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Numerical simulations of explosive systems require constitu-
tive properties of the materials.  The Los Alamos National
Laboratory uses HMX (cyclo-tetramethylene-tetranitramine)
as its main high-performance explosive.  The HMX equation
of state was determined in 1978 by Olinger, Roof, and Cady
[1]. They used X-ray diffraction measurements to determine
the room temperature isotherm (pressure as a function of den-
sity at constant temperature) up to a pres-
sure of 8 GPa (~ 80,000 times atmospheric
pressure). In analogy with shock Hugoniot
data, they transformed the P–V data to the
pseudo-velocity plane (shock velocity vs.
particle velocity) and observed that the data
are well fit by a straight line. This led to a
Mie-Grüneisen form of equation state
based on a linear Us–Up relation that is cur-
rently being used for HMX.

In 1999, Yoo, and Cynn [2] repeated the
isothermal HMX experiment using re-
cently developed techniques. By using a
diamond anvil instead of a Bridgman an-
vil, they extended the domain of the mea-
surements up to a pressure of 43 GPa. Their
data can be well fit by a Birch-Murnaghan
equation of state. Both the Hugoniot form
of equation of state used by Olinger, Roof,
and Cady and the Birch-Murnaghan form
used by Yoo and Cynn have two adjust-
able fitting parameters.  Moreover, both
sets of parameters can be related to the bulk
modulus and its pressure derivative at zero
pressure. In the pressure domain common
to both experiments, both forms of equa-
tion of state give reasonable least square fits.

What is of importance for studies of initiation of detonation
waves is the equation of state in the neighborhood of the
Chapman-Jouget point, which corresponds to a detonation
velocity Us ≈ 9 mm/µs and a pressure P ≈ 40 GPa. The ex-
trapolation of fits to the data sets of Olinger, Roof, and Cady
and of Yoo and Cynn are shown in Figure 1. We observe that
the fits to the data at the CJ-point are significantly different.

Formulation of the best model equations of state compatible
with multiple data sets necessitates accounting for different
experimental techniques and associated uncertainties. The func-
tional forms of the bulk modulus (K(V) = – V dP/dV) of the
Hugoniot and Birch-Murnaghan fitting forms are different. Be-
cause of the curvature of the Us(Up)  locus for Up ≈ 0, this has
a significant effect on the value of the bulk modulus at zero

pressure and more importantly the slope of the isotherm in the
(Us, Up)-plane. The curvature effect is common in molecular
crystals such as HMX, polymers or plastics, or foams and liq-
uids.  This is in contrast to the conventional wisdom for solids,
which really applies only to atomic crystals such as metals.

A measure of the goodness of fit is the reduced chi-squared
parameter
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Figure 1: Fits to HMX data in (Up, Us)-plane. Red diamonds and blue
circles are isothermal data of Olinger, Roof, and Cady  [1] and Yoo and
Cynn [2] , respectively. Black circles are Hugoniot data for solvent pressed
HMX (0.5% porosity) [3, p. 596], and black diamonds are Hugoniot data
for single crystal HMX (unspecified orientation) [4] around the CJ-deto-
nation pressure, 34–42 GPa. Green line indicates phase transition at 27
GPa in the isothermal data [2]. In addition: Dashed red and blue lines
are linear fits to isothermal data. Solid red and blue lines are Birch-
Murnaghan fits to Olinger, Roof, and Cady data and Yoo and Cynn data
below phase transition at 27 GPa, respectively.
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Formulation of the best model
equations of state compatible
with multiple data sets necessi-
tates accounting for different ex-
perimental techniques and asso-
ciated uncertainties.

where N is the number of data points (Vi, Pi) and ∆Pi is the
experimental error bar.  Based on the values of         both fits to
both data sets are reasonably good. The sensitivity of the fit-
ting parameters to the uncertainty in the data points is dis-
played in the contour plots of      shown in Figure 2. The maxi-
mum contour corresponds to one standard deviation. The fact
that the “error ellipses” do not overlap implies there is a sig-
nificant systematic difference between the experiments.

One of the important differences in the experiments is the
choice of pressure mediums used to obtain a hydrostatic com-
pression; methanol-ethanol mixture in the Bridgman anvil used
by Olinger, Roof, and Cady vs. argon in the diamond anvil
used by Yoo and Cynn. At high pressures, the pressure me-
dium is not totally hydro-
static. Consequently, shear
stress and stress gradients in
the HMX sample can lead to
errors in the determination of
the pressure.

The discrepancy between the
data sets leads us to consider
the available Hugoniot data
for HMX.  Shock data for sol-
vent pressed HMX and single
crystal HMX are also shown
in Figure 1. Overall, the
Birch-Murnaghan fit is the
most compatible with all the
isothermal data and Hugoniot
data. We are also studying
other data. These include
sound speed measurements at

http://t14web.lanl.gov/Staff/rsm/preprints.html#IsothermFit.

Figure 2: Contour plot of       for fits to the HMX data of Olinger, Roof, and Cady
[1] and Yoo and Cynn [2] (restricted to P < 27 GPa). Ten contours for each fit are
equally spaced between the minimum value and twice the minimum of       .

ambient conditions, shock Hugoniot measurements in HMX
based plastic-bonded explosives (PBX-9501), and determina-
tions of the von Neumann spike pressure of a CJ-detonation
wave in PBX-9501.

In addition, there is an ongoing effort to determine material
parameters for HMX from molecular dynamics calculations,
see for example [5]. Further information is given in our recent
paper [6] which is available from the web at
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