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Abstract The thermomechanical response of HMX/Estane,
a polymer-bonded explosive (PBX) is analyzed for initial
temperatures between 210 and 300 K. The main objective of
this analysis is to gain a better understanding of the concepts
that lead to deformation and heating of energetic composites
as they undergo mechanical and thermal processes subse-
quent to impact. A recently developed cohesive finite element
method (CFEM) framework is used to study the microstruc-
ture-level response of PBX. The CFEM framework allows
the contributions of individual constituents, fracture and fric-
tional contact along failed crack surfaces to heating to be
tracked and analyzed. Digitized micrographs of actual PBX
materials are used. The issues studied include large defor-
mation, thermomechanical coupling, failure in the forms of
microcracks in both bulk constituents and along grain/matrix
interfaces, and frictional heating. The focus is on the corre-
lation between grain-level failure mechanisms and overall
temperature rise in the PBX. The results are used to estab-
lish microstructure-response relations that can be used in the
design of energetic composites.
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1 Introduction

Polymer bonded explosives belong to a class of energetic
materials consisting of a heterogeneous mixture of explo-
sive crystals (such as HMX and RDX) and polymeric binder
(e.g., HTPB and estane). The content of explosives in the
composite can vary from 60 to 95 % by mass. They are used
in various applications such as solid rocket propellants and
insensitive munitions (e.g. HMX/estane). The next gener-
ation munitions are expected to experience stresses on the
order of several GPa upon impact. The heterogeneous nature
of the microstructure renders the impact response of PBXs
non-scalable. At the grain level, the initiation of reaction is
controlled by processes occurring within the crystals, in the
polymer binder and along the interfaces between the two.
Propagation of reaction depends on microstructural parame-
ters such as grain morphology, packing density and defects.
Current design paradigms focus on a high level of empiri-
cism, which is time consuming and costly.

When PBXs are subject to impact loading, various grain-
level mechanisms are activated, causing localized energy
dissipation in the microstructure. The nature of energy local-
ization is highly dependent on the loading density and time
after impact. The detonation of energetic materials is known
toinitiate in hot-spots [ 1] which can be identified as local high
temperature regions having a sufficient size and temperature
to cause chemical reactions. Both chemical and mechanical
processes contribute to the initiation of reaction. The phase
transformation and chemical reactions leading to combus-
tion of PBXs are well established [2,3]. However, the mech-
anisms related to hot-spot formation are not well understood,
primarily due to the lack of experimental data in this regard.

The addition of the polymeric binder changes the response
of PBXs. Several experimental studies have focused the
behavior at different strain rates (see e.g., Gray III et al.
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[4], Govier et al. [5]). Split Hopkinson pressure bar exper-
iments show various degrees of dependence of the stress-
strain responses of different PBXs on initial temperature and
strain rate [6]. This, combined with post-mortem analyses of
specimens, show that PBXs are likely to fail by cleavage of
the crystals at temperatures below the glass transition tem-
perature of the binder and by debonding along grain-matrix
interfaces at higher temperatures [5]. The results clearly indi-
cate viscoelasticity of the binder and microstructural frac-
ture as important deformation and failure mechanisms that
must be accounted for in mesoscale models. Quantitative
information about the stress and displacement fields at the
microstructural level can be obtained by using digital image
correlation [7], allowing calibration of phenomenological
interface separation laws for the different types of surface
pairs in the composite.

Numerical analyses are widely used to gain insight
into the complex grain-level responses of particulate com-
posites under dynamic loading. Eulerian-formulation-based
approaches have been used to study the effect of viscosity on
hot-spot formation (see, e.g., Benson and Conley [1]), com-
paction wave profiles (Baer [8], Trott et al. [9]) and hot-spot
formation due to pore collapse in PBX (Menikoff [10]). In
particular, Trott et al. [9] found a good correlation between
calculated and measured wave profiles. The results suggest
that the complex mechanisms leading to energy release at the
mesoscale can be delineated if accurate material models and
realistic microstructures are used.

So far, Eulerian simulations have not attempted to capture
interfacial debonding and interactions between binder and
gains and fracture surfaces inside grains. These failure mech-
anisms cause overall loss of strength and lead to frictional
dissipation at fractured surfaces. Experiments performed
at low impact velocities on the order of 50ms~! showed
decreasing delays in detonation [11] as projectile velocity
is increased. The result suggests that fracture and frictional
dissipation play a significant role in temperature rises in
the microstructure. Lagrangian formulations can more effec-
tively track interfacial movements (Ortiz et al. [12]). Such
methods can account for fracture, interfacial interactions
between grains and binder and between grains. Previous stud-
ies using Lagrangian approaches (see, e.g., Banerjee et al.
[13], Wu et al. [14]) suggest that the effect of grain/binder
debonding weakens the composite and influences other dis-
sipation mechanisms.

In the current study, a CFEM-based framework [15—
18] is used, accounting for microstructure and thermal—
mechanical processes such as shear banding, interfacial
debonding and fracture of grains. Here, cohesive elements
are embedded throughout the microstructure, along all ele-
ments boundaries, as in [19]. This approach allows arbi-
trary fracture paths and patterns inside each phase and along
the interfaces between the phases to be resolved. Contact
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and friction between failed crack surfaces are accounted
for, allowing heating due to interfacial sliding to be ana-
lyzed along with heating due to bulk constitutive inelastic-
ity.

We evaluate the effects of changes in the initial temper-
ature on the impact response of a HMX/estane PBX. Frac-
ture mechanisms considered include crack initiation, growth
and coalescence inside bulk constituents and along interfaces
between the HMX and estane binder. Initial temperatures
between 210 and 300K are considered, covering the glass
transition temperature Ty (243 K) of the binder. The objec-
tive is to obtain a correlation between the grain-level failure
mechanisms and macroscopic behavior of the PBX over the
temperature regime. Ultimately, the goal is to develop pre-
dictive models for the design of better and more efficient
energetic composites.

2 Microstructure-level model

The micrograph shown in Fig. 1 is obtained from [20]. This
image is used to generate the cohesive finite element model
shown in Fig. 1b.

The finite element discretization is based on linear-dis-
placement triangular elements arranged in a ‘crossed-trian-
gle’ quadrilateral pattern. Cohesive elements are embedded
throughout the microstructure, along all elements boundaries,
as in [15-18,21]. This approach allows arbitrary fracture
paths and patterns inside each phase and along the inter-
faces between the phases to be resolved. This form of CFEM
obviates the need for separate criteria for fracture initiation
and propagation. Another way to look at it is that the cohe-
sive relation serves as the fracture initiation and propagation
criteria. However, this approach does require the model to
satisfy limitations on mesh density and cohesive stiffness
(Tomar et al. [22]). This issued is addressed by the use of a
sufficiently large initial cohesive stiffness (79 = 0.001) and
a finite element size of 30 wm [15].

The cohesive elements follow a traction-separation law
relating the traction on the cohesive surface pair and the inter-
facial separation. The bilinear traction-separation law devel-
oped by Zhai and Zhou [21] is used here. This relation can be
regarded as a generalized version of those given by Tverg-
aard and Hutchinson [23] and Ortiz and Pandolfi [12]. The
work done in fully separating a pair of surfaces is set to
be equal to the respective critical energy release rate ¥ of
the particular fracture surface pair (within a HMX granule,
inside the ESTANE binder, and along a HMX-Estane inter-
face). Experimental values of @, when available, are used
to guide the determination of the cohesive parameters. The
values of @ for the binder and interface are taken from Tan
etal. [7].
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Fig. 1 aImage of a PBX
microstructure consisting of
energetic crystals (grains) and a
polymer binder from [20],

b CFEM microstructural model
of the digitized image, the grain
volume fraction is 0.69

Under compression, penalty traction is used to apply suf-
ficient normal traction on the corresponding node pairs to
strongly discourage interpenetration of cohesive surfaces.

Failure of cohesive elements results in creation of sur-
faces. In order to prevent interpenetration, a contact algo-
rithm similar to that in Camacho and Ortiz [24] is developed
and used. This algorithm works in two steps, the first step
involves the detection of potential contact surfaces and the
second step involves the application of penalty forces to pre-
vent interpenetration. A normal penalty force is applied to
correct the overlap of elements. The Coulomb friction law
is used to determine the frictional force between a contact-
ing surface pair and, in turn, the tangential component of
the nodal force vector. Frictional dissipation is calculated
based on relative interfacial slip and frictional force and
is added to the thermal energy change for the respective
nodes.

3 Microstructural constituents

The binder in the microstructure analyzed is a commercially
available polymer known as ESATNE 5703 which is used
in explosive PBX 9501. It has a glass transition temperature
(Tg) of 243 K. This material is viscoelastic, with properties
sensitive to both strain rate and temperature. The composi-
tion and mechanical properties of plasticized estane can be
found in [25].

HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine)
granules are the explosive content. It is an anisotropic crystal
and is brittle at ambient pressures and therefore undergoes
very little plastic deformation. Hence, dissipation associ-
ated with dislocation motion and plastic deformation is small
compared with the energy spent on fracture development and
subsequent frictional dissipation along crack faces. Since this
study focuses on non-shock conditions, an elastic constitutive
model for HMX is justified. A hyperelastic constitutive for-
mulation is used for HMX, the material properties for which
are obtained from [9].

Traction
—free
B.C.

Traction
—free
B.C.

Fig. 2 Loading configuration of an unconfined specimen with trac-
tion-free boundary condition on the lateral sides

Damage accumulation in the crystals is accounted for via
cohesive surfaces embedded throughout the microstructure,
as described in the previous section.

4 Loading configuration

A 3-mm square microstructural region initially stress-free
and at rest is analyzed. The traction-free boundary condition
(Fig. 2) for the lateral sides allows conditions of nominally
uniaxial stress (unconfined, low stress triaxiality) to be sim-
ulated. This is a 2D model and the conditions of plane-strain
prevail. The velocity boundary condition at the top surface
and the fixed displacement boundary condition at the bottom
surface allow prescribed deformation rates to be imposed.

5 Model calibration

The overall response of PBX includes contributions from
both the deformation of bulk constituents and the debond-
ing at grain-matrix interfaces. Figure 3 shows a comparison
between measured and calculated stress-strain responses of
PBX 9501 for three initial temperatures from 233 to 290K
and a strain rate of & = 2,500s~!. The calculations are
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based on the microstructure shown in Fig. 1. The calculated
and measured stress-strain profiles show good correlation.
Note that at the lower temperature of 233K, the calcu-
lation over-predicts the stress in the softening portion of
the response. One possible reason is that at low tempera-
tures, the brittle behavior of the binder causes the response
to be more sensitive to the microstructural heterogeneity.
At the higher temperature (293 K), the binder behaves in a
more ductile manner and the response is less dependent on
the microstructure. The above comparisons between calcu-
lated and experimental results serve as a justification for the
bulk constitutive and fracture parameters used in the present
analyses.

6 Results and discussions

A systematic analysis is carried out, focusing on the effect
of initial temperature. The framework is inert, so the effects
of possible phase transitions and chemical reactions are not
considered. The imposed boundary velocity at the top sur-
face of the configurations in Fig. 2 is Vo =50ms~! (which
gives rise to a nominal strain rate of ¢ = 16,667s~!) with a
linear ramp from zero to Vy in the first 1 s of loading. Here,
we discuss results at four different initial temperatures (210,
250, 270 and 300 K).

Figure 4 shows the distribution of temperature rise over
the initial temperature (AT = T — T;) at time t = 4.0 ps
(¢ = 5.83%) after the onset of loading for different values
of initial temperature. For all calculations, the distribution of
temperature is influenced by the microstructural heteroge-
neity. High temperature rises are localized mainly in bands
in the matrix. These high temperature bands extend diago-
nally across the microstructure, approximately following the
direction of maximum shear stresses. The temperature sen-
sitivity of the binder causes different failure mechanisms to
be active at different temperature regimes.
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(¢)T,=270K (d)T,= 300K

Fig. 4 Distribution of temperature increase in the microstructure at
t =4.0 wm (e =5.83 %) for four different cases: a T = 210K, b 250K,
¢ 270K, and d 300K (the nominal strain rate is & = 16,667s~1)

At 210K (T; < Ty), the dominant failure mechanism is
the fracture of bulk constituents. Cracks develop in the binder
and coalesce with transgranular cracks in the grains to form
continuous failure paths. The fracture paths run through the
grains and binder, resulting in fragmentation of the composite
(see Fig. 5). This can be observed at the lateral surfaces of the
microstructure in Fig. 5a. At this temperature, the binder is
hard and brittle, causing high stresses to be developed. Con-
sequently, the stress-strain profiles show higher peak stresses
(Fig. 3). Subsequent loading causes the binder to fail by brit-
tle fracture characterized by a sharp drop in stress. Relative
sliding of fractured surfaces results in high frictional dissi-
pation and temperature rises in the microstructure (Fig 5a).

As the initial temperature is increased beyond T, the
binder increasingly behaves as a soft, viscous material. In
early stages of loading, deformation is primarily accommo-
dated by the softer binder, causing heating in the binder and
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Debonding at grain-
matrix interface

Transgranular fracture

N
0.5 mm = (3 mm

i
e, !

(a)T,=210K

e (=
(b) T,=300K

Fig. 5 Close-up view of a region of the microstructure at t =4.0 pm
(¢ =5.83 %) showing the different failure mechanisms at a T; =210K
and b 300K (the nominal strain rate is ¢ = 16,667 s~1)

heat conduction into the grains across the grain-binder inter-
face. Initially, higher temperature rises occurs in regions of
the binder between neighboring grains carrying high normal
and shear stresses. Subsequently, these areas coalesce to form
shear bands. It is noted that shear bands in the binder alone
typically do not generate sufficient heat to cause melting of
the HMX grains.

The soft binder allows relative motion of grains to take
place, activating other energy dissipation mechanisms. Deb-
onding along the relatively weak grain-matrix interface is the
primary mode of damage (Fig. 5b). Such interfacial debond-
ing has also been experimentally observed in experiments
at both low and high strain rates (see, e.g., Rae et al. [26],
Siviour et al. [20]). This form of damage reduces the effec-
tive modulus of the overall microstructure (Banerjee et al.
[13]). At higher levels of nominal strain (>3 %), grain—grain
interactions occur.

The locations where grains come into contact with each
other are sites of severe stress concentration, crack develop-
ment and grain—matrix sliding. Crack formation, sliding and
the ensuing frictional dissipation cause more intense heating
and higher temperatures. Further deformation leads to trans-
granular fracture of grains. Crack development, grain—matrix
debonding and transgranular fracture create more surfaces
which may come into contact and slide against one another
giving rise to additional frictional dissipation and heating.
These processes ultimately lead to more severe heating in the
microstructure, resulting in what is known as the hot-spots
which can cause ignition of energetic materials [27].

We first consider the case with T; = 300K and will use
it as the basis for comparison. Figure 6 shows the evolution
of total mechanical work imparted to the microstructure by
the applied load or boundary work (Wj), elastic strain energy
(W,), and kinetic energy (Wy). The three forms of energy dis-
sipation—energy spent on causing fracture or fracture energy
(W,), viscoelastic dissipation (W,,) and frictional dissipa-
tion (W y)—are also shown. Only Wy, and W contribute to

60
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Fracture work (IV,)
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o0 L Elastic strain
energy (IV,)
Frictional

Energy or Work [J]
8

- ek
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Fig. 6 Evolution of mechanical work and dissipation, T; = 300K and
&=16,667s""

temperature rises in the microstructure. Boundary work (Wp)
increases nearly linearly to 60J as the nominal strain reaches
0.07. Initially, the increase in kinetic energy (W) is higher
than the increase in elastic strain energy (W,.), indicating
that more energy is stored in the specimen as kinetic energy
than as elastic strain energy. Beyond a nominal strain of 0.04,
the rate of change of W) decreases and becomes approxi-
mately equal to the rate of change of W, indicating a gradual
decrease in specimen acceleration and the intensification of
fracture and heating due to viscoelastic and frictional dissi-
pation. Energy dissipated through fracture increases linearly
up to 307J as the overall strain increases to 0.07. At this value
of overall strain, W, constitutes and W, (8.6 %). The vis-
coelastic dissipation (W,,) is primarily associated with the
shear deformation of the binder and accounts for ~15.9 %
of the overall boundary input (Wj). In contrast, elastic strain
energy (W,) accounts for ~10.2 %.

The evolution of elastic strain energy, viscoelastic dissi-
pation and frictional dissipation with overall strain for four
initial temperatures between 210 and 300K are shown in
Fig. 7a—c. The elastic strain energy is higher at lower initial
temperatures, indicating the effect of higher elastic modulus
of the binder at lower temperatures. In contrast, viscoelastic
dissipation in the binder does not show a clear trend with
the variation of initial temperature. Specifically, W,, is low
at both T; = 210-300K and is highest at an intermediate
temperature of 270K. At 210K (<T,), the binder is rela-
tively brittle, consequently, viscous dissipation is insignifi-
cant. At T; > Ty, the softer binder absorbs most of the input
energy and accommodates most of the imposed deformation.
Increasing the initial temperature beyond Ty causes higher
viscoelastic dissipation. Between 25 and 270K, the binder
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Fig. 7 Evolution of elastic strain energy and dissipation with over strain (T; =210-300K and ¢ = 16,667 g1 ), a elastic strain energy, b viscoelastic
dissipation, ¢ frictional dissipation, d average dissipation rates, e fit for viscoelastic dissipation, and f fit for frictional dissipation

is hard enough for high stresses to be developed, causing
higher viscous dissipation. At 250K, the rate of viscous dis-
sipation decreases beyond a nominal strain of 4 %, owing
to increased fracture in the microstructure. At a higher tem-
perature of 300K, the binder is soft enough to prevent high
stresses from being developed, causing viscous dissipation
in the binder to decrease.

Viscoelastic dissipation in the binder is the primary dissi-
pation mechanism in early stages of the deformation. Accord-
ingly, temperature increase occurs primarily in the binder.
Although the binder is typically inert, a portion of the thermal
energy is conducted into the grains through the grain-matrix
interface. Thus, part of the temperature increase in the grains
is due to viscous dissipation in the binder.

Figure 7c shows the energy dissipated due to frictional
heating in bulk grains and matrix. Clearly, higher overall
stresses and more extensive fracture at lower initial temper-
atures lead to higher levels of frictional dissipation. Since no
fracture occurs in early stages of loading, frictional dissipa-
tion remains zero for strains up to 3 %. Beyond this strain,
frictional dissipation initiates in both bulk phases and along
the grain-matrix interfaces.

The contributions of viscoelastic and frictional dissipa-
tions to temperature rises in the microstructure vary with
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initial temperature. Quantifying the dissipations provides
insight into the heating mechanisms and their tempera-
ture- and time-dependence. Figure 7d plots the rates of
viscoelastic and frictional dissipations at different values of
initial temperature. The rates are averaged over the duration
of deformation up to 0.07. It can be seen that the rate of
viscoelastic dissipation is low (~ 2.3 kW) at both ends of
the temperature range (210-300 K) and reaches a maximum
value of around 3.48kW at the intermediate temperature of
T; = 270K. Deformation and viscoelastic dissipation in the
binder are lower at low temperatures (e.g., 210K) because
the brittle nature of the binder enhance failure and frictional
dissipation in both phases. While at high temperatures (e.g.,
300K), lower overall stresses translate into lower viscoelastic
dissipation. For each initial temperature, viscoelastic dissipa-
tion (W,,) increases essentially linearly with time (Fig. 8b).
In such cases, the rate of viscous dissipation W), (r) can be
assumed to be a constant which dependents only on Tj, i.e.,

W/, (1) =C(Ty); t>0. 6.1)

where C(Tj) is the average rate of viscous dissipation as
shown in Fig. 8d. Thus, the viscous dissipation can be
obtained as a function of time by simply integrating Eq. (6.1)
as,
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Fig. 8 Volume fractions of HMX grains and binder having a temper-
ature rise of at least 10 K (T; =300K and & = 16, 667s~!)

Wie() = C(Th) -1; 1 =0. (6.2)

In contrast to viscoelastic dissipation, frictional dissipa-
tion does not initiate until a delay strain (gq) or delay time
(t4) has elapsed. Once frictional dissipation (Wy) initiates,
its rate (W}) varies linearly with time. Thus, the variation of
frictional dissipation rate W}’r can be expressed as,

0; 0<tr<y

D(T) -1 6.3)

Wi(t) = [
where D(T;) = —71.9816 - T;(kW). The variation of fric-
tional dissipation with time is, therefore,

0; O0<r=<t4

DT - (t — 1)t > ta. ©6.4)

WMﬂz[
Equations (6.3) and (6.4) are plotted in Figs. 8d—e. The fit for
frictional dissipation agrees well with the calculated curves
in Fig. 8c. A comparison of and W,, and Wy shows that
the onset of frictional dissipation has no appreciable impact
on viscoelastic dissipation. Since W, has a linear depen-
dence on tiem and Wy is a quadractic function of time, the
onset of frictional dissipation signifies a transition in heat-
ing mechanism from one dominated by viscoelasticity to one
dominated by internal friction. Figure 9 shows the volume
fractions of binder and HMX granules having temperature
rises of at least 10K for the case with T; =300 K. Heating in
the HMX phase initiates at a nominal strain of 0.03 which is
identical to the delay strain obtained earlier. Clearly, heating
in the grains is primarily due to frictional dissipation which
dominates the overall heating process once it sets in.

It can be inferred from Fig. 8c that the delay strain is not
dependent on initial temperature and frictional dissipation
initiates at the same level of overall strain. Previous exper-
imental study by Govier et al. [5] showed that the failure

strain or strain corresponding to peak stress of the PBX is
invariant with respect to initial temperatures between 218
and 328 K. The experimental result and the results obtained
here show that the initiation of fracture and friction in this
PBX is not sensitive to initial temperature. On the other hand,
packing density and loading rate are expected to play a more
important role in affecting damage initiation consequently
the delay strain.

The temperature rises in the binder and grains are quanti-
fied separately in Fig. 9. The histograms show the percentage
by volume of each phase having a certain value of temper-
ature increase after 5.0 s of deformation at a strain rate of
e = 16,667s~!. The strain (¢ = 7.5 %) is identical for all
four cases while the temperature rise is relative to the ini-
tial temperature. For all cases, most of the microstructure
experiences lower temperature rises (~5 K) and only smaller
fractions of the volume experience higher values of AT. At
both 210-300K, significant heating takes place in the binder
and grains, with the binder being heated more than the grains.
More severe heating occurs in the binder at T; = 300K, par-
ticularly at the low temperature end (~5-10K). Temperature
increases at the lower end are primarily due to viscous dissi-
pation in the binder which is partly conducted to the grains.

At Tj = 210K, temperature rises in the grains are almost
twice that at T; = 300K. This can be attributed to ear-
lier fracture and higher frictional dissipation at lower initial
temperatures. Thus, as the initial temperature is increased,
viscous deformation of the binder delays the onset of grain-
binder interfacial failure and more importantly, grain-grain
interactions.

7 Concluding remarks

A fully coupled thermomechanical finite-deformation frame-
work is used to analyze the response of polymer-bonded
explosives (PBXs). The analyses carried out focus on com-
posites consisting of HMX granules bonded by an es-
tane matrix under conditions of deformation. Digitized
micrograph of an actual PBX specimen is used in this
analysis.

Initial temperatures between 210 and 300K are consid-
ered, spanning across the glass transition temperature 243 K
of the binder. A transition in failure mode from brittle fracture
at temperatures below Ty to shear band formation at temper-
atures above Ty is observed. At the same level of overall
deformation, more severe temperature rises are observed for
lower initial temperatures due to more brittle responses of
the binder, earlier fracture of the constituents, and more sig-
nificant frictional heating at crack surfaces.

The energy dissipations contributing to temperature rises
in the microstructure are quantified. In the process, a con-
cept of delay strain is introduced which marks the transi-
tion in heating mechanism from viscoelastic to frictional
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Fig. 9 Histograms showing fractions of binder and grains in terms of volume at different temperature ranges for T; = 210-300K, ¢ = 16,667s!,

att=5.0 pm (e =7.5%)

dissipation. The delay strain is found to be invariant with
initial temperature. The framework developed and the results
obtained are useful for establishing microstructure-perfor-
mance relations for PBXs.
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