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Equilibrium molecular dynamics methods were used in conjunction with linear response theory and
a recently published potential-energy surfagePhys. Chem. B03 3570(1999] to compute the

liquid shear viscosity and self-diffusion coefficient of the high explosive HMX
(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazoginever the temperature domain 550-800 K.
Predicted values of the shear viscosity range from 0.0035 Rathe highest temperature studied up

to 0.45 Pd&s for temperatures near the melting point. The results, which represent the first
publication of the shear viscosity of HMX, are found to be described by an Arrhenius rate law over
the entire temperature domain studied. The apparent activation energy for the shear viscosity is
found to scale with the heat of vaporization in a fashion consistent with those for a wide variety of
simple nonmetallic liquids. The self-diffusion coefficient, which requires significantly shorter
trajectories than the shear viscosity for accurate calculation, also exhibits an Arrhenius temperature
dependence over the simulated temperature domain. This has potentially important implications for
predictions of the shear viscosity at temperatures near the melting poinR00® American
Institute of Physicg.S0021-9606800)50613-9

INTRODUCTION information is unavailable for the materials of interest. More-
over, for explosives, the material reacts at sufficiently short
Plastic-bonded explosive?BXs) and propellants are time scales as to make experimental determination of some
highly filled composite materials comprised of grains of aof these material properties extremely difficult, if not impos-
high explosive(HE) held together by a polymeric binder. gjpje. In such cases, recourse is usually made to either a
There has beer_l an increasing effort in ref:ent years to undefpact guess” strategy or the use of a more approximate
stand and predict the macroscopic behavior of these cOmMpOg;del formulation. Increasingly, however, a judicious appli-

ites on the basis of fundamental thermophysical and Mexyiin of molecular simulation tools is emerging as a viable

chanical properties of, and interactions among, theSource for some of this informatidn.

constltuents_. This poses a severe challenge due to both the In this paper we present calculations of the atmospheric
large domain of spatial and temporal scales that must be

spanned and the distinct classes of materials that must e oosure shear viscosity for liquid HMctahydro-1,3,5,7-

e " . .
described within a single modeling framework. tetranitro-1,3,5,7-tetrazocineas a function of temperature
One approach to this problem is the use of mesome

550 K=T=800 K. HMX is the energetic constituent in sev-
chanical simulations that resolve the composite at the lev

eE|3ral high-performance military PBX formulations, e.g.,
of individual grains suspended in a bindehereby provid- PBX-9501° The predictions are based on the application of

ing, in principle, a bridge between molecular-level informa-linear response theory to multinanosecond molecular dynam-
tion and the continuum constitutive laws required by largeICS trajectories obtained using a recently published quantum
scale engineering codes. Another important use foehemistry based force field for HMX. The lower-
mesomechanical modeling in the context of high explosiveséemperature limit of 550 K is close to the melting point of
is as a tool to clarify ignition sensitivity and to understand HMX.> The shear viscosity has been identified as one of the
the effect of hot spots on HE bufe.qg., the efficacy of vis- important thermophysical parameters in certain models of
cous heating in melt zones as a mechanism for initiatiorweak shock initiatiorf. However, it has yet to be measured
under weak shock loadingAlthough the input to such mod- for HMX, nor do there appear to be any preceding theoretical
els would ideally include information about the size distribu-or computational predictions in the literature. Thus, the
tion of explosive grains along with various thermophysicalpresent predictions of the temperature-dependent shear vis-
and mechanical properties of the constituents, much of thiéosity of HMX should serve as a useful constraint on this
important yet previously undetermined parameter in meso-
dE|ectronic mail: bedrov@mse10.emro.utah.edu mechanics models.
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V o)
7 10kgT fo ; % ap(Pap(t)Pap(0))dt, (1)

whereV andT are volume and temperature of the syst&m,
is the Boltzmann constang,,; is a weight factor §,z=1 if
a# B, d,p=3 if @=p), andP,; is defined as

q
PQB:((Taﬁ'F(TBa)/Z_TB(E’y U’}/’}/)’ (2)

where g,z is the Kronecker delta.

Einstein relations are often used in place of the Green—
Kubo expression for the calculation of transport coefficients.
FIG. 1. Conformation of the HMX molecule in theform. Solid atoms are Haile' has shown that in a system with periodic boundary
carbons, cross-hatched are nitrogens, patterned are oxygens. ConditionS the ViSCOSity cannot be Ca|Cu|ated USing the con-
ventional Einstein formul&? which involves atomic coordi-
nates and velocities. However, it can be employed after
slight modifications?3yielding

FORCE FIELD AND SIMULATION METHODOLOGY

In previous work we developed a classical, explicit- o \ 5
atom force field for flexible HMX molecules using results of ”_JEZOKBTt < ; % AaplAap(t) =Anp(0)] >
high-level quantum chemistry calculations for conforma-
tional energies and geometries of gas-phase H{dixe of . \
the optimal geometries is illustrated in Fig. dnd other nit- :JEZOKBTt < ; % qaﬁ[AAaﬁ(t)]2>, 3)
ramine compound§gl,3-dimethyl-1,3-dinitro methyldiamine
(DDMD)* and dimethylnitraming DMNA)"]. The lack of
experimental data for liquid HMX precludes direct validation
of the developed force field. However, good agreement be- t
tween experimental results and simulation predictions was AAaﬁ(t):f Pap(t")dt’. (4)
obtained for thermophysical properties of gaseous and liquid 0

DMNA.”’
. . . . It was shown by Mondello and Gréithat Egs.(3) and(4)
¢ Mc(;lifculartoiynam|cst(M£()§353(l)mg:§1(;l?<ns ¥v5e(;echr:|ed ;’Ut give the same results as the Green—Kubo formulation for
at six ditierent lemperatur - & INIeVaJS VD simulations of short-chain alkanes. We considered both

and atmospheric pressure. Isothermal-isob@tgT) simula- ; .
tions were performed for 4 ns in order to establish the equiformS[EqS'(l) and(3)] for the shear viscosity of HMX and

librium densit ing the final i tion f high found the results to differ by two percent or less. Thus, all
orium density, using the final configuration rom a higher- o g ¢ reported below were obtained using the Einstein rela-
temperature equilibration as the starting point for the nex

) : Eions defined in Eqs(3) and (4). In addition, the self-
lower temperature. Isothermal—lsoghomNVT) production diffusion coefficientD was computed using the standard Ein-
runs of 10—-30 ns duratioidepending upon temperatiire

. . : stein relationshi
were performed using the Noskloover thermostiwith an P

where

integration step size of 1.0 fs. Periodic boundary conditions ([Rem(t) = Rem(0)12)

were employed. The standard Shake algorithwas used to D= lim—= L , (5)
constrain bond lengths. The Ewald summation methods t—oe 6t

employed to evaluate long-range electrostatic interactions.

All simulation cells contained 50 HMX molecules. whereR.q(t) — R¢(0) is the time-dependent center-of-mass

displacement of a given molecule.
The choices of integration time step and sampling fre-
VISCOSITY CALCULATION guency are important for obtaining accurate results from MD
simulations. Previous experience involving simulations of
The shear viscosity; can be calculated using equilib- explicit-atom systems (e.g., DMNA, ethersi* and
rium fluctuations of the off-diagonal components,(;) of  polystyrené® with bond constraints has shown tha 1 fs
the stress tensdf. It was shown by Daivis and Evatishat,  integration time step is sufficiently short to yield accurate
for an isotropic system, the convergence of viscosity calcuintegration of the equations of motion. In order to determine
lations can be improved by including equilibrium fluctua- how often the stress tensor should be sampled during pro-
tions of diagonal components of the stress tensor. In this caghiction runs to yield reliable calculations of the shear vis-
the generalized Green—Kubo formula is applied to the symeosity we performed a sho(2 ng simulation at high tem-
metrized traceless portionP(,z) of the stress tensor with perature(750 K), recording the stress tensor at every time
appropriate weight factors for diagonal and off-diagonal el-step (1 fs). The time history of one of the elements of the
ements: stress tensor is shown in Fig. 2, where it is plotted at inter-
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FIG. 2. Representation of the stress tensor evolution using different outputlG. 4. Average viscositysee the text for a definitigrobtained from MD
frequencies for one of the off-diagonal components at 750 K. simulation as a function of trajectory length for 650 and 700 K.

vals of 1, 10, and 20 f§Note that a time integration step of ' Ne length of the trajectorytfy) required for the calcu-
1.0 fsis used in each case; only the frequency of stress tens@tlon_Of a given proper_ty Is an_other I_mportant, but d|ﬁ|cu|j[
output is variel As would be expected for an atomic to estimate, parameter in MD S|mulat|ons_._ln_order to obtain
representatio®® the stress tensor exhibits strong oscillatory@ccurate transport coefficients from equilibrium MD meth-
behavior. It is clear that a sampling frequency of 20 fs result£ds; the length of the trajectory should be much longer than
in loss of information, whereas a 10 fs time step captures aft"y relevant characteristic relaxation times of the system.
but the fastest oscillations. In order to further ensure that a 1}ylondello and Grest showed that fom-alkanes the rota-

fs sampling interval does not influence the viscosity calculafional diffusion time @) is the longest reltle;/ant_ relaxation
tions, we computed the apparent shear viscosity versus timiéne for viscosity calculations. Dysthet al."" pointed out
[Eq. (3)],}6 sampling the stress tensor at intervals of 1, 10 that other relaxation tlmgs could be important for small mol-
20, and 40 fs from the 2 ns run at 750 K. The results, whictCUles, €.9., the mean time for a molecule to move one mo-
are shown in Fig. 3, indicate a nearly imperceptible differ-'ecular diameter £p). HMX does not resemble a long poly-
ence between a sampling interval of 10 fs versus 1 fs. It gn€ric chain, but neither can it be considered a “simple”
interesting to note that, although sampling the stress tensor 8olecule. Thus, it is difficult to predict which of the charac-
20 fs intervals led to significant differences in the appareneristic times will most closely correlate with the shear vis-
time history (Fig. 2), the resulting shear viscosity is only CoSity for liquid HMX; and hence which will determine the
weakly affected. We tentatively attribute this to cancellation!€ngth of the simulation required to obtain accurate values of
of errors during integration in Eq4). Based on the preced- the s'hear. V|sc05|ty7. However, one can define a viscosity re-
ing considerations, the stress tensor was sampled at an intdaxation timer, as

val of 10 fs in all simulations. The center-of-mass positions ﬂ(Tn):(l—efl)ﬂ(tsim—’OO)-

6

of the molecules were recorded at intervals of 1 ps for use in . _ . _ ©
calculating the self-diffusion coefficients. For very long trajector|e$m|n|m_al statistical error we ex-

pect the rhs. of Eq(3) to be time dependent for times

~, and independent of time far>r7,. Hence,r, is a
characteristic time for the approach of the rhs. of &jjto a
constant value, and simulations must be much longer than
in order to obtain reliable values for the shear viscosity.

While the criteriatg> 7, tgm>7p, andtgy> 75 pro-

vide guidance in determining the length of the simulation
trajectoriestg,, required to obtain accurate values of the
shear viscosity, in practice, we used the following ultimate
criterion in determining when to discontinue the simulation
for a particular temperature. Using E@®), we calculate the
viscosity by averaging values of the rhs of E8) for 107,
<t<tg/2 as a function of the length of the simulatiag,,.
In Fig. 4 we show the dependence of the average viscosity as
function of trajectory length for 650 and 700 K. It can be
seen that, after sontg;;, additional simulation time results in
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FIG. 3. Influence of the stress tensor output frequency on the rhs qBEq.
as a function of time at 750 K.

minor fluctuationgless than 10% from some mean valoé
the average viscosity. We defig;, as the trajectory length
such that (1) the time-dependent average viscos-
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TABLE I. Relaxation times and transport coefficients of liquid HMX obtained from MD simulations.

Dx10°

TK tmin (NS tsim (N9 Ty (ps) 7= (P9 ™ (pS p (kg mis) (m2 sil) 7 (Pasg
550 20 1250 310.0 1664 1650.9 0.006 0.450
600 25.0 30 520 70.0 675 1614.4 0.018 0.120
650 17.5 20 270 33.6 304 1586.9 0.040 0.040
700 8.0 15 120 20.7 129 1554.5 0.094 0.022
750 6.0 15 40 12.9 54 1520.1 0.225 0.010
800 4.0 10 20 9.5 37 1488.2 0.325 0.0055

ity (Fig. 4) has at least two maxima in the interval@<t HMX. The calculated apparent activation energies are 14.4
<t,in and (2) after t,,, further simulation time does not and 14.5 kcal/mol for self-diffusion and shear viscosity, re-

change the average viscosity by more than 10%. Thereforépectively. The Eyring rate expression for dense fitfidts

for all temperatures except 550 K, our conservative estimatéicates that the viscosity activation energy is proportional to
of the uncertainty in the shear viscosity4s10% or less. At  the energy of vaporization. For more than 100 substances,
550 K, the simulation was too short to allow estimation ofincluding associated liquids, the simple relatiodHy,y,

uncertainty in the viscosity. =nAE,s, Where 2<n<5) holds!® Assuming that the en-
ergy of vaporization is approximately equal to the cohesive
RESULTS AND DISCUSSION energy, it is possible to compateE, ., andAE,;s determined
o o directly from MD simulations. We obtain AE,,,
Characteristics relaxation times =36.3kcal/mol from simulation(800 K), yielding a ratio

In Table | we report, for each temperatuig,,, tsim, AEvap/A E.is=2.5. The Iarge value for the ViSCOSity activa-
andr,, as defined in Eq(6); the rotational diffusion corre- tion energy is consistent with the high energy of vaporization
lation time, obtained by fitting the “end-to-end” vector au- of HMX.
tocorrelation functiorf T, = (cosé(t))] for nitro group nitro-
gen atoms on opposite sides of the molecule to a simpl

exponential decay law, %orrelatlon of viscosity with diffusion and rotation

of HMX
Tl=ex;{ v : 7) In this section, based on the MD simulation results, we
27R examine correlations between the temperature dependence of
and 7 calculated as viscosity with that of other dynamic properties, in particular
) self-diffusion and rotational diffusion. There are many em-
; :@ ) pirical, semiempirical, and theoretically based relations to
D™ 6D describe the correlation between these thermophysical prop-
where D is the HMX center-of-mass self-diffusion coeffi- €rti€s- Most of these correlations can be represented as
cient determined from Eq(5) and (RS) is the average pT
squared radius of gyratiofv.3 A%). With the exception of ”D:Kﬁ ©)

550 K, each trajectory was at least 45 times longer than the
largest relaxation time at a given temperature. The system at

550 K would have required upward of 70 ns by these criteria, 0
which is beyond the practical limits imposed by our compu- o

. . . O viscosity o)
tational resources. Therefore we stopped the simulations at . | A selfdiffusion ) -
this temperature after 20 ns, which is sufficient to accurately —— Aurhenius fit

calculate the self-diffusion coefficient.

Viscosity and self-diffusion

n) and In(D)

The atmospheric pressure, temperature-dependent sheaiy _ |
viscosity and self-diffusion coefficients for liquid HMX in
the temperature domain 556KT=<800K are summarized 5
in Table I. We also include the equilibrium density for each
temperature. The shear viscosity is predicted to range from , , , , ‘ ‘
0.0055 Pds at 800 K up to 0.45 Pts at 550 K. 0.0012  0.0013 0.0014 0.0015 0.0016 0.0017 0.0018 0.0019

The temperature dependence of the shear viscosity and UT K]
self-diffusion coefficients are well described by ArrheniusF G 5 Anhenius fittsald ¢ iscosity in the t wre doma
expressions, as shown in Fig. 5. There is no evidence for . 5, M1eri Gele (ed o wecosty 1 e empraiye farr
onset of nonArrhenius behavior over the temperature domaifjineqd from MD simulationgsymbol3 and extrapolation of viscosity fit to
considered, which extends down to near the melting point 0650 K (dashed ling
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05 based on the faster converging MD simulations at a higher
° ®  MD results temperature if Arrhenius behavior is assumed. It is clear that

0.4 - Pﬁizzg;si:ge(‘}gb in the temperature domain 600—800 K, the predictions from
N e g,ef};cﬁon the Arrhenius equation are in essentially quantitative agree-

ment with results obtained from MD. Since our simulation at
550 K is too short to estimate the uncertainty in the viscosity,
we have more confidence in the viscosity value obtained
using Eq.(13) at this temperature.

0.3

n [Pas]

0.2 A

0.1 1 CONCLUSIONS

We have performed extensive MD simulations of liquid
HMX in the temperature domain 550KT<800K and at-
mospheric pressure to obtain predictions of the shear viscos-

T K] ity and molecular self-diffusion coefficient. Simulation times
FIG. 6. Temperature dependence of viscosity obtained from the MD simura‘ngmg from 10 to 30 ns were r,eqU|r_ed in order to obtain
lation, Arrhenius fit, and correlation equatiofisl) and (12). converged results for the shear viscosity. Although the shear
viscosity appears as a parameter in some mesomechanical
models for high explosives, this work contains the first real
or predictions for that property.
The predicted shear viscosities are 0.0055 and 0.4% Pa
7= KpT7r, 10 4t the highest and lowest temperatures, respectively, and in-
whereK is a constant that depends on the particular modefrease rapidly as HMX approaches its melting point. Both
involved in the derivation of the relation. If we have an ac-the shear viscosity and self-diffusion coefficient were found
curate value of viscosityy, at some temperatuf, then the (@ 0bey Arrhenius behavior over the entire temperature do-
temperature dependence of the viscosity can be establish8in studied, thus allowing for easy prediction of those
from the temperature dependence of the self-diffusion coefduantities within a mesomechanical modeling framework.
ficient (D) or rotational diffusion time g) using one of the Although direct calculations of the shear viscosity require

0.0 T T T T
500 550 600 650 700 750 800 850

following relationships: large amounts of CPU time, the self-diffusion coefficient can
be reliably computed using much shorter trajectories. This
_ p1T1Do suggests an approach in which a few values of the shear
70,05, T5, 11

viscosity and self-diffusion coefficient are obtained at high
temperatures in conjunction with low-temperature calcula-

or . o A o
tions of the self-diffusion. If the self-diffusion coefficient is
L 12 found to obey Arrhenius behavior over the entire tempera-
M= M Tomro (12 ture domain, then one might assume similar behavior for the

. . . _ shear viscosity and thereby obtain low-temperature values
The practical advantage of these relations is that, in MDfor that parameter by extrapolation

simulations, single molecule properties like the self-diffusion Two correlation formulas directly relating the self-

;:oetfﬁmtint and trotanonal rtglax?jtmn tt|meds d_ct:.onvclarge muq’ljiffusion and shear viscosity coefficients were tested against
aster than system properties due fo additional averaging,,. predictions. Specifically, expressions used for long-chain

Céver Tle) nu31(blezr ?f mo"EACBIeS mltthe (_anszmtble.tvgloeoargplle olymers(# proportional to the end-to-end rotational relax-
gs.(11) an ) to our results using data a as ation time rg) and for “simple” molecules(# proportional

a reference point in order to predict the viscosity over theto the inverse self-diffusion coefficientvere considered.

e_ntlre temperat_ure domain. I_n Fig. 6 we compare the preQualitative agreement was obtained, the viscosity/diffusion
d|cte_d values with those obta_med from S|mulat|o_n._|t aPPeArR rrelation yielded better agreement. However, neither of
that in the temperature domain 600—800 K predictions of eqhese was found to be of predictive value.

(11) are more consistent with MD resuilts than are the pre- The present calculations further demonstrate the ability

d'Ct!?nf of Eq.(t12). ;jrh's Iedads us tcl). ngcll_l:&?(that the vis- of molecular dynamics methods, judiciously applied to ap-
cosily temperature dependence In fiqul IS more Cor'propriate problems, to provide practical information of direct

related with mo'lecular cente.r—of-_mass diffusion than with theuse to modelers working at larger spatial and temporal
molecular rotational relaxation time.

Also shown in Fig. 6 is the prediction of viscosity by the scales.

Arrhenius equation
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