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A New Multiphase Equation of State for Composition B

Joshua D. Coe® and Madeline A. Margevicius

Theoretical Division, Los Alamos National Laboratory, Los Alamos, NM, 87545

(Dated: 25 July 2016)

We describe the construction of a complete equation of state for the high explosive Composition B in its
unreacted (inert) form, as well as chemical equilibrium calculations of its detonation products. The multiphase
reactant EOS is of SESAME type, and was calibrated to ambient thermal and mechanical data, the shock
initiation experiments of Dattelbaum, et al., and the melt line of trinitrotoluene (TNT).

I. INTRODUCTION

Composition B (“Comp B”, hereafter) is a high ex-
plosive (HE) heavily utilized by the United States and
other allied nations from World War II to the present.
Its composition has been reported in various ways, but
most commonly as a mixture of 59.5% RDX, 39.5% TNT,
and 1% wax by weight. Dobratz! lists the composition
as 63:36:1, a formulation known as “LASL Comp B” or
“Classic Comp B”. This results from skimming off molten
TNT during melt casting, a process known as “richen-
ing”. Without the wax, the 60:40 mixture is known as
Comp B-3.2 All can be either be pressed or cast.

Herein we describe the construction of a multiphase
equation of state (EOS) for inert Comp B, in addition to
chemical equilibrium calculation of its detonation prod-
ucts. The EOS is produced in the form of SESAME
table?* 95500. The table is a tensor product grid of
pressure, energy, and Helmholtz free energy as functions
of temperature and density. We describe our methodol-
ogy in some detail in the following section, then compare
our results with those of experiment.

Il. THEORY

The first matter to resolve was that of chemical com-
position. Dobratz lists the 63:36:1 and 60:40 mixtures
as Cz.03H2.64N2.1802.67 and Cz 95H2.51N2.1502 .67, respec-
tively. In order to estimate the wax component, we cal-
culated the theoretical composition of a 63.5:36.5 mix of
RDX:TNT, then normalized to the Dobratz values based
on the assumption that the wax is nitrogen-free®. This
gave a wax contribution of CgosHg.14. We then sim-
ply added this (without renormalizing) to the 60:40 mix.
This yielded Cs.10H2.65N2.1502. 67, having a mean atomic
weight and number of A=10.53 g/mol and Z=5.40e, re-
spectively. The molecular weight (MW) was determined
according to 0.6MWgpx+0.4MWrNT=224.124 g/mol,
based on the MWs of RDX and TNT. Data have been

a)Electronic mail: jcoe@lanl.gov

2 To make matters more confusing, Comp B is frequently described
- nonsensically - as 60% RDX, 40% TNT, and 1% wax.

b We were unable to find anything going by the name of “wax”
whose composition included nitrogen.

composition = Cz.10H2.65N2.1502.67
Z =5.40
A =10.53 g/mol
prei=1.713 g/cc

TABLE I. The basic EOS parameters.

reported for Comp B over a range of initial densities, but
we chose as our reference p,r=1.713 g/cc, one typical of
melt-casting under vaccuum. This is very close to the
nominal density of 1.71 g/cc recorded in Dobratz, but
somewhat less than the theoretical maximum value of
1.742 g/cc.

A. Inert EOS

The inert EOS was based on the following decomposi-
tion of the Helmholtz free energy?*

F(p,T) = ¢(p) + Fion(p;T) + Feree(p, T). (1)

The first term on the rhs is the energy of the static lattice
at 0K, where all ions and electrons are in their ground
state. This “cold curve” is not equivalent to the zero
temperature isotherm, as it does not include zero point
energy (zpe). The second term is the free energy of ionic
excitations with electrons in their ground state, and the
last is the free energy of electronic excitations with the
ions in their ground state. In order for the model to be
complete, there should be an additional term coupling
the ions with the electrons; this coupling is assumed to be
small, and so we will neglect it. All other thermodynamic
potentials may be obtained by Legendre transformation
of (1), and various observables found by application of
appropriate derivatives. For instance, the internal energy
is

E:F—T(Zi) : (2)

and the pressure is

Eqn. (1) thus constitutes as complete a description of a
material as classical thermodynamics can provide. The



OpenSesame package was used to build the inert EOS.
We express otherwise extensive quantities (e.g., E, V,
and S) in specific units throughout.

1. Cold Curve

The cold curve comprises three different models joined
at user-defined compressions 7, and ny;, where we are
defining compression as 7 = p/prt. In expansion, the
cold energy was assigned a “Lennard-Jones” form,

¢(p) = a1p™ — azp™ + Eo. (4)

We supplied values for a4 and the cohesive energy Fop,
which is related to Ey through

EO - Ecoh + (b(pmln) (5)

Pmin 1S the density at which ¢ obtains its minimal value.
Parameters a;-as were then adjusted automatically to
ensure continuity of the energy and its first two density
derivatives at the match point 7.

For low to moderate compressions (essentially defined
as the regime where there were data), we used a Vinet-
Rose form

B,

Hp) = 9o+ 47 (BL=17° 1= (A +a2)e™"]7" (6)

*

z:g(B;fl) [(’0[;*)%1]. (7)

At high compressions (beyond the domain of the data),
the cold curve was described using Thomas-Fermi-Dirac
(TFD) theory.5® Because TFD contains no free param-
eters, an interpolant function was required,

where

Y(p):1+;+m, (8)

such that for n > ny;,

#(p) = [¢rrp(p) — drFD(P0i)]Y (p) + AE..  (9)

Here, pni = pretfni- Analogous to the L-J model, param-
eters by, be, and AFE, were varied to ensure continuity
of the energy, pressure, and bulk modulus at the match

point Ny;.

2. Thermal Models

A Debye model was used for Fj,, of the solid. Be-
cause this model is well-canvassed in numerous sources,?
we highlight only a couple of its features. The first is
that it contains a single parameter, the Debye tempera-
ture (Op) at the reference density. The Debye model is

a4 = 1.0
E¢on =120 keal/mol
Mo = 0.98
¢« =0

ps« = 1.881 g/cc
B. = 26.705 GPa
B, =170
Thi = 2.0

TABLE II. Inputs used to define the cold curve.

purely harmonic as well, such that in order to extract a
thermal pressure one must resort to the quasiharmonic
approximation.'? Here, anharmonic effects are folded in
through the density-dependence of the lattice frequen-
cies (or in the case of a simplified model like Debye, the
characteristic frequency), itself introduced via the the
Griineisen parameter I'. T is defined as

olnT

T'(p) = 10

0= (5er). (10)

which can under mild assumption® be shown equivalent

toll

Oln GD

L(p) = . 11

0= (%2). (11)

We used the following form for T,

Pg Pg 2
r()={rm+gl(f’)+‘(’2(”§’ Z (12)

Lo + g3(£) + g4(£) ,

IN IV

Pg
Pg>s
which in combination with (11) provides a simple ODE
that can be integrated to obtain ©p(p). This leads to

Pion = pFEion~ (13)

We provided values for I'y, I'g, and the left and right p
derivatives of I', leaving four equations in the four un-
knowns g1-g4. These were adjusted to ensure continuity
of I and recovery of the specified derivative values at the
match point pg.

One of the distinctive features of TNT is its low melt-
ing point of 353 K (80 °C), much lower than that of RDX
(205 K, or 478 °C). It is well known that melting of the
TNT component produces a heterogeneous mixture. We
did not attempt to capture this complexity, but mod-
eled Comp B above the TNT melt line as a homogeneous
fluid. For this we used a model inspired by the vibration-
transit theory of liquids.'? We refer the interested reader
to Ref. 13, and pause only to note that the sole input
required was the entropy change upon melting (AS). We

¢ In particular, that the entropy be an explicit function of a scaled
temperature.



Op (prer) = 1272 K
pm =1.55 g/cc
T (pm) = 353.5 K
AS = 0.8 kg/atom
pg = 1.713
I(py) = 0.84
I'o =1.0
' = 0.6667

dﬁ‘p (pg) =-29

TABLE III. Inputs used to define the nuclear model. The left
and right density derivatives of I' were the same.

treated Comp B as a “normal” melter, meaning its elec-
tronic structure fails to undergo significant change upon
passage to the liquid. This results in a value of AS = 0.8
R per mol.

The melt line was of Lindemann form,

Tulp) _ ( p )2/3 [ (p) }
Tmlo) _ (2 00 gy
Ton(pm) Pm 0(pm)
requiring specification of the melt temperature (7,,) and
density (p,,) at ambient pressure. The melt temperature
chosen was that of TNT, but the melt density was set
somewhat arbitrarily.
Because Comp B is an insulator, thermal electronic
contributions were neglected for the solid. But in order

for the table to possess the correct limiting behavior at
low p and high T', TFD was included for the liquid.

3. Multiphase Construction

Due to the low melt temperature of TNT, the inert
required an explicitly multiphase treatment. The algo-
rithm reads in the 301 (total) tables for each phase. It
then adjusts the mass fractions and partial volumes un-
til phases are in pressure equilibrium and the Gibbs free
energy of the full mixture is minimized. Additional con-
trol may be exercised through “windowing”: defining do-
mains of density or temperature in which various phases
are excluded a priori. In addition to a new 301 table, this
procedure produces the 321 table listing the mass frac-
tions. Additional details on this, and the construction of
the melt tables 411 and 412, can be found in Ref. 14.

B. Products EOS

Because Comp B (like any explosive) undergoes mas-
sive chemical change upon decomposition, it was neces-
sary to treat its reaction products as a material distinct
from the HE itself. This called for an alternate theoret-
ical approach. Detonation loci were generated using the
High Explosive Equation of State (HEOS) code!® by direct
solution of the jump condition, equation (17) below.

TABLE IV. EXP6 parameters for fluids included in the de-
composition products mixture.

Component ro/A (e/kp)/K o

No 4.0876 128.24 12.936
N2O 4.096 335.0 13.781
COq 4.096 335.0 13.781
H>O 3.5 424.0 10.0
CcO 4.0876 128.24 12.936
C2Nso 4.9 330.0 13.0
CHy 4.22 154.1 12.5
H-> 3.43 36.4 11.1
HCOxH 4.096 335.0 13.781

Products were modeled as an ideal mixture!6 of fluids
and solid carbon clusters. The fluid mixture comprised
NQ, CO, COQ, HQO, HQ, NQO, CQNQ, CH4, and HCOOH.
Its free energy was calculated as follows

N N
Guix(P,T,x) =Y 2;GY(P,T)+ RT > x;lnz;, (15)
i=1 i=1

where N = 9 is the number of mixture components, each
having mass fraction x;. The second sum on the rhs is
the free energy of mixing (purely entropic in an ideal
mixture), while the first is that of the isolated fluids.
The free energy of each fluid component i, GY, was cal-
culated using Ross perturbation theory!'” based on an
EXP6 potential.'® The latter has the form

- 66‘“(%‘1>—a(7;°)6], (16)

where « sets the steepness of the repulsive wall, € rep-
resents the energetic well depth, and ry gives the sep-
aration at which the intermolecular potential is mini-
mized. EXP6 parameters for each species were calibrated
to shock data on the pure fluid,'® and are listed in Table
V.

Solid carbon was treated as a cluster of 5000 core atoms
capped by surface groups N, C+H, and C+O. Description
of the surface models can be found elsewhere.!® The EOS
of the cluster core (pp=3.5 g/cm?) was of Mie-Griineisen
form?® (T' = 0.9) comprising a Murnaghan?®! cold curve
(Bo = 510 GPa, N = 3.5)?? and a Debye thermal ionic
contribution (fp = 2200K). As a good insulator, dia-
mond’s thermal electronic contributions to the free en-
ergy were neglected over the domain of interest. As is
common practice,?? pI' was assumed constant. The free
energy of the complete mixture (fluids+solid) was min-
imized as a function of chemical composition (x) sub-
ject to conservation and non-negativity of elemental mole
fractions.

It is important to note that the detonation locus was
obtained by solving a jump equation,

E—EOZ%(Po-FPl)(Vo—Vl)v (17)



in which the initial state was that of the inert and the
final that of the equilibrium products mixture. We did
this by solving (17) for temperature at a given pressure,
assuming an initial state defined by (Vp, Ep) at Py ~ 0.
Dobratz gives a HOF of 1.0 keal/mol relative to stable el-
ements at p = 0 and STP. The zero of energy in HEOS is
stable elements at p = 0 and 7" = 0, meaning a correction
AH had to be applied in order to account for the energy
needed to heat the isolated elements up from zero to am-
bient temperature. This information was taken from the
JANAF tables,?* and was incorporated as follows

AH = 0.6(3AHc + 3AHy, + 3AHx, + 3AHo, )+
0.4 <7AHC + gAHH2 + gAHNz + 3AH02>
= 0.63(0.2512) + 3(2.024) + 3(2.072) + 3(2.075)]+

0.4 [7(0.2512) + 2(2.024) + %(2.072) + 3(2.075)]
= 18.02 kcal/mol (18)

Thus, Ey for the solid was 19.02 kcal/mol. This figure
was adjusted accordingly for LASL Comp B, but no dis-
tinction was made between Comp B and Comp B-3 in
this regard.

The liquid was slightly more complicated, in that its
FE should include the enthalpy change upon heating from
Ty to T, as well as the latent heat of fusion. For heating
at constant pressure, the enthalpy change is simply

H(Ty) = HTw) + [ CT)r.  (19)
Tret

We evaluated this by numerical integration of our inert
EOS result, yielding a value of 6 kcal/mol. The heat of
fusion AHy = 5.075 kcal/mol was taken from Ref. 25,
resulting in a total Ey for the liquid of 30.1 kcal/mol.

Il. RESULTS

Cold curve and thermal ionic parameters were varied
to recover ambient property values, the Hugoniot, and
the TNT melt line. A summary of ambient properties as
predicted by the inert are compared with experiment in
Table V. Agreement is good in all cases, the average and
maximum errors both being < 1%. The value of ¢ is that
taken from a linear U —u,, fit,?6 meaning it is most likely
a little high.2? We also caution that past measurements of
the volumetric expansion coefficient () and isobaric spe-
cific heat (C}) have yielded wildly different values, and
that our selection of those given in Dobratz is somewhat
arbitrary.

Figure 1 shows the inert Hugoniot and detonation locus
of Comp B (py = 1.713 g/cc) in the detonation velocity-
particle velocity (D — u,) plane. Agreement of our inert
EOS with the initiation data of Dattelbaum, et al.26 is
good. The minimum in D(u,) provides an estimate of the

TABLE V. Comparison of ambient properties predicted by
SESAME 95500 with those obtained from experiment. Agree-
ment is excellent in all cases, with mean and maximum er-
rors of less than 1%. Experimental results were taken from
Dobratz. The measured value of I' was based on that of
BBs/pChp.

Measured EOS
po (g/cc) 1.713 1.713
Cp (kJ/kg/K) 1.13 1.13
Cv (kJ/kg/K) 1.09 1.09
co (km/s) 2.41 2.41
Bs (GPa) 9.949 9.948
Br (GPa) 9.556 9.556
B (K™ 1.64E-4 1.64E-4
I (unitless) 0.842 0.840
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FIG. 1. The inert Hugoniot and detonation locus of Comp
B (po = 1.713 g/cc) as predicted by SESAME 95500 and
chemical equilibrium calculation. Experimental uncertainties
in the shock initiation data?® are smaller than the symbol
sizes. We predict a CJ detonation speed of 7.86 km/s based
on the minimum in D(up).

detonation speed at the Chapman-Jouget (CJ) state?”
(Dcg), and on this basis we predict a value of 7.86 km/s.
This is lower than the 7.92 km/s listed in Dobratz, as
is to be expected given the higher percentage of RDX in
the 63:36:1 mixture reported there. We plot the same
results in P —V in Figure 2, as well as the Rayleigh line
(centered at pref) tangent to the products locus. The
combination of our EOS predict von Neumann spike and
CJ pressures of 40.1 GPa and 28.9 GPa, respectively.
The TNT melt line was recently measured to high ac-
curacy by Dattelbaum, et al.?® We compare these data
with 95500 results in Figure 3. Once again we find good
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FIG. 2. The inert Hugoniot and detonation locus of Comp B
(po=1.713 g/cc) as predicted by SESAME 95500 and chem-
ical equilibrium calculation. Experimental uncertainties in
the shock initiation data?® are smaller than the symbol sizes.
Pressures of the von Neumann spike and CJ state are also
indicated.

agreement, particularly at lower pressures. It was impos-
sible to determine whether the two points at higher pres-
sure (where agreement with our EOS is not as good) were
melted, chemically decomposed, or some combination.?®
As has been noted,?® the melt line is quite steep (~80
K/GPa). At this point we reiterate that this is the melt
line of pure TNT, and that its precise relation to consti-
tutive properties of Comp B is not straightforward.

Figure 4 gives the phase diagram of the inert in the
P — T plane, with the Hugoniot superimposed. As can
be seen, SESAME 95500 predicts that the von Neumann
spike crosses the melt line. In principle this would sug-
gest that Comp B (or at least its TNT component) melts
just prior to or in conjunction with detonation. The tem-
poral window for observing any experimental signatures
of this feature is exceedingly narrow, and so its practical
significance is unclear. For completeness, we show the
predicted p — T phase diagram in Figure 5.

Another point of interest is the shock response of
molten Comp B. In order to predict this behavior, we
calculated the detonation locus centered at the melt den-
sity obtained from our inert EOS and an initial energy
(Ep in (17)) as described in the previous section. The
results are shown in Figure 6. The CJ speed for molten
Comp B drops by just over 1% from that of the solid to
7.76 km/s, and the detonation pressure by 3.5% to 27.9
GPa.

We collect previous measurements of the CJ state as a
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FIG. 3. The melt line of TNT as predicted by SESAME
95500. Experimental uncertainties in the melt data?® are
smaller than the symbol sizes. It is unclear whether the two
data points at highest pressure are melted, chemically decom-
posed, or some combination thereof.?8
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FIG. 4. The inert Hugoniot of Comp B superimposed on the
P — T phase diagram as predicted by SESAME 95500. Note
that the von Neumann spike lies within the liquid region,
based on a melt line calibrated to data for TNT alone.
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FIG. 5. The p — T phase diagram of Comp B as predicted by
SESAME 95500.

function of composition and initial density in Table VI.
Some of these figures are of dubious provenance, such as
those taken from Table 8-1 of Dobratz, and rarely were
experimental uncertainties reported. In Figure 7 we com-
pare some of these results with our chemical equilibrium
calculations for Comp B, LASL Comp B, and Comp B-3.
Agreement is surprisingly good given the scattered and
somewhat uncertain character of the data. While Ablard
doesn’t report a composition, his result is consistent with
those of standard Comp B (as is the title of his report).
Jameson, et al. call their material Comp B but report the
Comp B-3 composition, consistent with our EOS result.
This leaves only the data of Duff and Deal as obvious
outliers.

At a couple of initial densities, there were overdriven
detonation data in addition to estimates of CJ. In Figures
8 and 9 we compare HEQOS results with those of Kineke,
et al.?® and Skidmore, et al.2?. Our reference density for
these calculations was pef = 1.678 g/cc, identical to that
of Kineke but slightly higher than Skidmore’s (prer = 1.65
g/cc. In both cases, agreement is satisfactory.

IV. SUMMARY

We have compared the predictions of developmental
SESAME table 95500 and chemical equilibrium calcula-
tions with data for Comp B. We hope to generate a new
products table in the future.
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FIG. 6. The inert Hugoniot and detonation locus of molten
Comp B (po=1.55 g/cc) as predicted by SESAME 95500 and
chemical equilibrium calculations. Experimental uncertain-
ties in the shock initiation data®® are smaller than the symbol
sizes. Pressures of the von Neumann spike and CJ state are
also indicated.
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FIG. 7. Dependence of the detonation velocity D¢y on the
initial density as given by HEOS (lines) and various sources
in the literature. The variation is shown for both the LASL
Comp B (red line and symbols), Comp B-3 (blue line and
symbols) and Comp B (black line and symbols).
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TABLE VI. Detonation conditions for Composition B as reported by various sources. (@) data page (®) Table 8-1. Comparison
with Table 8-7 suggests this may represent a JWL fit to data of unknown origin. A ‘-’ means that the composition or type was

not stated.
Source RDX:TNT:wax type po(g/cc) Pc ;(GPa) Dcy(km/s)
Dobratz(® 63:36:1 cast 1.72 29.5 7.92
Dobratz® Grade A pressed 1.72 29.5 7.99
Skidmore?® 60:40 - 1.65 25.7 7.74
Jameson®° 60:40 cast 1.692 28.0£1.0 7.84
Duff3! 63:37 cast 1.67 27.240.544 7.868
Deal®2 64:36 cast 1.71340.002 20.22+42.6 8.018+0.017
Ablard?? - cast 1.61 - 7.67
Costain®* 59.5:39.5:1 cast 1.72 - 7.93
HEOS 63:36:1 - 1.72 29.5 7.92
HEOS 59.5:39.5:1 - 1.713 28.9 7.86
HEOS 59.5:39.5:1 - 1.65 28.0 7.74
100 ‘ ‘ 80 [ T I T I T I T
— Detonation Locus I\ — Detonation Locus
m  Kineke, et al. o ?]irilgrl;%re
Skidmore, et al. 70 —
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FIG. 8. The detonation locus as given by HEOS (po=1.678
g/cc) compared with the overdriven data of Kineke, et al.
and Skidmore, et al. The latter were for a slightly lower initial
density of po=1.65 g/cc.
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