This article was downloaded by:

On: 16 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Energetic Materials

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713770432

Thermodynamic, Transport, and Viscoelastic Properties of PBX-9501

Binder: A Molecular Dynamics Simulations Study
H. Davande®; D. Bedrov® G. D. Smith?
* Department of Materials Science and Engineering, University of Utah, Utah

To cite this Article Davande, H. , Bedrov, D. and Smith, G. D.(2008) 'Thermodynamic, Transport, and Viscoelastic

Properties of PBX-9501 Binder: A Molecular Dynamics Simulations Study’, Journal of Energetic Materials, 26: 2, 115 —
138

To link to this Article: DOI: 10.1080/07370650701801937
URL: http://dx.doi.org/10.1080/07370650701801937

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713770432
http://dx.doi.org/10.1080/07370650701801937
http://www.informaworld.com/terms-and-conditions-of-access.pdf

13:42 16 January 2011

Downl oaded At:

Journal of Energetic Materials, 26: 115-138, 2008 e Taylor & Francis
Copyright © Taylor & Francis Group, LLC Taylor & Francis Group

ISSN: 0737-0652 print/1545-8822 online
DOI: 10.1080/07370650701801937

Thermodynamic, Transport, and Viscoelastic
Properties of PBX-9501 Binder: A Molecular
Dynamics Simulations Study

H. DAVANDE
D. BEDROV
G. D. SMITH

Department of Materials Science and Engineering,
University of Utah, Utah

Atomistic molecular dynamics simulations were performed
on a low-molecular-weight nitroplasticized Estane®™ mixture
representative of the binder used in PBX-9501. Pressure-
volume-temperature (PVT) behavior over a wide range
of pressures and temperatures above the order-disorder
temperature (ODT) of Estane was determined and repre-
sented with the empirical Tait and Sun equations of state.
The effect of temperature, pressure, and plasticization on
transport properties of the mixture was also examined.
A combination of molecular dynamics simulations and
theoretical reptation models was used to predict the shear
stress relaxation modulus G(t) of PBX-9501 binder at
473 K and 1 atm pressure. Data obtained from simulations
of the model PBX-9501 binder presented here can be uti-
lized to predict the temperature and pressure dependence
of the shear stress relaxation modulus for temperatures
above the OD'T.

Keywords: binder properties, molecular dynamics simu-
lation, PBX
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Introduction

Plastic-bonded explosives (PBXs) typically consist of grains
of an energetic material such as 1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane or hexahydro-1,3,5-trinitro-1,3,5-triazine
(HMX) held together by a polymer matrix, or binder. PBX-9501,
which is an HMX-based explosive, is composed of about
95wt% HMX and 5wt% binder. The binder for PBX-9501 is
a 1:1 mixture of Estane®™, a polyester polyurethane block copo-
lymer, and a eutectic mixture of bis(2,2-dinitropropyl)formal
(BDNPF) and bis(2,2-dinitropropyl)acetal (BDNPA). Hereafter,
this Estane/nitroplasticizer mixture will be referred to as model
PBX-9501 binder.

While comprising only about 5% of the composite by
weight, the PBX-9501 binder has a dramatic influence on
the properties and response of the explosive. The binder in
PBXs imparts structural integrity to the composite, aids
in its processing, and decreases the sensitivity of explosive
to the external stimuli [1,2]. Importantly, the properties of
the binder are much more sensitive to temperature, pressure,
and thermal history than those of HMX. Hence, the softening
of the binder at the elevated temperatures can dominate
mechanical response of the composite. Increased sensitivity
of thermally damaged PBX-9501 has been linked to thermally
induced mesoscopic chemical and morphological changes in
the explosive [2]. These changes in turn are assumed to be
partly related to the decreased binder viscosity and the
decomposition at elevated temperatures [3]. It has also been
suggested that hot spots or regions of local heating within
the explosives can be generated by mechanical deformation
of the polymer binder phase [4,5]. While rubbery at atmo-
spheric pressure, the shear modulus in PBXs binders can
increase up to three orders of magnitude under pressure
increases as low as 0.5GPa [6]. It is known that under
shock loading conditions (where pressures are of the order
of GPa or greater), the polymer relaxation time increases
dramatically [7,8].
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Molecular Dynamics Simulations

In this work we have undertaken molecular dynamics (MD)
simulations to investigate the thermodynamic and viscoelastic
properties of a model PBX-9501 binder over a range of pressure
and temperature. An ensemble of 14 copolymer chains of
Estane, 56 molecules of BDNPF, and 54 molecules of BDNPA
was generated. Each copolymer chain of model Estane
(MW = 2510 Da) had the structure SoH;S5H; S5, where S repre-
sents a poly(butylene adipate) soft segment with one 1,4-
butanediol (BDO) linkage and H represents a bis-1,1'-(methyl
phenyl-4-isocyanate) (diphenyl-methane diisocyanate) unit
with one BDO linkage. The chemical structures of the soft and
the hard segments of Estane are illustrated in Figure la. The
binder system so formed was a 1:1 mixture by weight of Estane
and nitroplasticizer. The chemical structures of nitroplasticizer
used in model PBX-9501 binder are illustrated in Figure 1b. For
simulations of model pure Estane, only the 14 copolymer chains
were used. Previously developed quantum chemistry—based
force fields for Estane [9] and BDNPF/A nitroplasticizer [10]
were used in the simulations. For nonbonded interaction
between atom pairs not explicitly defined in the force fields,
standard combining rules (geometric means for energy para-
meters, arithmetic means for distance parameters) were used
to define exponential-6 type nonbonded functions.

All molecules were initially placed on a low-density cubic
lattice with periodic boundary conditions at 700 K. The cubic
system was simulated for about 3ns using an NPT (constant
number of particles, pressure, and temperature) ensemble while
the volume was decreased to yield an average pressure of 1 atm.
Then, starting with the configuration so obtained, the tempera-
ture and pressure were gradually changed to cover the range of
applied pressure (1-8000atm) and temperature (298-700K).
For each pressure and temperature studied, equilibration for
about 10ns was conducted in the NPT ensemble. Production
runs over more than 10 ns were conducted in the NVT ensemble
(details in Table 1).
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Figure 1. Chemical structure of (a) repeat units in Estane
and (b) bis(2,2-dinitropropyl)formal or BDNPF (top) and
bis(2,2-dinitropropyl)acetal or BDNPA (bottom).

The MD simulation package Lucretius [11], with the
Nose-Hoover thermostat [12,13] and Anderson-Hoover barostat
[14], was used for all simulations. Covalent bond lengths were
constrained using the SHAKE algorithm [15]. A cut-off radius
of 10 A was used for all van der Waals interactions. In order
to account for long-range electrostatic interactions, a particle
mesh Ewald (PME) algorithm [16] was used. A multiple
time step reversible reference system propagator algorithm
described elsewhere [17] was employed for integrating equations
of motion. The time step of integration for high-frequency vibra-
tions (bends and torsions) was 0.5fs. Nonbonded interactions
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Details of simulation runs

Table 1

119

Pressure/  Simulation time Simulation time

System temperature NPT (ns) NVT (ns)
600 K and 700 K isotherms
Binder 600 K latm 10 (12) 43 (38)
(7T00K) 500 atm 12 (10) 18 (13)
1000 atm 10 (12) 18 (13)
2000 atm 12 (7) 13 (13)
3000 atm 10 (9) 17 (12)
4000 atm 12 (6) 12 (12)
6000 atm 15 (9) 12 (11)
8000 atm 12 (7) 12 (12)
1 atm isobar
Binder 1 atm 298 K 20 o1
350K 16 —
473K 25 61
550K 17 —
600 K 10 43
700K 12 38
Estane 1atm 298 K 49 —
473K 10 92
600 K 6 45
700K 6 25

within a cut-off radius of 6 A were evaluated every 1fs, while
those between 6 and 10 A were evaluated every 2fs. The time
step for the reciprocal part of PME calculations was 2fs.
The atomic stress tensor (employed in shear viscosity and
time-dependent shear stress relaxation modulus calculations

described below) was recorded every 10 fs.

The longest relaxation time for the systems simulated,
defined by the model Estane chain (2510 Da) end-to-end vector
autocorrelation function in the pure melt at 473 K, was about
50ns. It was not possible for us to carry out high-pressure
studies at 473 K and still achieve reliable transport properties.
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Hence, in order to study the effect of pressure (1-8000atm)
isotherms at 600 and 700 K were studied. To investigate the
influence of temperature on binder dynamics, the atmospheric
isobar was investigated at 298, 350, 473, 550, 600, and 700 K
for the model PBX-9501 binder. To study the effect of plastici-
zation, properties of pure Estane at 298, 473, 600, and 700 K
were also determined at 1latm. A detailed summary of all
simulation performed is given in Table 1.

Data Analysis

NPT simulations were used to extract equilibrium volume (and
hence the density), thermal expansion coefficients, and bulk
moduli. Using the equilibrated volume so obtained, production
runs with constant number of particles, volume, and tempera-
ture, or NVT ensemble, were carried out. The transport
properties (diffusion coefficient and viscosity) and viscoelastic
response of the binder were obtained from the NVT data.

Equations of State

The isothermal pressure-volume (PV) data from our MD
simulations were fit with the empirical Tait [18] equation of

state (EOS):
VITP) | (. P
iy == on(1 ) ®

The parameter B is a function of temperature and depends on
the specific system. The parameter C has a universal value of
0.08936 for most of the liquid hydrocarbons, including normal
paraffins, cycloparaffins, aromatics, and fused ring compounds,
and it is independent of structure or temperature [19]. The
isothermal PV data from simulations were also fit with Sun

EOS [20].
ey

The Sun EOS describes the isothermal compression behavior of
polymers in glassy and melt states except near the glass transition

By(T)

(n— m)

P(T,V) =

(2)
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temperature. The generic parameters n = 6.14 and m = 1.16 for
polymer systems were utilized. The parameter Bj represents
the isothermal bulk modulus at zero pressure.

Calculation of Bulk Modulus as a Function
of Temperature and Pressure from EOS

The isothermal bulk modulus is defined as [21]:

kr(T,P) = —v@—‘lj)T (3)

For the Tait EOS k7 is therefore

oo )P

which at zero pressure reduces to

In order to find the bulk modulus as a function of temperature
using the Tait EOS, an exponential temperature dependence of
parameter B was assumed [22]:

B(T) = Byexp(—B,T) (6)

The values of B(T'), obtained from the fit of the Tait EOS at
two temperatures (600 and 700 K) were used to calculate the
parameters B; and Bs, thereby allowing us to extrapolate the
bulk modulus to lower temperatures.

The Sun EOS yields an isothermal bulk modulus:

e (5{2) {(H +1 [%] "y [%] mH}
(7)

where subscript o denotes the zero pressure values. The
parameters n and m are independent of pressure and
temperature.
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Calculation of Thermodynamic and Transport
Properties from MD Simulation Trajectories

The xp corresponding to a given temperature and pressure
can be calculated from volume fluctuations in NPT simulation
by [23]:

kr = (VIKsT/((V = (V))?) ®)

NPT

where Kp is the Boltzmann constant, V is the instantaneous
volume of the system, and (..) represents the ensemble average.
The thermal expansion coefficient o was evaluated using

the following relation:
1 [0V
=—| == 9
TV <8T>P ©)

The quantity in parentheses was calculated from the slope
of the isobaric volume vs. temperature curves obtained from
simulation.

The self-diffusion coefficient for Estane chains in the pure
melt and in the model PBX-9501 binder at a given temperature
and pressure was calculated from the average mean squared
center-of-mass displacement of the polymer chains [24], or

o {0 - xOF)

t—00 6t

(10)

where the brackets represent an ensemble average.

Finally, the zero-frequency shear viscosities of the model
PBX-9501 binder and pure Estane melt were calculated as a
function of temperature using the Einstein relation [25]:

1= it = g (S0t~ L)) o0

7P

where Lyg(t) = fot o,4(t')dt’, t is time, g, is the symmetric stress
sensor, and V is the volume of the simulation box. The lengths
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of simulation trajectories were chosen such that tg, >> 1,
where 7, is the viscosity relaxation time defined as

n(ty) = (1 - eil)n(tsim — 00) (12)

The shear viscosity was calculated by averaging the apparent
viscosity data obtained from Eq. (11) for the specified time
interval. The details of the methodology used to estimate the
apparent average shear viscosity from MD simulation can be
found in our previous work on HMX [26].

Calculation of Viscoelastic Properties
from MD Simulations

The time dependent shear stress modulus, G(t), of the model
PBX-9501 binder mixture can be determined directly on time-
scales accessible to simulations (tens of nanoseconds and
shorter) from the stress autocorrelation function as [27]:

Y (04(6)35(0)) (13)

0=yt

In this way the high-frequency behavior (glassy regime) of the
polymer can be determined. The details for this methodology
can be found in earlier reports on the viscoelastic properties
of polybutadiene in the glassy regime [28]. At longer times (or
low frequencies) the influence of entanglements on the modulus
must be taken into account. This can be done by combining
results of MD simulations for unentangled chains (model
PBX-9501 binder) and three different reptation models, the
Doi-Edwards (DE) model, modified Doi-Edwards (MDE)
model [29], and Milner-McLeish model (MM) [30], for entangled
polymer melts yielding the shear stress modulus G(t) for
entangled binder in the plateau and terminal regimes. Details
on combining results from MD simulations of unentangled
polymers with these three models are provided in our previous
study on polybutadiene [31]. A summary of all parameters
used in calculation of G(t) for model PBX-9501 binder from
these three models is given in Table 2. Along with the
parameter values, a brief description of the parameter and



“9OUITUOAUOD
I0] OIZ 9q O QuInsse sem YoIgm ‘amnssord uo 2oudpuodo vom AJOAI)R[OI MOUS sorjrpuenb oso
J q 0} p Uorg P P [PATYR] q U1 UL q
"9OULSIUAUOD
I0] OI9z 9(Q 0} powmnsse ST Yorym ‘arnjersdus) uo souspuadep eam A[RAIR[OI MOTUS sennuenb aseyT,,

NAOZ /N =12 (sd) eue)sy po[durius I0J SUII} SSNOY EE
°N <N auR)SH PO[SULBIUS Ul SPUO( SUOYIIe(] JO ISQUINLN N
(Jour/3) aue)sy pa[3urIUL JO JSIOM IRNOSOIN W

sorjryuenb juopusdop-1ySom IR[NOS[ON
Le d~ND IR (edIN) snmpow neaje[J N5
dd~°N 291 SIUSWIS[SURIUS USOMIO( SIOWIOUOUW JO TO(UITLN] N
d~e i (V) 1ojourerp oqn, ®
10 ) ~d & (V) qySuo[ Sunsped d
d ‘L)a/r~4 LT XGT (sd) ureto oue)sy I0J OUIT) OSNOY] ta
qL Siq ©) '31q ¢ 0L X6°€ (sd/,V) oIS JO JUIOLFI0D UOISIIII(T (d ‘L)a
sod q¢ S1q cL0T Topuiq pajenuts jo (ur/8y) Lysua( J
q9'9 299 g'q oUR)ISH JO ORI OISLIDIORIRY) D
(SELT WSELT R€LT Am<v 9UR)SH 9OURISIP PUS-03-PUD drenbs ueapy DANEV
eVl eVl eVl urey» spuoq suoqyeq jo JoquinyN N
015 0152 015G (Tour/3) oue)sy jo yySom IR[NO[OIN o

Iopulq (po[Sue)uoun) [OPOUI o1} JO SUOIJR[NUIIS UIOI] PIUTRIO SOIYIJURN()

d sa I 'SA wye T S ELT IojemRIe J [oquAg

K1001) uoryejdar
pue wonenuIs (JJ\ PaUIquiod Suisn Ispulq [0¢6-Xdd JO (2)5H Jo uonorpaid ur pasn siejoturered

g olqel,

1102 Alenuer 9T Zy:€T : IV Papeo |uwog

124



13:42 16 January 2011

Downl oaded At:

Properties of PBX-9501 Binder: Molecular Dynamics 125

the corresponding symbol (as given in Byutner and Smith) are
also listed in this Table.

Results and Discussion
Thermodynamic Properties

PV isotherms for the model PBX-9501 binder at 600 and 700 K
are shown in Figures 2a and 2b, respectively. Also shown are
fits of the Tait and Sun EOS to the simulation data. The
parameters obtained in fitting the Tait and Sun EOS to the
PV data from MD simulations are listed in Table 3. Both EOSs
represent the PV data accurately over the range of pressures
investigated.

The pressure-dependent bulk moduli for the model
PBX-9501 binder calculated using Eq. (8) are shown in
Figure 3a at 600 K and Figure 3b at 700 K. An increase in pres-
sure from 1 to 8000 atm results in a significant increase in the
bulk modulus of the model PBX-9501 binder. Also shown in
Figure 3 is the bulk modulus obtained from the Tait (Eq. (5))
and Sun (Eq. (7)) EOS. Excellent agreement between bulk
moduli obtained from both EOS and MD at both temperatures
can be seen.

In Figure 4, the bulk modulus obtained from MD simula-
tions of binder at 1 atm is shown as a function of temperature.
As expected, the bulk modulus decreases with increasing tem-
perature. The temperature-dependent bulk modulus obtained
for binder from the Tait EOS is also shown in Figure 4. A good
agreement between the EOS and fluctuation-based MD values
for the bulk modulus can be seen. The bulk modulus for binder
obtained from the extrapolated Tait EOS (3.9GPa) and
directly from MD simulations (3.8 GPa) at 298 K are in good
agreement with the experimental value of 3.6 GPa reported
by Clements et al. [32].

Finally, Figures 5a and 5b show the temperature-dependent
density and thermal expansion coefficients obtained from MD
simulations at 1atm pressure for the pure Estane melt and
model PBX-9501 binder. Figure 5a reveals that the binder
mixture is denser than pure Estane, consistent with the
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Figure 2. Volume as a function of pressure for model
PBX-9501 binder for the (a) 600K and (b) 700K isotherms.
Error bars for MD data, estimated using the standard error cal-
culation (90% confidence limits), are smaller than the symbols.

fact that the nitroplasticizer is significantly denser (1.383-
1.397g/cm3 at 298 K) than Estane. Interestingly, Figure 5b
reveals that the thermal expansion coefficient of the relatively
dense model PBX-9501 binder is about 15-20% greater
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Table 3
Parameters obtained from fitting simulation data to different
empirical EOS

Parameter B*

EOS 600 K 700K
Tait 680 atm 396 atm
Sun 8516 atm 5050 atm

?For the Tait EOS parameter B is same as in Eq. (1). For the Sun
EOS this represents the value of By in Eq. (2).

than that of the pure Estane melt over the temperature range
investigated.

Viscosity and Self-Diffusion of Estane

The viscosity of the pure Estane melt and model PBX-9501
binder is shown as a function of inverse temperature in
Figure 6. The addition of plasticizer reduces the viscosity of
Estane as well as the temperature dependence of the viscosity.
The viscosity data for pure Estane and binder were fit assuming
an Arrhenius temperature dependence,

In(y) = A +§ (14)

with A = —3.0, B= 2460 for model PBX-9501 binder and
A = —-3.9, B = 3490 for pure Estane melt.

The self-diffusion coefficient of the Estane chains in the
model PBX-9501 binder and pure melt is shown as a function
of inverse temperature in Figure 7a. The self-diffusion of Estane
is faster in binder than in pure melt at all temperatures inves-
tigated. The temperature dependence of the self-diffusion coef-
ficient for Estane chains in the pure melt and model PBX-9501
obtained using the Stokes-Einstein relation and an Arrhenius
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Figure 3. Bulk modulus for model PBX-9501 binder a func-
tion of pressure for the (a) 600 K and (b) 700 K isotherms. Error
bars for MD data were estimated using the standard error
calculation (90% confidence limits).

temperature dependence for the viscosity,

D(T) oc%:> In[D(T)] = C + In(T) —? (15)
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Figure 4. Bulk modulus of model PBX-9501 binder as a
function of temperature at 1 atm. Error bars for MD data were
estimated using the standard error calculation (90% confidence
limits).

is also shown in Figure 7a. Here, values of C = —35.2, B = 1920
for binder and C = —33.7, B = 3396 for Estane were obtained.
The activation energy, AEg, can be obtained by multiplying
B with universal gas constant in appropriate units. The effect
of pressure on the diffusion of Estane in binder at 600 and
700K is shown in Figure 7b. Increasing the pressure from 1
to 8000atm reduces the diffusion coefficient by almost two
orders of magnitude.

Viscoelastic Properties at 473 K

The shear stress relaxation modulus for model PBX-9501
binder at 473 K is shown in Figure 8a. Predictions for a highly
entangled polymer (85 KDa) are shown. The modulus for times
shorter than the plateau regime was obtained directly from the
stress tensor ACF (Eq. (13)) from a 60-ns MD simulation of the
model PBX-9501 binder (unentangled Estane chains) at 473 K.
The shear stress relaxation modulus of binder in the plateau
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Figure 5. (a) Density as a function of temperature for model
PBX-9501 binder and pure Estane. (b) Thermal expansion
coefficient for model PBX-9501 binder and pure Estane. Error
bars were estimated using the standard error calculation
(90% confidence limits).

and terminal regimes was calculated by combining MD simula-
tion with the three reptation models discussed above (see
also Table 2). All three reptation models yield similar
results for the plateau modulus and terminal relaxation time.
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Figure 6. Apparent viscosity of the model PBX-9501 binder
and pure Estane as a function of inverse temperature. Error
bars were estimated using the standard error calculation
(90% confidence limits). Arrhenius fits are shown.

In Figure 8b, predictions of G(t) using the Milner-McLeish
(MM) model are compared with the Maxwell model developed
for G(t) of PBX-9501 binder based on experimental measure-
ments over a temperature range of —150°C (123K) to 75°C
(348 K) [33]. The time-temperature shift factor obtained from
the Maxwell model for PBX-9501 was used to shift G(t) to
473 K for comparison with simulation predictions.

The short time response (glassy and Rouse regimes)
obtained from simulation are in good agreement with extrapo-
lation (to 473 K) of the Maxwell viscoelastic model. However,
differences between G(t) obtained from extrapolation of the
Maxwell model fitted to experimental data and the prediction
from reptation theory can be observed for the plateau and the
terminal zone. Particularly, Estane 5703, utilized in the experi-
mental binder, appears to exhibit a much longer terminal
relaxation time than predicted by reptation theory. As seen
from Figure 8b, increasing the molecular weight of Estane
chains from 85 to 145KDa, the highest molecular weight
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Figure 7. (a) Self-diffusion coefficient of Estane in the model
PBX-9501 binder model pure Estane as a function of inverse
temperature. The fits using Eq. (14) are represented by a solid
line for model PBX-9501 binder and dashed line for model
pure Estane. (b) Self-diffusion coefficient of Estane in model
PBX-9501 binder as a function of pressure at two temperatures.
Error bars were estimated using the standard error calculation
(90% confidence limits).
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Figure 8. (a) G(t) for PBX-9501 binder (85 KDa Estane)
from three different models: Doi-Edwards (DE), modified
Doi-Edwards (MDE), and Milner-McLeish (MM) model.
(b) Comparison of G(t) for PBX-9501 binder obtained from
combination of the MM model and MD data with the Maxwell
model for binder with Estane 5703.
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observed in experiments, does not increase the terminal relaxa-
tion time predicted from the MM reptation model enough to
account for the differences with the extrapolation of the
Maxwell model.

The plasticized (50wt% nitroplasticizer) Estane (Estane
5703) exhibits a hard segment T, of about 72°C and a soft
segment T, of about —45°C [34]. Thermodynamic incompat-
ibility between hard and soft segments results in microphase
separation of hard segments into hard domains. At tempera-
tures somewhat above 72°C the hard domains are completely
disrupted [35]. The Maxwell model discussed above is based
on experimental measurements for temperatures below the
order-disorder temperature (ODT) wherein it is to be
expected that hard domains can act as physical crosslinks,
dramatically increasing the terminal relaxation time compared
to that predicted by reptation theory, consistent with the
behaivor observed in Figure 8b. We believe that the Maxwell
model yields a superior estimate of G(t) for the Estane 5703—
based binder at temperatures below the ODT than provided
by our combined simulation and reptation theory predictions.
However, Figure 8b reveals that the Maxwell model should
not be extrapolated to temperatures above the ODT.
Here, we believe that reptation theory should provide a good
estimate of G(t).

Our simulations not only allow for estimate of G(t) for
PBX-9501 binder at 473 K and 1 atm (for any Estane molecular
weight), as illustrated in Figure 8, but can also be utilized to
estimate G(t) as a function of temperature and pressure in
the plateau and terminal regimes for temperatures above the
ODT of Estane. Specifically, the temperature dependence of
the binder density (Fig. 5a) and of the self-diffusion coefficient
of Estane in binder (Fig. 6) can be utilized in the combined MD
simulation/reptation approached presented in this work to
predict G(t) of PBX-9501 binder at 1atm for any molecular
weight of Estane at temperatures above the ODT (see Table 2
for the estimation of temperature-dependent model para-
meters). Similarly, an EOS (Table 2), utilized to obtain the
pressure-dependent density, combined with the pressure
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dependent self-diffusion coefficient (Fig. 7b), can be employed
to estimate the influence of pressure on G(t) of PBX-9501 bin-
der over a wide range of pressures for any molecular weight of
Estane, again at temperatures above the ODT (see Table 2 for
the estimation of pressure-dependent model parameters). The
temperature (Fig. 6) and pressure dependence of the viscosity
of the model PBX-9501 binder would in principle provide an
even better estimate of the temperature and pressure depen-
dence of G(t). Unfortunately, we have found that obtaining
good estimates of the viscosity of the model binder at high
pressure is difficult due to slow dynamics.
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