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Abstract

A cohesive finite element method (CFEM) framework for quantifying

the thermomechanical response of polymer-bonded explosives (PBXs) at the

microstructural level is developed. The analysis carried out concerns the

impact loading of HMX/Estane at strain rates on the order of 104–105 s−1.

Issues studied include large deformation, thermomechanical coupling, failure

in the forms of microcracks in both bulk constituents and along grain/matrix

interfaces, and frictional heating. The polymer matrix is described by a

thermo-elasto-viscoelastic constitutive formulation, accounting for temperature

dependence, strain rate sensitivity and strain hardening. The HMX crystals

are assumed to be elastic. The CFEM framework allows the contributions

of individual constituents, fracture and frictional contact along failed crack

surfaces to heating to be tracked and analyzed. Digitized micrographs of actual

PBX materials and idealized microstructures with Gaussian distributions of

grain sizes are used in the analysis. The formation of local hot spots as potential

ignition sites is primarily due to the viscoelastic dissipation in the matrix in early

stages of deformation and frictional heating along crack surfaces in later stages

of deformation. The framework is a useful tool for the design of energetic

composites and the results can be used to establish microstructure–response

relations that can be used to assess the performance of energetic composites.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Polymer-bonded explosives (PBXs) are a class of composites consisting of explosive crystals

and a soft polymeric binder. They are used in a wide variety of civil and military

applications such as detonators and solid rocket propellants. The content of explosives in the
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composites varies between 60% and 95% by mass, similar to that in pressed explosives. The

mechanical properties of PBXs are strongly influenced by the binder whose elastic modulus is

approximately three to four orders of magnitude lower than that of the granules. This allows the

binder to deform and absorb most of the mechanical work imparted to the composites during

impact loading. Hence, the binder provides structural toughness to and reduces the impact

sensitivity of the composites. This attribute also allows PBXs to be pressed and machined to

desired shapes and sizes.

PBXs may be subject to dynamic loading with stresses on the order of several GPa for

durations of 10–100 ms. Responses under such conditions are complex since they are inher-

ently non-scalable. Consequently, current PBX designs are primarily based on empirical trial

and error which is time consuming and material specific. It is highly desirable to quantify the

conditions that lead to reaction initiation of the energetic composites as they undergo mechan-

ical, thermal and chemical changes upon impact loading. In particular, the establishment of

processing–microstructure–response relations would allow systematic design and exploration

of processing routes and material configurations that are tailored to specific applications [1].

In the last two decades, a significant amount of research has focused on experimental

characterization of PBXs and their constituents. Palmer and Field [3] studied the mechanical

deformation of β-HMX. Subsequently, Palmer et al [4] analyzed the distribution of stress,

failure strength and fracture behavior of PBXs of different compositions. Several other studies

have focused on the characterization of heterogeneous microstructures (e.g. [5, 6]), fracture

and deformation (e.g. [7–10]), influence of temperature and strain-rate (e.g. [11, 12]) and corre-

lation between microstructure and fracture behavior (e.g. [2]). Wiegand et al [13] investigated

the effect of confinement on behavior and reported significantly higher elastic modulus and

flow stress at higher confinement levels. Siviour et al [14] argued that the fracture of crystals is

unlikely to produce significant heating due to their low fracture toughness. Menikoff et al [15],

on the other hand, reasoned that frictional dissipation along fractured surfaces might lead to

high temperature rises, especially under conditions of significant confinement.

A significant amount of work has been done on the shock compression of heterogeneous

materials using Eulerian-formulation-based approaches. Benson et al [16] carried out 2D

hydrocode simulations to analyze the densification of granular HMX. Austin et al [17] studied

the shock compression of microstructures with aluminum–iron oxide (thermite) particles in

a polymer binder. Baer [18] studied the consolidation, deformation and reaction of HMX

crystals using highly resolved 3D simulations. Their results suggest that the stress state in a

heterogeneous material shows large fluctuations and localization of heating or formation of

‘hot spots’ is due to inelastic deformation and interaction between crystals which cannot be

modeled using a continuum level approach. Menikoff [19, 20] studied pore collapse, another

important mechanism responsible for the formation of hotspots.

So far, Eulerian simulations have not attempted to capture fracture and interfacial

debonding between binder and gains and fracture of grains. These failure mechanisms cause

overall loss of strength and lead to frictional dissipation at fractured surfaces. Lagrangian

formulations can more effectively track interfaces [21, 22]). Such a method has been used

by Banerjee et al [23] to study the effect of grain/binder debonding on the elastic modulus

of a glass-Estane PBX simulant. Wu et al [24] used a rate-dependent viscoelastic cohesive

zone model for the binder and a continuum damage model for the HMX grains to simulate the

response of PBX 9501 in Brazilian compression tests. Results from these studies suggest that

fracture of grains and grain/binder debonding play important roles in the failure of PBXs.

Simulations with explicit account of microstructural features and processes allow the

delineation of the influences of different microstructural attributes, deformation and failure

mechanisms and heat generation mechanisms. In particular, shear banding, interfacial
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Figure 1. Morphologies of HMX grains in a pressed PBX, (a) before impact loading and (b) after

impact loading [2]. With kind permission from Springer Science + Business Media: Chen P W,

Huang F L and Ding Y S 2007 J. Mater. Sci. 42 5272.

debonding, collapse of voids and fracture of grains can be resolved using a Lagrangian

framework. These processes initiate at different stages of a dynamic loading event and proper

resolution of them requires experimental calibration of a model.

In this study, a cohesive finite element method (CFEM)-based framework is developed

and used, accounting for microstructure and the thermal-mechanical processes outlined above.

Such a framework has been extensively used to study a wide variety of issues related to

delamination and fracture such as tensile decohesion [25], quasi-static crack growth [26],

ductile fracture [27, 28], dynamic fracture [29], dynamic fragmentation [30, 31], delamination

in composites [32, 33] and microstructural fracture [34]. Here, cohesive elements are

embedded throughout the microstructure, along all elements boundaries, as in [34]. This

approach allows arbitrary fracture paths and patterns inside each phase and along the interfaces

between the phases to be resolved. This form of CFEM obviates the need for criteria for

fracture initiation and propagation but requires the model to satisfy limitations on mesh

density and cohesive stiffness [35]. Contact and friction between failed crack surfaces

are accounted for, allowing heating due to interfacial sliding to be analyzed along with

heating due to bulk constitutive inelasticity. The framework entails a fully coupled thermal-

mechanical formulation, therefore, the interactions between the mechanical process of dynamic

deformation and failure and the thermal process of heat generation and conduction are resolved.

A range of actual and idealized microstructures with varying attributes are considered in order

to establish relationships between microstructural features such as grain size, distribution

and contiguity and stress–strain response, failure and heating. The objective is to formulate

microstructure–properties relations in a manner that lends them to the design and development

of PBXs with tailored property attributes.

2. Microstructure of PBX

As shown in figure 1, a typical PBX microstructure consists of explosive particles such as HMX

or RDX in a soft polymer matrix. The preparation of PBXs involves mixing, in a solvent, the

explosive powder, binder and a small amount of additives such as plasticizers and oxidizers.

Once the mixture has dried up, it is compressed at an elevated temperature to increase density

and in turn the explosive output of the charge. A detailed description of the preparation of

PBX 9501 may be found in [36]. Explosive crystals have multifaceted irregular shapes and are

distributed randomly. Most PBX composites are essentially isotropic at scales above several

interparticle distances.
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Grain morphology, distribution and volume fraction play an important role in determining

the explosive output and the thermomechanical response of PBXs. Figure 2(a) shows the

digitized image of an actual PBX microstructure. Variations of this microstructure with a

range of grain volume fraction (η) between 0.42 and 0.82 are shown in figures 2(b)–(f ).

Morphological parameters for these random microstructures are coupled and their effects

cannot be easily analyzed independently. To delineate the influence of phase attributes such as

phase size, phase arrangement, phase shapes and phase size distribution, a series of idealized

microstructures with systematically varying arrangement, size and shape of HMX grains are

generated and used in the numerical simulations. These idealized microstructures consists of

(a) randomly distributed diamond-shaped grains (figure 3) with normal distributions of grain

size (figure 4) and grain volume fraction η = 0.42–0.74;

(b) randomly distributed circular grains (figure 5(a)) with a normal distribution of grain size

(figure 6(a)) and grain volume fraction η = 0.69 and

(c) randomly distributed circular grains (figure 5(b)) with a bimodal distribution of size

(figure 6(b)) and grain volume fraction η = 0.69.

The grain size distributions for the microstructures in figures 2–3 and figure 5(a) are

monotonic, with means between 148 and 255 µm and standard deviations between 47.13

and 121.35 µm. The grain size distribution for the microstructure in figure 5(b) is bimodal,

with two mean values, one at 294 µm and the other at 98 µm. The standard deviations for

these two peaks are 50 µm and 16 µm, respectively, as shown in figure 6(b). The bimodal

distribution is an effective means to increase the proportion of explosives in a composite.

Packing densities up to 99% of the theoretical maximum density (TMD) have been achieved

using this approach [4]. The more intimate packing enhances the interactions between the

particles and affects the thermomechanical responses of the compact. This microstructure

allows the issue of packing intimacy to be analyzed.

Together, the microstructures discussed above allow the effects of volume fraction

(figure 3), particle shape (figures 4(b) and 5(a)) and particle arrangement (figures 5(a) and (b))

to be characterized.

3. Finite-deformation viscoelastic model for the binder

The binder considered is a commercially available polymer known as ESATNE 5703 and used

in explosive PBX 9501. It has a glass transition temperature (Tg) of −40 ◦C. The composition

and mechanical properties of plasticized Estane can be found in [12, 37]. This material is

viscoelastic, with properties sensitive to both strain rate and temperature. Table 1 lists the

properties of Estane at T = 296 K, ε = 10% and ε̇ = 2200 s−1. Below Tg, Estane is rather

brittle and fractures easily; while above Tg, it is ductile. Following the generalized Maxwell

model (GMM) in [38], we use a 22-element Prony series to characterize the variation of the

shear modulus G of the binder with relaxation time. The bulk modulus, K , of the polymer is

assumed to be a constant, as in [24, 38]. The generalized stress–strain relation for a Maxwell

model in the current configuration can be expressed in the integral form

σ(t) =

∫ t

0

2G(τ − τ ′)
∂εD

∂τ ′
dτ ′ +

∫ t

0

K(τ − τ ′)
∂εH

∂τ ′
dτ ′, (1)

where σ represents the Cauchy stress, εD and εH refer to the deviatoric and hydrostatic portions

of the Eulerian strain tensor, and t and τ refer to the physical and reduced times, respectively.

The shear modulus G is assumed to vary with the reduced or relaxation time τ according to a
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Figure 2. (a) Digitized image of a PBX microstructure from [14] and variations with grain volume

fractions of (b) 0.42, (c) 0.64, (d) 0.69, (e) 0.77 and (f ) 0.82. Reproduced with permission from

the Royal Society: Siviour et al 2008 Proc. R. Soc. A 464 1229.

Figure 3. Idealized microstructures with different grain volume fractions, (a) η = 0.42,

(b) η = 0.69 and (c) η = 0.74.

Prony series formulation [38] of the form

G(τ) = G∞ +

Np
∑

i=1

Gie
− τ

τ
p
i = G0



g∞ +

Np
∑

i=1

gie
− τ

τ
p
i



 , (2)

where G0 = G∞ +
∑Np

i=1 Gi and represents the instantaneous shear modulus at reference

temperature T0, G∞ represents the steady-state shear modulus, gi = Gi/G0 is the relative

modulus of the ith term, Np represents the number of terms in the Prony series and τ
p
i are the

relaxation times.
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Figure 4. Grain size distributions for the digitized microstructures in figure 2 ((a) η = 0.42,

(b) η = 0.69, (c) η = 0.77) and the idealized microstructures in figure 3 ((d) η = 0.42, (e) η = 0.69

and (f ) η = 0.74.)

Figure 5. Idealized microstructures with η = 0.69 (a) monomodal and (b) bimodal distributions.

The modulus of a viscoelastic material at a given strain level is a function of time and

temperature. A convenient and appropriate way to describe the dual dependence is to use

time-temperature superposition to generate master curves with a shift factor AT . The time-

temperature superposition principle states that the viscoelastic behavior at one temperature

can be related to that at another temperature by a change in time scale. The reduced τ time is

related to the physical time t via

dτ =
dt

AT (T (t))
. (3)
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Figure 6. Grain size distributions for idealized microstructures in (a) figure 5(a) and (b) figure 5(b).

Table 1. Material parameters for HMX and Estane.

Material Property HMX Estane (T = 296 K, ε = 10%, ε̇ = 2200 s−1)

Young’s modulus 25 325.0 MPa 0.77 MPa (Loading modulus [12])

Density 1.58 g cm−3 0.90 g cm−3

Specific heat 1254.0 J kg−1 K−1 1500 J kg−1 K−1

Poisson’s ratio 0.250 0.499

Here, AT is a shift function which depends on the current temperature T and a reference

temperature T0. In this paper, a Williams–Landell–Ferry (WLF) shift function is used, i.e.

− log AT =
C1(T − T0)

C2 + (T − T0)
. (4)

Here, C1 = 6.5 and C2 = 120 K are constants and T0 = 292 K [38]. Equation (4) describes

the equivalent isothermal difference in strain rate between two experiments performed at the

same strain rate, one at the reference temperature T0 and the other at an elevated temperature T .

The finite strain viscoelasticity formulation used here is similar to that in [39]. The Jaumann

rate of Kirchhoff stress is obtained from the rate of deformation D through

τ̂ = τ̂
H

+ τ̂
D

= L : D, (5)

where L is the isotropic elastic modulus of the binder in the form of

L =
E

1 + ν

(

II +
ν

1 − 2ν
I ⊗ I

)

(6)

and τ̂H and τ̂D refer to the hydrostatic and deviatoric parts of τ̂ , respectively. Also, II is the

fourth-order identity tensor, I is the second-order identity tensor, and I ⊗ I denotes the tensor

product of two tensors. Since the variation of shear modulus G only affects the deviatoric

portion of the stress, τ̂ can be rewritten as

τ̂ =



1 −

Np
∑

i=1

αigi



 τ̂D + τ̂H, (7)

where αi = 1 − (τi/1τ)(1 − γi) and γi = e−(1τ/τi ), with 1τ being the increment of the

reduced time τ during the current time step. Substitution of equation (5) into equation (7)
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yields the deviatoric part of the Jaumann rate of the Kirchhoff stress as

τ̂D
new =



1 −

Np
∑

i=1

αigi



 · (L : D)D. (8)

The above equation can be further simplified using the instantaneous shear modulus G0 as

τ̂D
new =



1 −

Np
∑

i=1

αigi



 · 2G0D
D = 2G0D

D − 2G0

Np
∑

i=1

αigiD
D. (9)

The first term in the above relation represents the instantaneous elastic response and the second

term represents the viscous response. This allows the deviatoric part of the Kirchhoff stress to

be updated. Note that the hydrostatic part is unaffected by the viscous strain and, therefore,

can be updated using

τ̂H = (L : D)H . (10)

Finally, the rate of viscous dissipation can be calculated as the scalar product of the average

Kirchhoff stress and the viscous strain rate for each time step. This energy dissipation is

manifested as temperature rises in the binder phase. The model parameters are calibrated

using experimental data reported in [12] through direct simulations of the experiments.

4. Constitutive model for HMX grains

In this analysis, HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) granules are the

explosive content. Depending on the temperature and pressure, HMX can have four different

forms, α, β, γ and δ, with β being the most stable under ambient conditions. The α phase

has a limited domain of stability from 376 to 435 K [40]. As temperature is increased beyond

438 K at atmospheric pressure, the β phase begins to transform to the γ phase. At the melting

temperature of 522 K, the γ phase is the most thermodynamically stable form [41].

While considerable information is available regarding the equation of state (EOS) for HMX

(see, e.g. [42]), less information is available on constitutive relations. In Eulerian simulations,

an EOS is often used for the volumetric part of the response while the deviatoric part is described

by an elastic–plastic strength model [16, 19]). Mas and Clemens [43] assumed the grains are

elastic–plastic and undergo brittle fracture through crack development. Wu et al [24] used a

continuum damage model which accounts for the weakening effect of microcracks through

decreases in the elastic stiffness.

It is commonly acknowledged that HMX is brittle at ambient pressures [16] and therefore

undergo very little plastic deformation. Hence, dissipation associated with plastic deformation

is very small compared with the energy spent on fracture development and subsequent frictional

dissipation along crack faces. Experiments reveal significant relative displacements of crack

surfaces and relative sliding of neighboring grains [44]. Therefore, friction at the contact

surfaces is a much more important dissipation and heat generation mechanism for HMX

granules than any inelasticity in constitutive response.

In this study, a hyperelastic constitutive formulation is used for HMX, the material

properties for which are listed in table 1. The constitutive relation is

S =
∂W

∂E
, (11)

where W is the strain energy density in the reference configuration, S = s ·F −T is the second

Piola–Kirchhoff stress and E is the Lagrangian strain given by

E = 1
2
(F T · F − I). (12)
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Figure 7. Bilinear traction–separation cohesive law.

In the above formulae, (·)T and (·)−T denote inverse and inverse transpose, respectively. The

strain energy density is taken to be

W = 1
2
E : L : E, (13)

where L is the tensor of isotropic elastic moduli defined in equation (6).

Damage accumulation in the crystals is accounted for via cohesive surfaces embedded

throughout the microstructure, as described in the following section.

5. Cohesive finite element framework

In the cohesive model used, the traction T applied on any cohesive surface is work-conjugate

to interfacial separation ∆. Reckoned in the reference configuration, the cohesive law is

T (x) = T [1(x)]. (14)

Implied here is the assumption that cohesive traction–separation relations are locally

determined, i.e. the cohesive traction at one point is fully determined by the separation at

the point itself. In the calculations presented in this paper, a bilinear traction–separation law

developed by Zhai and Zhou [45] is used. This relation can be regarded as a generalized

version of those given by Tvergaard and Hutchinson [26] and Ortiz and Pandolfi [21]. The law

is derived from a potential 8 which is a function of the separation vector ∆ through a state

variable defined as

λ =



















√

(

1n

1nc

)2

+

(

1t

1tc

)2

, 1n > 0;

∣

∣

∣

∣

1t

1tc

∣

∣

∣

∣

, 1n < 0.

(15)

Here, 1n = n · 1 and 1t = t · 1 denote, respectively, the normal and tangential components

of ∆, with n and t being unit vectors normal and tangent to the cohesive surface, respectively.

1nc and 1tc are the critical normal and shear separations at which the cohesive strength of

an interface vanishes under conditions of pure normal (1t = 0) and pure shear (1n = 0)

deformation. The specific form of λ aries with the mode of separation. If the value of 1n

is positive, λ describes the instantaneous state of mixed-mode separations. While if 1n is

negative (compressive case), λ assumes the value of instantaneous shear separation. This

ensures that in the case of compressive loading, the material only fails by shearing.

In order to account for the irreversibility of separations, a parameter η = max{η0, λul} is

defined. As illustrated in figure 7(a), η0 is the initial value of η which defines the stiffness

of the original undamaged cohesive surface and λul is the hitherto maximum value of λ at

9
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Table 2. Cohesive parameters for the three types of interfaces.

Interface type Critical separations 1n, 1t (µm) Maximum traction Tmax (MPa)

Grain 5.0 100.0

Matrix 10.0 38.4

Grain–matrix interface 4.62 35.0

which an unloading process was initiated. λul represents the (reduced) current stiffness of the

cohesive surfaces after damage and unloading have occurred. Also, one always has η < 1.

λul is the critical level of λ at which σ reaches the reduced strength of the hitherto damaged

cohesive surface pair. The cohesive potential is assumed to be of the form derived in Zhai and

Zhou [45].

The bilinear cohesive relation between σ and λ is illustrated in figure 7(a) and the variation

of 8 is shown in figure 7(b). The value of 80 is set to be equal to the respective critical energy

release rate G of the particular fracture surface pair (within a HMX granule, inside the ESTANE

binder and along a HMX-ESTANE interface). Experimental values of G , when available, are

used to guide the determination of the cohesive parameters. The values of G for the binder

and interface are taken from Tan et al [46]. The cohesive parameters used for the three types

of interfaces are listed in table 2.

Under compression, penalty traction is used to apply sufficient normal traction on

the corresponding node pairs to strongly discourage interpenetration of cohesive surfaces.

Specifically, the penalty traction is of the form

Tn = T max
n exp

(

1n

1nc

)

, for 1n < 0. (16)

This penalty traction is applied as long as λ is less than 1 for the pair of surfaces. Once λ > 1,

i.e. the cohesive element has failed, a contact algorithm (for both free and fractured surfaces)

described in the next section is used to prevent interpenetration and account for interfacial

friction.

As analyzed in Tomar et al [35], there is an issue of cohesive-surface-induced stiffness

reduction associated with this type CFEM approach when a finite initial stiffness is used in

the cohesive law. This issued is addressed by the use of a sufficiently large initial cohesive

stiffness (η0 = 0.001) and a finite element size of 30 µm. These choices satisfy the solution

convergence criterion in Tomar et al [35] for this type of CFEM models.

6. Contact and friction algorithm

A robust contact algorithm is required to properly account for the interactions between initial

boundaries and surfaces that arise out of fracture and debonding inside the material. An

algorithm similar to that in Camacho and Ortiz [30] 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 prevent interpenetration.

Potential contact surfaces include initial free surfaces/boundaries and fractured surfaces.

The latter are created when failure of a cohesive surface pair occurs (λ = 1). The algorithm

treats all free surface segments as potential contact surfaces. For each surface segment,

a contact region is defined as the area occupied by all of the adjoining elements. At the

beginning of every step, the nodal displacements, velocities and accelerations are predicted

assuming no contact has occurred. The new nodal coordinates are employed to check for

interpenetration within the contact region. Once interpenetration is detected, penalty forces

10
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are applied normally on the pair of surfaces to set them back into alignment. The Coulomb

friction law is used to determine the frictional force between a contacting surface pair and

in turn the tangential component of the nodal force vector. Frictional work results in the

generation of heat and increases the thermal energy of the nodes on the contact surfaces. The

thermal force is distributed between the two surfaces according to [30],

h1

h2

=

√

k1ρ1c1

k2ρ2c2

, (17)

where hi represents the thermal energy changes, ki , ρi and ci represent the thermal

conductivities, mass densities and the heat specific heats of the two materials (i = 1, 2),

respectively. To keep track of thermal conduction across adjacent elements, temperature

continuity is maintained across every node junction. Since a node pair on the two sides

of a cohesive surface pair correspond to the same material point in the reference configuration,

a thermal energy averaging scheme is used to evaluate the temperature rise 1T at each node

junction according to

1T =

∑n
i=1 hi

∑n
j=1 mjcj

, (18)

where n represents the number of nodes at the node junction, mj is the lumped mass and cj is

the lumped thermal capacitance of the j th node at the junction.

7. Finite element discretization

The finite element discretization is based on linear-displacement triangular elements arranged

in a ‘crossed-triangle’ quadrilateral pattern. Neighboring elements are connected through

cohesive surfaces. Thus in the undeformed configuration, the cohesive elements are oriented

along four directions, horizontal (0◦), vertical (90◦) and along the diagonals of the quadrilateral

(±45◦). Finite element discretization of the field equations results and the numerical integration

scheme is similar to that in Zhou et al [47] and shall not be described here.

8. Loading configurations

A 3 mm square microstructural region initially stress free and at rest is analyzed. This sample

size is at least one order of magnitude higher than the length scale of the mean grain size for

this type of PBX microstructures and for the microstructures in figures 2–3 and 5, thus giving

reasonable representations of the microstructures. The loading configurations in figure 8 are

designed to account for a range of loading rates and different load triaxialities. The periodic

boundary condition in figure 8(a) and the traction-free boundary condition in figure 8(b) for

the lateral sides allow conditions of nominally uniaxial strain (confined, high stress triaxiality)

and nominally uniaxial stress (unconfined, low stress triaxiality) to be simulated, respectively.

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.

9. Model calibration

Depending on temperature and strain rate, the dynamic response of PBXs can vary significantly.

For the pure polymeric binder, the viscoelastic response obtained from analytical relations is

compared with measured compressive stressstrain (σ − ε) response from [12] for a range of

11
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Figure 8. Loading configurations, (a) confined specimen with periodic boundary conditions and

(b) unconfined specimen with traction-free boundary conditions on lateral sides.

Figure 9. Calculated and measured stress–strain curves for Estane 5703 (experiments by Cady

et al [12]).

strain rates and initial temperatures (see figure 9). Note that the glass transition temperature

for the binder Tg = 233 K. For temperatures above the glass transition region, viscoelastic

response predicted by the analytical relations is in good agreement with the measured response.

However, at temperatures lower than Tg the measured response deviates significantly from the

analytical prediction. This is due to damage in the form of brittle fractures decreases the

load-carrying capacity of the material. The cohesive traction–separation law for the binder has

been calibrated to account for this brittle behavior observed at low temperatures.

The overall response of PBX includes contributions from both the deformation of bulk

constituents and the debonding at grain–matrix interfaces. Figure 10 shows a comparison

between measured and calculated σ − ε responses of PBX 9501 for three initial temperatures

from 233 K and 290 K, at a strain rate of ε̇ = 2500 s−1. The calculations are based on the

microstructure shown in figure 2(d). Note that for the calculations at lower temperatures

(233 and 273 K), the calculations over-predict the stress in the softening portion of the σ − ε

response. One possible reason is that at low temperatures, the brittle behavior of the binder

causes the σ − ε response to be more sensitive to the microstructural heterogeneity. At higher

temperatures (293 K) the binder behaves in a more ductile manner and the calculated and
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Figure 10. Calculated and measured stress–strain curves for PBX 9501 (experiments by

Gray et al [11]), ε̇ = 2500 s−1, η = 0.69.

measured responses are in good agreement with each other. The above comparisons between

calculated and experimental results serve as a justification for the bulk constitutive and fracture

parameters used in the present analyses.

A convergence study is carried out using meshes with a range of element sizes. The meshes

used consist of uniform distributions of ‘crossed-triangle’ squares, each square having four

bulk elements. The effect of mesh density or element size is analyzed by varying the number

of elements from 10 × 103 to 160 × 103 in the 3 mm square microstructural region. The

corresponding element sizes range between 15 and 60 µm. A set of calculations is performed

using the PBX microstructure shown in figure 2(c). The equivalent stress at the location of

maximum stress concentration in the microstructure is plotted in figure 11. The relative error

in the peak stress is approximately 2.6% of the value for the smallest element sizes. Based on

this study, an element size of 30 µm is chosen for the calculations presented in this paper.

10. Results and discussions

A systematic analysis is carried out using the actual and idealized PBX micrographs detailed in

section 2. The effects of varying microstructural attributes such as volume fraction, grain size

distribution and grain phase morphology are analyzed. The analysis enables us to quantify

the relationship between the dynamic response of PBXs and their initial compositions and

microstructural makeup. The framework is inert, so the effects of possible phase transitions

and chemical reactions are not considered. Unless otherwise noted, the imposed boundary

velocity at the top surface of the configurations in figure 8 is V0 = 50 ms−1 (which gives rise

to a nominal strain rate of ε̇ = 16 667 s−1) with a linear ramp from zero to V0 in the first 1 µs

of loading. The initial temperature is Ti = 300 K. We first use one calculation to illustrate the

processes and failure mechanisms captured by the model under the conditions analyzed.

The microstructure used for this calculation is that in figure 2(d) and the loading

configuration is that in figure 8(b). Figure 12 shows the distributions of the equivalent stress at

times t = 2.8 and 4.0 µs after the onset of loading. The HMX grains, which are stiffer than the

binder, sustain higher stresses. The grains are not uniformly stressed—higher stresses are seen

for grains which are part of one of the ‘force chains’, as outlined in figure 12(a). These force

chains can be regarded as assemblies of grains positioned such that they support higher levels of

compressive and shear stresses [48]. The overall level of stress in the microstructure increases

with the progression of deformation until interfacial debonding and transgranular fracture

initiate. Figure 12(b) shows the evolution of temperature. Initially, viscous dissipation in
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Figure 11. Variation of peak stress with number of elements in the discretized microstructure.

Figure 12. Evolution of (a) equivalent stress and (b) temperature in the microstructure with time

for the microstructure in figure 2(d).

the soft binder is primarily responsible for the temperature increase. The hard grains cause

more intense deformation in the binder, leading to localized regions of high temperatures. As

time progresses, these regions coalesce to form shear bands which tend to extend diagonally

through the microstructure, approximately following the direction of maximum shear stress.

It is noted that shear bands in the binder alone typically do not generate sufficient heat to cause

melting of the HMX grains.
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Figure 13. (a) Failure mechanisms in the digitized microstructure with η = 0.69 shown in

figure 2(d) at t = 4.2 µs, Ti = 300 K and ε̇ = 16 667 s−1; (b) close-up view of a region of the

microstructure showing (1) debonding at grain–matrix interface, (2) transgranular fracture and (3)

localized heating due to grain–grain interactions.

The relative motion of grains also activates other energy dissipation mechanisms.

Figure 13(a) shows the deformed configuration at t = 4.2 µs. A region of this microstructure is

shown in figure 13(b) at a higher magnification to highlight the failure mechanisms. Debonding

along the relatively weak grain–matrix interface is the primary mode of damage. Such

interfacial debonding has also been experimentally observed in experiments at both low and

high strain rates (see, e.g., [8, 14]). This form of damage reduces the effective modulus of the

over microstructure [23]. 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 development and grain–matrix sliding. Crack formation, sliding and the

ensuing frictional dissipation cause more intense heating and higher temperatures. Further

deformation lead to transgranular fracture of the 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 can lead to severe heating in the microstructure, resulting in what is

known as the hot spots which can cause ignition of energetic materials. Obviously, the interplay

between the constituents and interfaces in the microstructure determines the thermomechanical

outcome of a dynamic loading event. The outcome defines the ignition sensitivity of the

energetic materials.

Figure 14(a) shows the overall stress–strain response corresponding to the results in

figures 13 and 14. The stress increases rapidly for strains up to 3%. In this regime,

the deformation is primarily accommodated by the softer matrix. Beyond this regime,

two competing processes are at work. First, debonding of the grain–matrix interface

and transgranular fracture of the grains occur, weakening the load-carrying capacity and

contributing to strain softening. This has been observed experimentally by Gray et al [11].

Second, as grains are pushed closer, the overall stiffness tends to increase due to enhanced

intergranular interactions. These two counteracting mechanisms balance out, leading the

stress–strain relation to flatten out in this case.

The time history of energy dissipation in the microstructure is shown in figure 14(b). The

profiles for all dissipation mechanism are shown. Viscoelastic dissipation in the binder is the

primary dissipation mechanism in early stages of the deformation, as the softer binder absorbs

most of the input energy and accommodates most of the imposed deformation. Accordingly,

temperature increase occurs primarily in the binder. A portion of the thermal energy is
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Figure 14. (a) Stress–strain response and (b) time history of energy dissipation in the microstructure

shown in figure 2(d) (η = 0.69, Ti = 300 K and ε̇ = 16 667 s−1).

Figure 15. Distributions of temperature at t = 3.8 µs for Ti = 300 K and ε̇ = 16 667 s−1 for two

microstructures with different grain volume fractions, (a) η = 0.64 (microstructure in figure 2(c))

and (b) η = 0.82 (microstructure in figure 2(f )).

conducted into the grains through the grain–matrix interface. As the overall strain increases,

the viscoelastic dissipation continues to increase steadily. Since no fracture occurs in the early

stages, frictional dissipation remains zero for strains up to approximately 3% beyond which

frictional dissipation initiates in both bulk phases and along the grain–matrix interfaces. The

strain at which frictional dissipation initiates also approximately corresponds to the flattening

of the stress strain curve, suggesting a transition in heating mechanism from viscoelastic

dissipation to frictional dissipation, with the latter occurring between crack surfaces.

10.1. Effect of grain volume fraction

Higher grain volume fractions lead to a larger energy output since the binder is inert. On the

other hand, higher grain volume fractions decrease the average thickness of binder between

adjacent grains, thereby increasing the reaction initiation sensitivity of the PBX due to more

severe binder deformation and grain failure under the same loading condition. To quantify

the effect of grain volume fraction on response, a comparative study is carried out using

the digitized and idealized microstructures shown in figures 2 and 3. The configuration in

figure 8(a) with periodic boundary conditions on the lateral surfaces is used.
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Figure 16. Histograms showing fractions of binder and grains in terms of volume at different

temperature ranges for Ti = 300 K, ε̇ = 16 667 s−1and ε = 5.5%, results for four microstructure

compositions (figure 2) are shown.

Figures 15(a) and (b) show the distributions of temperature at an overall strain of ε = 5.5%

for two microstructures, one with a grain volume fraction of η = 0.64 (figure 2(c)) and the

other with a grain volume fraction of η = 0.82. For the microstructure with η = 0.64,

temperature rises are primarily limited to the binder since essentially no fracture occurs in

the grains. In contrast, for the microstructure with η = 0.82, extensive grain fracture occurs,

giving rise to more significant temperature increases in the grains. This is in addition to the

higher temperatures in the binder due to more severe deformation. Thus, higher grain contents

cause more intense deformation in the binder, hasten the onset of grain–binder interfacial

failure and grain–grain interactions, promote grain fracture and increase frictional dissipation,

resulting in more pronounced heating under the same loading condition.

The temperature field in figure 15(b) shows more intense deformation and severe heating

near the bottom surface. This is due to the fact that the lower boundary is taken as a rigid

boundary without transmission of the loading wave into the surrounding medium. Upon

impinging on the lower boundary, the incident stress wave is reflected back into the material,

subjecting the lower portion of the material to slightly more intense loading.

The temperature rises in the binder and grains are quantified separately in figure 16. The

histograms show the volume percentage of each phase having a certain value of temperature

after 3.6 µs of deformation at a strain rate of ε̇ = 16 667 s−1 (total nominal strain of ε = 5.5%).

Clearly, as the grain content (measured by grain volume fraction η) increases heating of both

phases in the microstructures intensifies. At the low temperature end (∼315–355 K), the

volume percentages for the binder and the grains are similar or of the same order of magnitude.

This can be attributed to the lower intensity of heating due to viscoelastic dissipation in the

binder and heat conduction into the grains. However, at high temperature rises (>355 K)
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Figure 17. Comparison of calculated stress–strain curves for (a) digitized microstructures with

variation of grain volume fractions (shown in figure 2) and (b) idealized microstructures (shown in

figure 3) (η = 0.42–0.82, Ti = 300 K and ε̇ = 16 667 s−1).

the amount of heating in grains is much more significant due to transgranular fracture and

subsequent frictional dissipation. This effect is more pronounced for higher grain volume

fractions (η = 0.77–0.82). Calculations using idealized microstructures follow the same

trend.

The stress–strain responses for digitized microstructures with variation of grain volume

fractions and idealized microstructures are quantified in figures 17(a) and (b), respectively.

The stress rises rapidly with strain until it reaches peak values of nearly 400 MPa before strain

softening occurs. In the pre-peak regime, the response is quite sensitive to the amount of binder

in the microstructures, as indicated by the slopes of the stress–strain curves. Specifically, as the

binder volume fraction decreases from 0.58 to 0.18, the slope increases from 5.15 to 9.52 GPa.

The relationship between the binder volume fraction (η′) and the slope of the stress–strain

curves (s), can be approximated by a linear fit of the form

s = k · η′ + s0, (19)

where k = −10.93 GPa and s0 = 11.36 GPa. This trend applies to both digitized and idealized

microstructures. Note that η + η′ = 1.

In contrast to what is seen for the stiffness, the peak stress is quite insensitive to the binder

content and is similar for all the microstructures analyzed. Obviously, failure through crack

development, rather than bulk deformation, plays the deciding role in determining the strength

of the materials. However, the strain at which the peak stress occurs shows a clear dependence

on binder content. Specifically, as the binder content changes from 0.58 to 0.18, this strain

changes from 8.16% to 4.40%. This correlation can also be described by a linear fit. A detailed

analysis shows that this strain has a clear significance in quantifying the transition between

heating mechanisms in the microstructures. This issue will be the topic of a future publication.

Here, we only focus on the onset of frictional dissipation. Figure 18 shows the total amount

of frictional dissipation in the actual microstructures as a function of time. A comparison of

figure 18 and figure 17(a) shows that the initiation of frictional dissipation corresponds to the

peaking of stress. This observation is supported by experimental results of Siviour et al [49]

who reported that localization of deformation leads to cracking near the peak stress. This

correlation clearly demonstrates the effects of binder volume fraction on ductility, failure and

energy dissipation in PBX microstructures. The relations obtained provide guidance for the

design and formulation of specific materials.
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Figure 18. Frictional dissipation in the digitized microstructures with variation with grain volume

fractions (shown in figure 2) (Ti = 300 K and ε̇ = 16 667 s−1).

10.2. Influence of grain morphology and particle size distributions

The effect of particle shape and size has been experimentally studied in the literature.

Specifically, van der Heijden [50] showed that grain content, size distribution and smoothness

of grains affect the initiation pressure of RDX- and HMX-based PBXs. In this section, the

CFEM framework is used to study the relative importance of the different failure mechanisms

for various microstructures. A comparative study is carried out using four microstructures

with different grain shapes and size distributions. The microstructures have various grain

morphologies and size distributions—(A) digitized microstructure (figure 2(d)), (B) idealized

microstructure with circular grains with a bimodal size distribution (figure 5(b)), (C) circular

grains with a normal (or Gaussian) size distribution (figure 5(a)) and (D) diamond-shaped

grains with a normal size distribution (figure 3(b)).The volume fractions of grains for all

the microstructures considered are essentially the same (η ≈ 0.69). Henceforth, these

microstructures will be referred to as A, B, C and D.

The four microstructures (A–D) are subject to loading under conditions of nominally

uniaxial stress or no lateral confinement (configuration in figure 8(b)). Figure 19 shows the

distributions of temperature and microcracks in these microstructures at an overall strain of

ε = 5.83%. All the microstructures show extensive deformation and shear banding in the

binder matrix. Interfacial debonding occurs throughout the microstructures, constituting the

primary mode of failure in all cases irrespective of the differences in grain morphologies and

grain size distributions. Although the failure mechanism is similar among the microstructures,

their stress-carrying capability as measured by the σ − ε curves differ, as shown in figure 20.

At strains below approximately 2%, the curves are similar, reflecting the fact that, before the

initiation of damage, the stress–strain response is determined by the composition or phase

fractions. At strains beyond approximately 2%, the response varies significantly among the

microstructures. While microstructures A and B exhibit higher peak stresses and higher

subsequent flow stresses, microstructures C and D show lower peak stresses and gradual

decreases of stress. This indicates strain softening resulting from sliding of grains and

progressive damage through the development of microcracks.

Figures 21(a) and (b) show the total energy dissipated in creating crack surfaces (fracture

energy) and the total energy dissipated due to the viscoelastic deformation of the binder phase
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Figure 19. Distributions of temperature and damage in microstructures A–D (Ti = 300 K,

ε̇ = 16 667 s−1 and ε = 5.83%).

(hereafter referred to as viscoelastic dissipation), for the four microstructures A–D. Beyond

a strain of 2%, fracture energy dissipations for A and B are higher than for C and D. This

indicates that a higher amount of fractured surfaces is generated in the case of A and B.

However, viscoelastic dissipation for microstructures A and B is lower than in the case of C

and D. This can be attributed to the larger shear deformation of the binder in C and D due to

enhanced sliding between grains, echoing what is seen in figure 20. This indicates that in this

loading regime, strain softening in microstructures C and D is more due to sliding of grains

than development of microcracks.

The difference in the post-yield response between microstructure B and microstructures

C and D has to do with the distribution of grain size. In microstructures C and D (which

have monomodal Gaussian grain size distributions), the packing of grains is less compact

than in B, leading to larger areas of binder between adjacent grains. Consequently, more

pronounced sliding can occur between granules, leading to lower overall stress levels in these

microstructures and the strain softening behavior seen in figure 20. Also, the similarity

in the σ − ε responses of C and D indicates that the change in grain morphology from

circular to diamond does not have a significantly effect on the overall mechanical response.

On the other hand, in microstructure B which has a bimodal size distribution of grains,

smaller granules packed in between larger grains create interlocking arrangements of small

and large grains. Such arrangements hinder sliding of grains. As a result, higher stresses

develop in the microstructure. The bimodal packing also poses an obstacle to the formation
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Figure 20. Comparison of stress–strain curves for microstructures with different grain

morphologies (Ti = 300 K, ε̇ = 16 667 s−1).

of large, continuous crack surfaces, partly because the tearing of the matrix requires more

mechanical work than the debonding of grain–matrix interfaces as quantified by fracture

energies implied by the cohesive parameters in table 2. Thus, bimodal size distributions

of grains are beneficial to the load-carrying-capacity of PBXs under dynamic loading due

primarily to enhanced grain–grain interactions and efficient packing of smaller grains between

larger grains. Consequently, bimodal distributions are especially desirable for PBXs with

higher grain volume fractions.

At the grain scale, the geometry of the particles influences the nature and severity of

stress distribution and concentration. This effect in turn affects the debonding at the grain–

matrix interfaces and the subsequent energy dissipation due to friction. The time histories

of the total energy dissipated due to friction along crack surfaces (both along the interfaces

between the two phases and inside each of the phases) for the four microstructures are shown

in figures 21(c) and (d). For strains up to approximately 4%, the profiles are similar for the

cases. At strains beyond 4%, higher frictional dissipation is observed for the microstructures

with circular grains (B and C), followed by the microstructure with multifaceted grains (A),

and the microstructure with diamond-shaped grains (D). The planar grain facets in A and D

appear to facilitate interfacial debonding. At higher nominal strains, interfacial cracks coalesce,

causing the constituents to separate from each other and resulting in the lateral splitting seen

in figure 19. This process leads to a decrease in intergranular interactions. On the other hand,

the curved interfaces associated with the circular grains in B and C make it less likely for

the cracks to coalesce and the phases less likely to separate, thereby maintaining a higher

level of constituent interactions and leading to higher frictional dissipation. From the point

of view of designing PBXs, especially PBXs with high packing densities, multifaceted grain

morphologies with planar facets may help keep frictional dissipation low under conditions

with low lateral confinement or low hydrostatic pressures.

11. Concluding remarks

A fully coupled thermomechanical finite-deformation framework is developed to analyze the

response of PBXs. The framework is based on the cohesive finite element method and provides

explicit tracking of failure through crack development and frictional heating as well as explicit
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Figure 21. Histories of energy dissipation in microstructures A–D (Ti = 300 K, ε̇ = 16 667 s−1).

account of microstructure. The analyses carried out focus on composites consisting of HMX

granules bonded by an Estane matrix under conditions of deformation at strain rates on the order

of (16–17)×103 s−1. Digitized micrographs of an actual material and idealized microstructures

are used to investigate the effects of composition, phase arrangement, phase size distribution

and phase morphology on the evolution of temperature field, damage and failure. Calculations

show that higher volume fractions of HXM granules correspond to more severe heating and

a lower threshold for fracture initiation. Bimodal distributions of granule sizes are more

beneficial to the mechanical integrity of the composites than monomodal distributions. Grains

with planar facets increase the likelihood of failure through grain–matrix debonding relative to

grains with rounded shapes. The framework developed and the results obtained are useful for

developing microstructure–performance relations that can be used in the design of advanced

energetic materials.
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