available experimental data.!°®! Moreover,
Byrd and Rice calculated the structural properties of PETN
under hydrostatic pressure of 0-9.16 GPa using DFT within
PWO1, PBE, and LDA functional.?*! The results are similar
to those for B-HMX discussed above.

Conroy and his colleagues studied the constitutive rela-
tionships of PETN-I under compression up to V /Vy = 0.7 us-
ing DFT within PBE functional.[?668] Their results show that
the isothermal EOS agrees reasonably with the experimental
values.[®! By using the 3rd BM EOS, %] the By and B’ are
9.1 GPa and 8.3, respectively, consistent with the experimental
values of 9.4 GPa and 11.3.1%! Under non-hydrostatic com-
pression, a correlation between shear stresses and sensitivity
was built by comparing the uniaxial compression data with
experimental information on the anisotropy of sensitivity to
shock-induced detonation for PETN-L.!2668] The more sensi-
tive the direction is, the greater the shear stresses are. Later,
Mota and Cagin calculated the crystal structure of PETN us-
ing DFT within PBE functional.!'”! The E-V data of PETN
were calculated and fitted to the 4" BM EOS to obtain the By
of 11.36 GPa, a little higher than the experimental value of
9.4 GPa.1%]

3.10. FOX-7

1,1-diamino-2,2-dinitroethene (DADNE or FOX-7) is an
The EOS of FOX-7 has
been determined below 8 GPa using angle-dispersive XRD

insensitive high-power explosive.

experiment by Peiris, Wong, and Zerilli.[®”! The results show
that FOX-7 exhibits anisotropic compression, with the highest
compression along the b axis. The 2™ BM EOS yields By =
17.6 +0.4 GPa and the 3" BM EOS gives By=9.6+1.6 GPa
and B'=20.8+4.3. Recently, Hunter et al. reported the hydro-
static compression of a-FOX-7 up to 4.58 GPa at room tem-
perature using neutron powder diffraction.!”” The EOS of a-
FOX-7 has been determined over the range 0—4.14 GPa. There
is a phase transition over the pressure range of 3.63—4.24 GPa.
By using the 3™ BM EOS, it was obtained that By = 11.81 GPa
and B = 11.41.

Zerilli and Kuklja simulated the compression curve for

FOX-7 under the compression of (V /Vp)'/? = 0.92-1.02 us-
ing HF approximation.[?® The results show that the isotherm
also agrees well with the experimental curve.!®! They evalu-
ated the bulk modulus using the usual thermodynamics rela-
tion and obtained By = 12.1 GPa, a little lower than the exper-
imental value of 17.6 GPa.!%°! Furthermore, the effect of tem-
perature on isotherm of FOX-7 has been discussed.!”!] They
simulated the isotherm between 0 and 400 K, and the 300 K
isotherm agrees very well with the experimental results!®’]
(see Fig. 2(d)). Interestingly, the calculated By is relatively
insensitive to temperature and is 15.0 GPa at ambient con-
ditions, which is close to the experimental determination of
17.6 GPa.l?]

Recently, Xiao’s group studied the high-pressure behav-
ior of @-FOX-7 and 3-FOX-7 under hydrostatic pressure be-
low 40 GPa using DFT calculations.!”>73! For both o-FOX-7
and B-FOX-7, the compressibility is anisotropic and the b axis
is more compressible than the a and ¢ axes. The cell volumes
calculated by LDA are compressed by 39.9% when the pres-
sure rises up to 40 GPa. Because of poor description of the
vdW interaction by DFT calculations, the EOS of a-FOX-7
has also been investigated below GPa using DFT with vdW
corrections.!”%! The results show that DFT-D reproduces the
experimental trend of the isotherm. The 3" BM EOS yields
Bo = 12.46 GPa and B’ = 12.01, in good agreement with the
experimental values.[’”) The EOS parameters of FOX-7 are
summarized in Table 7 for both experiments and ab initio cal-
culations.

Other than the above mentioned works, there is a lot of
experimental and theoretical research on the high pressure be-
haviors for other energetic materials,[3%40:46.74-801 egpecially
for some new synthesized energetic materials.®1=°] The de-
tails will not be discussed in this review.

4. Summary and perspectives

Here we have reviewed the experimental and theoretical
progress on the equation of states of ten typical energetic ma-
terials. The EOS parameters including bulk modulus and its
pressure derivative can be calculated using different EOS for-
mulas. The information from EOS is crucial for the effective
prediction of their behaviors during storage, transport, and us-
age.
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Though the high-pressure behaviors of some energetic
materials have been successfully characterized by experiments
and predicted by theoretical simulations, there are also some
open issues. Firstly, few thermodynamic data are measured
under high pressure in experiments because the energetic
materials become more dangerous as the pressure increases.
Hence, the predictions of the high-pressure behaviors of en-
ergetic materials by theoretical calculations are hard to ver-
ify. Secondly, the results obtained by different theoretical ap-
proaches could be inconsistent, even contrary. A criterion for
the validity of a theoretical model in the case of lack of high-
pressure thermodynamic data is desirable. Finally, defects are
intrinsic for realistic crystals including crystalline energetic
materials. It would be important to further elucidate the re-
lationship between the high-pressure behaviors of energetic
materials and their defects like defect type and defect concen-
tration. This should help us to understand why there is a slight
difference between the high-pressure data from different ex-
periments.
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