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Abstract

Though a vast amount of literature can be found on modelling particulate reinforced composites and
suspensions, the treatment of such materials at very high volume fractions V (>90 %), typical of high
performance energetic materials, remains a challenge. The latter is due to the very wide particle size
distribution needed to reach such a high value of V¢. In order to meet this challenge, multiscale
models that can treat the presence of particles at various scales are needed. This study presents a
novel hierarchical multiscale method for predicting the effective properties of elasto-viscoplastic
polymeric composites at high V. Firstly, simulated microstructures with randomly packed spherical
inclusions in a polymeric matrix were generated. Homogenised properties predicted using the finite
element (FE) method were then iteratively passed in a hierarchical multi-scale manner as modified
matrix properties until the desired filler V; was achieved. The validated hierarchical model was then
applied to a real composite with microstructures reconstructed from image scan data, incorporating
cohesive elements to predict debonding of the filler particles and subsequent catastrophic failure.
The predicted behaviour was compared to data from uniaxial tensile tests. Our method is applicable
to the prediction of mechanical behaviour of any highly filled composite with a non-linear matrix,
arbitrary particle filler shape and a large particle size distribution, surpassing limitations of

traditional analytical models and other published computational models.
1.0 Introduction

Polymer bonded explosives (PBX) are highly filled particulate composites, consisting of a rigid filler
phase and a relatively compliant polymeric phase. A range of different explosive crystals and
energetic matrix binders are used in a variety of combinations and research in PBX has aimed to
understand and predict the mechanical and chemical performance of each formulation (An et al.,
2013; Anoop, 2013; Barua et al., 2012b; Drodge et al., 2010; Guo et al., 2014, Lin et al., 2015; Xiao et
al., 2012; Yeager, 2011, Barua and Zhou, 2011). Such studies are needed in order to increase the
safety of these materials in civil and military applications. The challenges in predicting the
mechanical behaviour of PBXs up to failure are due to the filler volume fraction (Vy) which can be in
excess of 90 % (Banerjee and Adams, 2004), the highly non-linear, time-dependent behaviour of the
matrix phase (Drozdov, 1999; Williamson et al., 2008) and the complex behaviour of the interface
between the filler and matrix phases (Bailey et al., 1992; Tan et al., 2005; Xu et al., 2008). The
damage mechanisms within and between the individual constituents and their contributions to
macroscopic failure under a multitude of loading conditions including tension and compression in
dynamic and quasi-static conditions continues to be a topic of current research interest (Ellis et al.,
2005; Herrmann et al., 2015; Li et al., 2005; Liu et al., 2009; Wang et al., 2011; Yeager et al., 2014;
Zhou et al., 2011).
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Regardless of the computational method used to simulate the mechanical response of PBX,
generating a geometrical representation of the microstructure for such high volume fractions (filler

V¢ >90 %) is yet an unsolved problem.

In the actual composites, high Vr values (>90 %) are only possible due to the wide range of particle
sizes. Progressively smaller particles are used to fill the remaining gaps between the larger particles
and theoretically a V¢ tending to 100 % can be achieved. The maximum random packing V; using
mono-disperse spheres is 63.7 % (Kansal et al, 2002) and using five classes of particle sizes and
particle size distribution of actual composites, Vr of 65% and 66% have been achieved respectively
(Annapragada et al., 2007; Baer, 2002). Hermann et al. using a packing technique of adding
progressively smaller spheres, achieved a maximum packing fraction of 95 % (Herrmann et al., 2003).
However, due to meshing restrictions, only V; up to 70 % has been modelled using the FE method
(Jalocha et al, 2013). There comes a point where the smallest particles would require elements so
small that even with mesh decimation, the developed model is too inefficient to be used for design
and exploration purposes. Brouwers suggested that the ratio of the largest and smallest particle
radii, &, should be <10 (Brouwers, 2006) and found the maximum V; for poly-dispersed spheres

where o =10 to be 67.2 %.

An alternative method for generating high filler Vs microstructures is the use of the Voronoi
tessellation method to pack conforming polygons (Seidel et al., 2005; Wang et al., 2016; Wu and
Huang, 2009). Using this method, previous researchers have achieved a maximum V; of 82 % (Barua
et al., 2012a) and 90% (Wang et al., 2016). To achieve a V; above 90 %, previous researchers have
also incorporated the binder material behaviour into the cohesive constitute law, essentially
modelling both the binder matrix material and the filler-matrix interface as one entity (Guo et al.,

2014; Wu and Huang, 2009).

However, the Voronoi tessellation method places restrictions on the filler size distribution, which is
notorious for its significant effect on the predicted composites behaviour (Marvi-Mashhadi et al,
2018a,b). The use of fine and coarse particles can affect the mechanical properties and specifically
the mechanical strength and elongation properties of the composites (Arora et al, 2015; Talawar et
al., 2006; Willey et al., 2009). Representative Volume Elements (RVEs) generated via Voronoi
tessellation uses seed points generated from the centres or random close-packed sphere
distributions; the method is not therefore always able to reproduce a prescribed, broad range, size
distribution though the latter may be accomplished by means of a Laguerre tessellation (Marvi-
Mashhadi et al, 2018a,b). The latter gives the extra freedom to weight each seed point such that it
will control the volume of the corresponding cell. Even so, modelling the interface and the matrix

together in one constitutive model, does not allow sufficient mathematical description of the
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different mechanical response and damage mechanisms occurring in the interface and matrix

regions.

Experimental studies on PBXs found that debonding first occurs around the larger particles and that
the ‘lost’ smaller particles only contribute to the stiffening of the matrix material (Rae et al., 2002).
This has been further confirmed by a multi-scale damage computational model to investigate the
effect of particle size and interaction effects in highly filled particulate composites (Trombini et al.,
2015). If only the mechanical properties of the composite up to the initial stages of failure are of
interest, then based on this finding, it is possible to treat the matrix material with small embedded
particles as a microscopic scale model. The determined homogenised behaviour of the microscopic
scale model is then validly representative of the matrix behaviour in the macroscopic scale model.
This decoupled multi-scale approach, otherwise known as a hierarchical or sequential multi-scale
model would be suitable in this instance (Aboudi et al., 2013). Based on this assumption, the
polymeric matrix used in a PBX together with the smaller ‘lost’ particles is often termed the fine
loaded binder (FLB), and offers an alternative way of modelling such high filled composites.
Banerjee and Adams, (Banerjee and Adams, 2004) have also employed a similar idea to the FLB
method, to predict the composite elastic modulus for V¢ higher than 90 % using a 2D randomly
packed model with spherical inclusions. Yet, this concept has still not been validated against finite
element predictions and experimental results for plastic or viscoplastic binders such as the ones
studied here. Another example based on the FLB assumption is by Arora et al. (Arora et al., 2015)
who predicted the tensile behaviour of a viscoelastic PBX with a 95.1 % filler V reconstructed 2D
microstructural finite element models from SEM images. The smaller particles were lost during
image processing and the filler V; of the segmented image was only 57 %. Arora et al. considered the
smaller ‘lost’ particles (<50 um) to be embedded in the matrix binder and incorporated the effect of
the lost filler particles into the matrix (FLB). The resulting homogenised properties were then
determined using a viscoelastic extension of the Mori-Tanaka analytical model (Mori and Tanaka,

1973). This assumption has not yet been validated though.

The aim of this research was to compare for the first time the decoupled multi-scale homogenisation
method, also known as hierarchical method, to the FLB or ‘dirty’ binder method (Arora et al., 2015;
Banerjee and Adams, 2004), for predicting the mechanical behaviour of highly filled binary
composites (>90 %). The method is applied to a PBX with an elastic-viscoplastic matrix. The outline
of the paper is as follows: firstly, the details of the materials and the mechanical characterisation of
the matrix and the binder are presented in section 2, followed by the microstructure analysis of the
composite (section 3). Section 4 presents the image based numerical model setup for predicting the

mechanical response of the PBX. In this model, the ‘matrix’ is in fact the fine loaded bunder (FLB)
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which is later defined through the FLB homogenisation described in section 5 through a novel multi-
scale FE model. Some analytical micromechanical models used to compare to the numerical
predictions are given in Section 6. The results from the multi-scale FE models of section 5 are
examined and validated against predictions from single-scale FE models for V; up to 72 % in sections
7.1 and 7.2. Section 7.3 investigates the predictions from the image-based model of the actual PBX,
making use of the multi-scale FLB model. Finally, section 8 summarises the study’s findings. The
work presented here enables modelling of very highly filled particulate composites which have so far
proven to be extremely challenging. The modelling method developed provides an efficient and

powerful design tool for use by industry and composite manufacturers.

2.0 Mechanical characterisation of the binder and the composite materials

In this section, details of the material used as well as the tests performed to characterise the binder

and the composite are described.
2.1 Materials and experimental methods

The PBX consists of a compliant fluorocarbon matrix, FK800, and rigid triamino-trinitrobenzene
(TATB) filler particles. FK800 is a random copolymer of 75 % w.t. Chlorotrifluoroethylene (CTFE) and
25 % w.t. Vinylidene Fluoride (VDF). The molar mass of CTFE and VDF, are 64.2 g/mol and 116.47
g/mol respectively, resulting in a semi-crystalline copolymer with a 38 % mole fraction of VDF and a
density of 2 g/cm3(Connors, 2014). The glass transition temperature of the binder polymer as
measured from the peak in loss tangent from Dynamic Mechanical Analysis data (data not shown)
was 34 °C. Its crystallinity was not measured but is reported to be approximately 10% in the
literature and highly dependent on the thermal history of the sample (Hoffman et al, 1989). The PBX
is formed by mixing the dry blend of crystal wetted with solvent and the binder to form a moulding
powder granule (Banerjee and Adams, 2004). The powder is then isostatically compressed at high
temperature until the porosity is reduced to 1-2 %. The filler volume fraction was 95% based on the
mass fractions and density values of the constituents. The material is considered macroscopically
isotropic as it composed of randomly orientated crystals with no preferred direction (Xiao et al,

2007).

The TATB filler is a widely studied explosive with both its adhesive and mechanical properties
reported in the literature (e.g. Qin et al, 2019, Xiao et al, 2005, Gee et al, 2007). TATB has a
crystalline structure and under high shear forces fracture may initiate at planes of preferred slip. This
was not considered in the current study as fracture along the crystal/matrix interface is the primary

failure mechanism of interest with crystal fracture being a secondary mechanism (Guo et al, 2014).
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In addition, it is impossible to obtain information on the crystal orientation and the associated
anisotropy using 2D images alone as we have here (Figure 2). For these reasons as well as to keep
the model as simple as possible, isotropic elastic properties were assumed here for the filler and
were taken from literature with modulus, E*, Poisson’s ratio, v* and density, p*defined to be 31.5

GPa, 0.2 and 1.94 g/cm? respectively (Arora et al., 2015).

In order to characterise the matrix, monotonic uniaxial tensile tests were performed at 20°C and
arbitrary true strain rates of 0.14 /s and 0.0014 /s with three repeats using dumbbell shaped
specimens of dimensions in accordance with British Standard BS EN ISO 527-2:2012 (type A) (BSI,
2012). The true strain rate was kept constant via exponentially decreasing the crosshead rate of the
tensile testing machine (Zwick/Roell Z 1.0). Five reference lines were drawn across the gauge length
to examine the strain along the gauge length as shown in Figure 1(a). The sample deformation
corresponding to three different levels of strain (0.05, 0.5 and 0.7) are shown. Several such image
data were collected and processed using MATLAB to measure strain along the sample. The images
were specifically analysed using the MATLAB line tracker tool, which registers points of negative
greyscale contrast (ie lines) as minimums in a greyscale intensity plot. The changing distance

between successive minimums was used to determine the strain along the sample.

For the composite, uniaxial tensile loading at a true strain rate of 0.00005 /s was applied to five
cylindrical dumbbell specimens machined from a pressed billet. The samples had an average axial
gauge length and diameter of 12 cm and 3.8 cm respectively. They were tested until failure at 20 °C.
Two clip strain gauges were used at either side of the sample in order to check against bending
effects as well as control the crosshead displacement for true strain rate loading. Only uniaxial
tensile tests were performed in this study; testing the composite under uniaxial compression would
have provided further data for validating the models presented in the following sections. In addition,
such additional tests would have revealed any pressure dependency of the damage and fracture
behaviour of the composite through the effective variation in the applied triaxiality factor

(Skamniotis et al., 2019)

2.2 Mechanical characterisation results

Image data was collected and processed using MATLAB and the strains measured for each segment

were found to be uniform. The true stress- true strain results are shown in Figure 1(b).
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171 to check for uniform loading conditions, (b) Uniaxial tension test data of FK800 at two strain rates
172 (0.14 /s and 0.0014 /s); the constitutive model used in the FE models is also shown for
173 comparison.
174

175 The yield stress, oy , was observed to be strain-rate dependent. However, no such significant

176  observation was noted for the initial slope. Therefore, the classic isotropic von-Mises plasticity with
177  strain hardening and rate dependent yielding was used to model the binder’s elasto-viscoplastic
178 behaviour. The Young’s modulus was set to a value of E = 500 MPa, the Poisson’s ratio was taken
179  asv = 0.38 (Wood et al, 2017) and the rate dependent yield stresses were set to gy (€ =

180  0.0014) = 9.15 MPa and gy (¢ = 0.14) = 16.6 MPa. Post yield, the stresses are defined as a

181 function of plastic strain (total strain minus the elastic strain) in a tabular form for each of the two

182  strain rates (Abaqus 6.14, SIMULIA). A strain softening region was observed in the tensile stress-
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strain response measured prior to the strain hardening region. This was thought to be due to the
storage of the material for a long period of time prior to testing (approximately six months), which
allowed re-arrangement of polymer chains over time and resulted in an increased amount of
crystallisation (Cady and Caley, 1977, Hoffman et al, 1989). In the high-volume fraction, hot pressed
composite, the matrix binder thickness is so small that the formation of crystals is restricted;
crystallinity has been reported to drop to less than 1% (Connors, 2014). On the other hand, it is also
possible that the peak stress could also be due to ageing of the amorphous phase that would be
present in the material too. In an effort to keep the model as simple as possible, the strain softening

region was not included in the constitutive model for the binder, as shown in Figure 1(b).

For the composite, the measured elastic modulus ranged from 6.5-11.6 GPa with an average of 8.6
GPa and the stress and strain at failure ranged from 8.0-9.3 GPa and 0.0017-0.0022 with an average
of 8.2 GPa and 0.0017 respectively. The tensile true stress-strain behaviour of the composite up to
failure is shown later in Figure 13, taken from the average of all five specimens tested. The
fluctuations specifically for the modulus could be due to the relatively small elastic region

corresponding to extremely low strains (only 0.00025 in Figure 13).

3.0 Microstructure of the composite material

2D Image data of the TATB/FK800 composite were obtained using a Focussed lon Beam microscope
(see Figure 2). The cut surfaces were uncoated, i.e. no metallisation was used. The surface was
bombarded with a beam of gallium ions which causes secondary electrons to be ejected. A co-axial
electron detector collected these ejections to form an image of the surface. This technique was
chosen as it improves contrast between the crystal and the binder. The beam settings were 30 kV
and 10 pA. The obtained image shows the outlines of the crystals as well as some defects within
them. The original image with a field of view (FOV) of 426 x 302 um was segmented using image
processing software, Avizo (Visualization Sciences Group, Bordeaux, France/ Zeuss Institute Berlin,
Germany). The segmented image was binarised and divided into four smaller images with
dimensions of 144 x 105 (Figure 2). Volume fraction, particle statistics and particle size distribution
of the full image and the four sub-images (labelled as Volume Elements, VE1-VE4) were analysed

using MATLAB (Mathworks, Massachusetts, USA).
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Figure 2 Focussed ion beam microscopy image data and the four sub-divided images of the TATB/
FK800 composite (dimensions in um).

The particle size distribution, mean, maximum and minimum particle radius for all the four sub-
images were found to be of the same order of magnitude as the full image (Table 1) and a skewed
normal distribution was observed for the particle sizes, see Figure 3. The five distributions in Figure 3
are very similar, especially considering these are experimentally derived from images which were
hard to segment due to the inherent lack of image clarity for this specific PBX. The agreement
between the distributions corresponding to the four sub-VE’s as well as to the bigger full-size image,
together with the similar volume fractions shown in Table 1 (ranging from 66%-73%), justify
considering each of these images as characteristic of the microstructure of the composite. Arora et
al, 2015, studied a similar PBX; it was shown that model size did not play a significant role on the
computed results based on data derived from a full image (157 um x 222 um) and four smaller sub-

images of varying sizes all the way down to 1/16 of the original area.

In comparison to measurements obtained from sieve tests of the TATB crystals (BSlb, 2012), the
minimum particle size measured in the segmented images was found to be significantly larger than
that measured experimentally (see Table 1). This is partially due to the limitation on the imaging
resolution. Further loss of the smaller particles arises during the segmentation and image processing
stages, where small clusters of a few pixels are removed. The ratio of the largest to the smallest

particle from the sieve test was observed to be in the order of 600.

The maximum particle size measured from the segmented images was found to be lower than the
maximum particle size measured using the sieve analysis. This difference could be attributed to two
causes. Firstly, only one arbitrary plane of the entire microstructure has been imaged in which the
longest axis of the largest particle may not have been present. Secondly, particles might have
fractured into smaller particles during manufacturing of the composite. In literature, a different

particle size distribution has been observed post processing where the cumulative V; of the finer
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sized particles was higher (Skidmore et al. 1998) compared to the un-processed dry blend (Banerjee
and Adams, 2004). The same observation was made in this study where the mode of the segmented

images particle size distributions was lower than the mode of 11.8 um measured from the sieve test.

Table 1 Particle statistics from sieve test and from image analysis of the segmented volume
elements.

Equivalent particle diameter (um)

VE |74 No. of particles
Max. Min. Mean Mode f P
VE1 35.0 3.4 13.0 8.0 0.73 63
VE2 29.3 3.0 10.9 7.9 0.72 88
VE3 28.2 1.9 10.3 12.8 0.66 96
VE4 55.2 2.3 10.9 6.7 0.71 80
Full 55.2 1.9 11.1 12.8 0.71 320
Sieve test 83.4 0.145 - 11.8 - -
0.45
0.40 -
>
o —]
2 0.35
-] ]
3 0.30
o
i 0.25 -
k5
k: 0.20 -
© i
e 0.15
S
20.10 -
0.05 -
0.00 -

0 10 20 30 40 50 60
Equivalent particle diameter (um)

Figure 3 Particle size distribution analysis of the full and the four sub-volume elements. The grey
vertical dotted line depicts the mode from the sieve test (see Table 1).

Finally, the four sub-images shown in Figure 2 were further analysed to quantify the thickness of the
matrix between particles using Matlab. The changes in greyscale intensity along random lines drawn

across the images were used to identify the boundaries of the filler and the matrix. It was found that
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the thickness varied in the range of 0.67 - 15.7 um with an average of 3.1 um, agreeing with quoted

values for similar PBX materials (Arora et al, 2015).

4.0 Image-based numerical model for predicting the PBX composite behaviour

This section describes the development of the 2D plane strain image-based models for predicting the
mechanical response of the PBX. The latter is assumed to be a binary composite, with discrete TATB
particles embedded in the FK800 continuous matrix. The model allows for debonding to take place

at the matrix/particle interface using the cohesive zone approach.

Four FE models with the segmented microstructures were reconstructed from the binarised images
of the sub-VEs (VE1-VE4) shown in Figure 1, using a connectivity based algorithm to identify the
boundary of each particle approximated as a polygon (Tarleton et al., 2012). The particle/matrix
interfacial region is then produced by offsetting the boundary a small distance inwards and is
modelled by a single layer of cohesive elements. More details about the segmentation and meshing
process can be found in Tarleton et al., 2012. The same method has also been used to successfully
predict the mechanical response and failure strength of other particulate composites though those
were filled to much lower volume fractions (up to 45%) than the PBX materials studied here (Zhang

et al., 2018, Tarleton et al., 2013 and Mohammed et al, 2013.)

The resulting V¢ of the four FE models were 72 %, 70 %, 65 % and 70 %. The FE models of the four
VEs were meshed with a total of 51-87k elements, the minimum required for mesh convergence,
and were analysed using the dynamic explicit solver in Abaqus 6.14 (SIMULIA, Rhode Island, USA).
The explicit solver was employed to avoid potential convergence difficulties arising due to softening
in the material response during the progressive damage of the cohesive zone elements (SIMULIA,
Rhode Island, USA). Four node cohesive elements, COH2D4, were used for the cohesive layer and
four node bilinear plane strain elements with reduced integration formulation and hourglass control,
CPE4R, were used for the matrix and the filler regions. A tensile strain of 0.0025 was applied at a
strain rate of 0.00005 /s to match the experimental strain rate (section 2.1) via prescribing a
displacement at the top surface; symmetric conditions were applied on the bottom surface whereas
the two side edges were constrained to remain straight during deformation. Periodic boundary
conditions were considered too but it was found that the results were similar to the ‘straight’

boundary condition (Arora et al, 2015).

The TATB fillers were assumed to be linear elastic with the properties given in section 2.1.

Page 11 of 38



286
287
288

289
290
291
292
293
294
295
296
297

298

299

300

301

302
303
304
305
306

A bi-linear uncoupled traction-separation cohesive law (see Figure 4) was used to describe the
matrix-particle interface behaviour. Damage initiation was defined based on a maximum stress
criterion defined by,

max {@,ﬁ} =1 [1]

Op O

where g and g2 are the peak normal and shear contact stresses respectively when separation is
purely in their respective direction. These values were defined to be g = ¢2 = 13 MPa previously
used for materials of the same chemical composition (Arora et al., 2015). Stiffness of the cohesive
elements were also assumed to be equal in the normal and shear directions where, K,, = K =

315 GPa/um as per Arora et al., 2015. The mode |, G;,, and mode ll, G;;,, fracture energies were
assumed to be equal for this study, G;, = G;;, = 0.271]/m?, as determined by molecular dynamics
between TATB and FK800 (Gee et al., 2007; Ma et al., 2006), though these parameters could also
depend on the strain rate and temperature (Williamson et al., 2017). The mixed mode behaviour
was defined using the simple linear failure locus,

G, Gu
Gla GIIa

=1 (2]
where G; and G;; are the energies released in mode | and mode Il.

1 Traction (MPa)

Peak  |_____
Stress, o

Stiffness K (GPa/um)

Area = Energy Release Rate, G, (J/m?2)

Separation (um)

Figure 4: Schematic of traction-separation cohesive zone law.

As the microstructure images used to define the VEs of the FE models have values of V = 65-72 %
and the composite has a total Vy of 95 %, a V; of 23-30 % of filler particles was ‘lost” and therefore
not explicitly modelled. This ‘lost’ particle fraction is accounted for by using the multiscale model
described in section 5.0. Once this multiscale model is validated in sections 7.1 and 7.2, it will be

used to the define the matrix properties of the PBX composite model in section 7.3.
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5.0 3D Hierarchical decoupled multi-scale FE models

The multi-scale decoupled method consists of a series of micromechanical FE models linked in a
bottom-up manner. Figure 5 illustrates an example where four simulations at four different scales
are used to model the high V¢ of the real composite. In Scale I, spherical particles are embedded in a

cubic RVE. The V; at scale |, Vf]’ is @; % and all the fillers are modelled explicitly by the particles

shown. At the next larger scale, Scale |l, the RVE used also has embedded spherical particles and
these make a Vy of @;; %. At Scale 11, the matrix properties are assigned the properties of those
obtained from the Scale | model (i.e. E, v; and gy,). The total volume fraction of the Scale 1l model,

Vfu’ is therefore given by,

Ve, = ®u+ Vfl(l —¢) =y + P, (1—¢y) as Ve, = ¢ (4]
This hierarchical approach can be repeated n times until the total required volume fraction is
incorporated. The total volume fraction model at any given scale, V¢, is determined using the

iterative formula,

Ve = ¢n+ an_l(l —¢,) wheren =1,1I,1II..etc. [5]
An elastic-plastic model was used for the matrix with E = 500 MPa, Poisson’s ratio, v = 0.38 and
yield stress, gy = 10 MPa for the scale I model. These properties were selected to be very similar to
the FK800 binder properties (see section 2.1). Even though the binder is elasto-viscoplastic, here no
rate dependence was assumed to enable the accuracy of the hierarchical model to be studied in an
efficient manner; rate dependence would have considerably increased the number of simulations
needed due to the fact the homogenisation would need to be performed at each scale for various
rates. Note however, that for the real composite simulation, the latter step was indeed followed for
three rates at each scale, as will be discussed later in section 7.3. For Scales Il and higher, the
homogenised response of the composite from the previous scale was used to define the matrix

material properties. For all scales, the fillers were assumed to be linear elastic with the properties

E*=31.5 GPa and v* = 0.2 (same properties as the TATB particles, see section 2.1).
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Figure 5 lllustration of the hierarchical decoupled multi-scale FE method for modelling high

volume fraction composites

This process was followed employing five distinct 3D periodic simulated cubic geometries
summarised in Table 2 (models Rn a, Rn b, Rn ¢, Rn d and Rn e, where Rn in front of each model
name denotes ‘random’), with randomly dispersed spherical particles generated using a Monte Carlo
simulation (Roskilly et al, 2010) at the arbitrary filler V¢ of 11 %, 19 % and 29 % (MacroPac, Oxford
Materials, UK). For the higher Vy of 36 % and 56 %, an overlap minimization packing algorithm was
used for maximising packing efficiency (MacroPac, Oxford Materials, UK). No restrictions were
specified for the inter-particle spacing (Gusev, 2016). The total volume of all five models is constant
at L. The values of the volume fraction V¢, the ratio of the largest to smallest particle radii, ¢, the
mean particle radius and its standard deviation, as well as the total number of spheres are given for

each of the five models in Table 2.

Table 2 Packing parameters for the randomly packed volume elements in a cubic space of size L3;
a is the ratio of the largest to smallest particle radii.

Vf(%) Model Name a Mean particle radius Std. Dev. No. of spheres

11 Rn a 1 0.08L - 50

19 Rn b 1.7 0.05L 0.006L 100

29 Rn c 1.4 0.09L 0.006L 100

36 Rnd 1.4 0.10L 0.007L 100

56 Rne 8.8 0.09L 0.06L 100
0.49L -

72 Rg 1 6.5 0341 )
0.15L -
0.08L - 12
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The generation method presented above resulted in a maximum possible V¢ of 56 %. In an effort to
generate explicit geometries at larger V, a regularly packed geometry was also considered, model
Rgl, also shown in Table 2. Rgl is illustrated in Figure 6 where spheres of four different radii were
arranged to fill the cubic space of side L to a V; of 72 %. The particle radii shown in Table 2 (0.49L,

0.34L, 0.15L and 0.08L) were chosen to ensure there was no contact between any particles.

Figure 6 lllustration of regular packed geometry for model Rgl.

Table 3 shows the use of various combinations of the geometries summarised in Table 2 to achieve
predictions for different overall V;. The latter is equal to the value shown last in each row of Table 3.
Each row corresponds to a different test case. Models labelled DM_XX are Scale Il models where X
from a-e represents the geometries Rn a, Rn b, Rn ¢, Rn d and Rn e in Table 2 respectively. The
number of X characters therefore denotes the scale of the model. For example, Test case DM_dddd
is a scale IV model with Rn d passed hierarchically four times in itself as illustrated in Figure 5. The
resulting Vr at each scale leading to a final Vy of 83 % is presented in Table 3. The smallest and
largest volume fractions created were 21% (case DM_aa) and 83% (case DM_dddd) respectively. The
accuracy of the method was evaluated for the various scales by comparing predictions with those
obtained from explicitly packed FE models of the same filler V (i.e. scale I) up to 56 % for random

structures and 72% for the regular geometry (see Table 2).

The FE models outlined in Table 3 were meshed using quadratic tetrahedral elements (C3D10). The
implicit quasi-static algorithm in ABAQUS, (SIMULIA, Rhode Island) was employed. For the boundary
conditions, all surfaces were constrained to remain plane during deformation such that
homogeneous kinematic boundary conditions are implied. Displacement controlled tensile loading
up to an arbitrary level of 0.04 strain was applied to the top surface and a symmetry boundary

condition was applied to the opposite, bottom surface.
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The average stress and strain were determined to define the bulk stress-strain response of the
composite using the surface integral method (Qin and Yang, 2008): stress was calculated by
summing the vertical reaction forces on all nodes on the top surface of the model divided by the
area of the top surface, whilst strain was evaluated using the applied displacement at the top
surface and the original height of the model. The elastic properties of the bulk homogenised
composite corresponding to the various models were determined using the stress and strain
response predicted by FE in the initial stages where energy dissipated by plasticity was zero. The
initial slope was used to define the composite modulus and the composite’s Poisson’s ratio was
determined using the lateral contraction of the RVE during tension. A proof stress of 0.002 plastic
strain was used to determine the yield stress, gy, and yield strain, ef. A mesh convergence study
was performed for all models. Mesh convergence was achieved, where insignificant change was

observed in the predicted elastic modulus and yield stress with increasing number of elements.
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397  Table 3 Summary of multi-scale models for volume fractions ranging from 29% to 83%.

Case Symbol Scale | Scale ll Scale lll Scale IV
;% 0,% Vf % B111% Vf % D% Vf %
| A
DM_aaaa [ ] 11 11 21 11 29 11 37
DM_aaab [ ] 11 11 21 11 29 19 43
DM_aaac [ ] 11 11 21 11 29 29 50
DM_aaad [ ] 11 11 21 11 29 36 55

DM_aba 11 19 28 11 36 - -
DM_abb 11 19 28 19 42 - -
DM_abc 11 19 28 29 49 - -
DM_abd 11 19 28 36 54 - -
° 11 56 61 - - - -
° 19 19 35 : : : :
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6.0 Analytical models

The predictions from the finite element models described in section 5.0 were compared to
composite elastic moduli at different V; obtained from the Mori-Tanaka (MT) analytical model (Mori
and Tanaka, 1973) extended for elastic- perfectly-plastic polymeric matrix particulate composite
materials by Lin et al. (Lin et al., 1992). This analytical model was selected as the resulting equations
are quick, easy to use and do not require iterative numerical solutions. Details of how this model

was adopted for our study are given in the Appendix.

For the elastic modulus, several other models are reported in the literature (Stapountzi et al., 2009,
Hagan et al., 2011); specifically, the original upper and lower bound models by Voigt and Reuss
(Reuss, 1929; Voigt, 1889) as well as the refined bounds by Hashin-Shritkman (HS) (Hashin and
Shtrikman, 1963) and Lielens (Lielens et al., 1998) were employed in this study for comparison with

the composite modulus numerical predictions.

7.0 Numerical model results
7.1 Results for explicit finite element models

The five random models shown in Table 2 were first run explicitly (without the hierarchical multi-
scale procedure) in order to compare the FE predictions with the analytical results from the elastic —
plastic matrix model summarised in section 6. The latter was found to predict the E€ accurately for
V¢ up to 36 % (see Figure 7). However, at a Vr of 56 %, the E€ was underpredicted by 22 %. This is
due to the increasing effect of the interaction between the particles, which is not captured correctly
in the elastic plastic extension of the MT model (Lin et al, 1992). Significant error was found in the
prediction of plastic behaviour. The FE solution diverges from the analytical solutions at the early
stages of the linear region. This is because the onset of plasticity in the matrix volume is a
progressive process in the FE models. Yielding first initiates locally in a region of matrix with high
stress concentrations and the plastic zone grows with increasing deformation. In contrast, the bi-
linear analytical model assumes the entire matrix volume behaves linearly until the matrix yield
stress is reached; at this point, the entire matrix volume behaves plastically. The sharp transition
between the elastic and plastic phase leads to an overprediction of the composite yield stress, oy,
with the error increasing from 15 % at a Ve of 10.9 % to 26 % at a Vs of 56.3 %. Yield strain, &y was
determined from the oy and the E€ and the agreement of the solutions are dependent on those for

the other two properties with the largest error being 17 % at a V; of 56.3 % (results not shown).
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Figure 7 Comparison of the composite stress-strain curve predicted from the Mori-Tanaka model
extended to elastic-plastic matrix composites (see Appendix) and explicit (scale I) finite element
models for five different filler volume fractions (Models Rn a — Rn e as shown in Table 2).

The elastic Poisson’s ratio determined using the rule of mixtures (equation A6 in Appendix) was

found to agree with those obtained from FE, with errors ranging between 0.5-4 % (data not shown).

The results from this part of the study show that the use of the elastic plastic extension of the MT
model (Lin et al , 1992) to account for the missing fine particles embedded in an elastic-plastic matrix
is inaccurate and could lead to significant errors in the predicted behaviour of highly filled
composites. This further highlights the need the decoupled multi-scale FE models described in

section 5 whose results are next presented.

7.2 Results for decoupled multi-scale finite element models

This section presents the results from the hierarchical multi-scale models described in section 5.0, as
summarised in Table 3. The values of E€,v¢, oy and &5 determined from the homogenised stress-
strain curves are plotted in Figures 8 -11 respectively as a function of V. For Figures 9 - 11, the

results predicted by the MT analytical model extended to elastic — plastic matrix (see Appendix) are
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shown, as are the predictions from the explicit scale | models up to a maximum of 56 % (see ‘Explicit’
curves). The range of explicit models was extended to 72 % through the use of the regular body
centre cubic RVE, Rgl, shown in Figure 6 and Table 2. For the elastic modulus (Figure 8), the results
are also compared to the Voigt, Reuss and Hashin-Shritkman (H-S) bounds as well as the Lielens
model. Note that the symbols used to plot the data from the hierarchical multi scale models in
Figures 8 — 11 correspond to the symbols shown in the second column of Table 3 (for example the
data points DM_aX in Figures 8-11, correspond to the data derived from the models DM_aa, DM_ab,
DM_ac, DM _ad and DM _ae listed in Table 3, all labelled with the same symbol).

The first point to note is that in all of Figures 8 — 11, the elastic and plastic properties derived by all
simulations summarised in Table 3 fall on roughly the same curve. Now for the elastic properties
(Figures 8-9), the results are as expected as it is known that for a given matrix-particle combination,
only the volume fraction and aspect ratio affect the bulk behaviour. But the fact that plastic
properties also fall on the same curve, is evidence that the hierarchical multi-scale model leads to
consistent predictions, giving confidence in the accuracy of the method. It also highlights that the
exact particle size distribution does not have a significant effect on the onset of plasticity in the
composite (see various distributions assumed in the explicit models in Table 2). The difference
between the various curves in Figures 8-11 is difficult to see in the plots and is described in more

detail below.

The values of E“ (see Figure 8) and v° (see Figure 9) increase and decrease respectively as
increases as expected. In Figure 8, E€ values fall within the upper and lower bounds derived using
the analytical models detailed in section 6, with the best agreement shown to the Lielens model. The
latter has also been found to be the most accurate analytical model in other studies involving
experimental data of polymeric matrix composites (Stapountzi et al 2009, Hagan et al 2011). For V¢
up to 56 %, E€ and v¢ predicted at scale Il (DM_aX, DM_bX, DM_cX, DM_dx, DM_eX) using the
hierarchical method were found to be within 10 % and 5 % respectively of those predicted using the
explicit method (scale 1) and a maximum error of 16 % and 6 % respectively compared to the elastic-
plastic MT model (see Appendix) predictions. For scale IIl (DM _aaX, DM_abX and DM_ddX), the
maximum errors for all cases increased to 13 % and 6 % respectively compared to the explicit models
and 35 % and 10 % respectively compared to the elastic-plastic MT model predictions. Finally, for
scale IV (DM_aaaX, DM_dddX), the maximum errors were 17 % and 7 % respectively compared to
the scale I models and 25 % and 11 % respectively compared to the elastic-plastic MT model
predictions. In addition, the elastic properties derived from the Rgl model (see Table 2) were found
to be within 4 % of the hierarchical model predictions. The prediction of v¢ from the multi-scale

models was found to be higher than those predicted using equation A6 (see Figure 9). This is
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because the lateral contraction becomes increasingly constricted due to the pinning of filler particles
by each other, thereby resulting in a lower compressibility than that predicted by the analytical

models.

In Figures 10 and 11, predictions for the oy and &y below a Vf of 56 % from the scale Il and scale 11
models were found to be within 8 % and 7 % of the explicit scale | model predictions. The
predictions above 56 % (highest volume fraction of explicit random models in Table 2) appear to
follow the same trend of the oy that would be expected from extrapolation of the data and
increased nonlinearly with V¢. Similar to that observed for the explicit scale | and Rgl FE solutions
(see Figure 7), the hierarchical model predictions for oy were lower than those predicted by the
elastic — plastic MT model (see Figure 10). It is also worth noting that the omission of finer particles
and the homogenisation of the entire ‘matrix’ volume at the larger length scales essentially increases
the volume of material that can undergo plasticity and decreases the volume of the elastic material.
Additionally, it was feared that this could result in a lower plateau stress and affect the accuracy of
the behaviour predicted in the plastic region. However, only a 2.5 % error was observed between
the hierarchical and scale | plateau stress predictions for a filler V; of 29 %, a 3.9 % error for V; =

36 % and a 8 % error for Vy = 56 %.

The predicted behaviour for the same V; using different combinations of explicit filler ¢, were also
compared. For example, a prediction for a V¢ of 69 % could be obtained by incorporating
homogenised material properties for a ¢; of 29 % into an explicit FE model of ¢;; = 56 % (see test
case DM_ce in Table 3). Alternatively, the same V; of 69 % could also be reached by incorporating a
homogenised ¢; of 56 % into an explicit FE model of ¢;; = 29 % (test case DM_ec in Table 3). A
higher recoverable strain energy was expected in test case DM_ce due to larger amount of elastic
fillers modelled explicitly. However, the magnitude of the recoverable strain energy is insignificant in
comparison to the energy dissipated due to plasticity in the matrix. As a result, little difference was
observed in the total internal energies and consequentially the elastic and plastic properties of the

respective volumes were similar as shown in Figures 8-11.

Lastly, it is worth noting that the hierarchical model discussed above assumed a rate independent,
perfectly plastic binder material in order to simplify the study. In future, the approach should also be
validated for rate dependent, strain hardening binders such as those used in PBX. Here we will
assume the approach would hold for such more complex binders and we will extend to the PBX case

in a manner described in the following section.
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7.3 Use of the multi-scale method for predicting the PBX composite behaviour

Here the results of the models described in section 4 are presented. With the VEs of Vy = 65-72 %
shown in Figure 2 used to model the PBX composite of a total Vy =95 % , a V of 23-30 % with
respect to the whole composite volume is lost in the matrix material. Thus, homogenised behaviour
of a sub-volume with a V; of 82-86 % is required such that for the 65% particles explicitly modelled
there is 0.65 + 0.86 (1 - 0.65) = 0.95 which is the required filler content. A scale Il hierarchical model
was used to predict the homogenised behaviour, with ¢; = 36 %, ¢;; = 56 % and ¢;;; = 45 %,
resulting in me = 85 % (see equation 5). An elasto-viscoplastic matrix model is assumed for the
scale | model with strain hardening where Young’s modulus, E = 500 MPa, Poisson’s ratio, v =
0.38 and rate dependent yield stresses, oy (¢ = 0.0014) = 9.15 MPa and gy (¢ = 0.14) = 16.6 MPa
as already described in section 2.1. This model fit to the FK800 experimental data is shown in Figure
1(b). Asthe matrix material is elastic-viscoplastic, homogenisation at each scale was performed at
three different strain rates, 0.001, 0.01 and 0.1 /s and the predicted homogenised parameters, E, v
and oy (€), where & = 0.001 /s,0.01 /s and 0.1 /s were sequentially substituted into the matrix
properties of the next scale model. The homogenised elastic-viscoplastic behaviour predicted using
the hierarchical models at a Vr of 36 % (scale 1), 72 % (scale 1) and the final V; of 85 % (scale 1l) are
shown in Figure 12. The resulting elastic-viscoplastic behaviour predicted for a V¢ of 85 % was used

to define the matrix properties of the 2D micromechanical model described in section 4.0.

50
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40
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Figure 12 Homogenised stress-strain predictions at different volume fractions using the multi-scale
hierarchical model.
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The randomly packed microstructure leads to a non-uniform inter-particle spacing. Regions with
smaller inter-particle spacing and a lower matrix volume experience much higher localised strains
and strain rates than that applied to the bulk material. It was therefore essential to ensure that at
each scale, the matrix material model was calibrated to a strain and strain rate sufficient to allow for
the highest local strain and strain rate anticipated. The ratio between the highest strain experienced
in the model and the applied strain was found to be 10 for ¢p; = 36 %, 20 for ¢;; = 56 % and 15 for
o1 = 45 %. The same ratios were also found between the highest strain rate experienced and the
strain rate applied. Consequently, to model the composite with a strain of 0.0025 applied at a strain
rate of 0.00005 /s (see section 4.0), mechanical data for €,,4, = 7.5 (equal to 10x20x15x0.0025) and
Emax = 0.15 /s were required for the matrix material calibration. However, as shown in Figure 1(b)
the matrix material fractures at £(0.14 /s) = 1.2 and £(0.0014 /s) = 1.4. In the current model, strain
hardening was therefore described up to € = 1.2 beyond which the matrix was assumed to behave
perfectly plastically. It is recommended that in future models, matrix fracture and damage occurring
at larger strains should also be implemented in the model. The highest strain rate at which
mechanical data for the matrix material is available is 0.14 /s. As the required maximum strain rate
was estimated to be 0.15 /s, calibration of the material model with &,,,,, = 0.14 /s was assumed to
be sufficient. The minimum strain rate required for the model calibration was estimated to be
0.00001 /s, two decades lower than the slowest strain rate available of 0.0014 /s. However, only 2%
of the matrix material was predicted to experience a strain rate less than the applied strain rate of

0.00005 /s.

7.3.1 Comparisons to experimental data

Figure 13 shows the composite tensile behaviour determined using the 2D FE model corresponding
to the four VEs of Figure 2. A good agreement was found between the four models in both the
modulus and the onset of catastrophic failure, giving confidence to our results and the choice of the
microstructural images shown in Figure 2 as volume elements. The model data beyond the onset of
failure are not shown; this is because the binder’s constitutive response did not implement a
damage model and as a result the binder would stretch indefinitely which is of course not
representative of the real response where the matrix will tear, and force will drop to zero. The
predictions were compared to the experimental data, also shown in Figure 13. The initial response
predicted by the FE model was found to be overly stiff with an average E€ = 19.5 GPain
comparison to the range measured experimentally where 6.5 GPa < E€ < 11.6 GPa . The failure

strain was under-predicted where an average of ef = 0.00061 was obtained by FE and & =
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0.0017 was measured experimentally. The average fracture stress was estimated to be 11.3 MPa

from the four VEs in comparison to an average of 8.2 MPa measured experimentally.

15
Experimental Mori-tanaka

—VE1 VE2

—VE3 VE4
©
o
2
a
g
bt
<]
2
l_

0.001 0.0015 0.002

True Strain

Figure 13 Composite tensile behaviour measured experimentally and predicted using finite
element models (using four VEs in Figure 2) as well as analytically (Mori-Tanaka). Points A and B
marked with blue dotted lines correspond to the points prior to and at the onset of catastrophic

failure for VE1.

In order to investigate the discrepancy, the modulus of a 95 % filled TATB/FK800 as calculated using
the MT and Lielens models was considered (see Figure 8). The latter gave values of 11 GPa and 26
GPa which are close to the numerical modulus of 19.5 GPa, and both considerably higher than the
experimentally derived modulus. In fact, the experimentally determined average value of the
composite modulus E€ = 8.6 GPa and the matrix modulus = 500 MPa, lead to a ratio E€/E = 17.2.
From Figure 8, at 95% volume fraction, this value is extremely low and falls even lower than the
lower bound of the H-S model, close to the Reuss model (Saeb et al., 2016). The latter is known to be
unrealistically low. Therefore, possible reasons for why the PBX composite behaved in a more
compliant manner than would be expected were next considered. Uniaxial tensile tests were
performed on annealed binder materials. Samples were heated to 120 °Cin a press at 5 tonnes for
three minutes. The press was then water cooled with samples still under pressure until the

temperature of 30 °C was reached at which time the pressure was released and the samples were
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removed. Samples were then cut to size and tested at the rate of 0.0014 /s (see Figure 14). The
results showed that the heating and cooling of the binder results in an amorphous, more compliant
polymer that did not display the typical strain softening and hardening behaviour of semi-crystalline
polymers as seen in Figure 1(b). The modulus of the annealed polymer is in fact about 50% lower
than the previously tested, untreated samples. Using a matrix value of 250 MPa instead of the
previous value of 500 MPa would bring the analytical modulus calculations down to 7.5 GPa and 23
GPa for MT and Lielens models respectively. Therefore, it is believed that the observed discrepancy
could be at least partly due to a change in the binder material properties during the hot isostatic
pressing of the composite. The high V; of rigid fillers may impede the re-organisation of the polymer
chains and result in a lower crystallinity polymer compared to the unprocessed binder used in the
characterisation of the matrix. Furthermore, another reason for the disagreement between the
predicted modulus and the experimental data could be due to the 2D plane strain assumption made
in the FE models. This is known to lead to an overly stiff response as compared to full 3D simulations
with a reported overestimation of modulus and fracture strength of approximately 28% and 15%
respectively (Arora et al, 2015). Running 3D simulations of such complex microstructures is a real
challenge however, both in terms of the required computational resource as well as acquiring
suitable 3D images in the first place through microstructural characterisation experiments. Lastly, in
the real composite, microcracks could have formed in the material during the manufacturing
stresses or due to residual stresses arising during the cooling stage after pressing; such cracks could

also lower the modulus and strength of the composite.

Next, the numerical models were used to examine the damage process and failure mode of the PBX.
The points prior to and at the onset of catastrophic failure for VE1 are marked in Figure 13 and are
labelled points A and B respectively. Equivalent points were defined for the rest of the VE’s in a
similar fashion. The total energies dissipated due to plastic deformation and interfacial debonding
for VE1 are shown in Figure 15 as a function of the applied strain. In addition, contour plots of the
cohesive elements’ degradation factor are presented in Figure 16 corresponding to points A and B
for all four VE’s. A degradation factor of O (i.e. prior and at damage initiation) is indicated in blue
colour and maximum degradation factor of 1 (i.e. debonding occurs and the cohesive element’s

stiffness is reduced to zero) is indicated in red colour.
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Figure 14: Comparison of stress-strain curves from annealed and original (untreated, see Figure

1(b)) samples tested at 0.0014 /s rate.

In Figure 15, an initial region between points A and B is observed where the energy dissipated due to
plasticity and debonding is slowly rising with strain. In this region, a comparable amount of energy
was dissipated by both mechanisms and it was therefore concluded that the small non-linearity in
Figure 13 before the step drop in stress is due to both initiation of filler-matrix interface failure (i.e.
degradation of the cohesive elements) and plastic yielding of the matrix material. At the point of
failure, point B, the energy dissipated sharply increases which corresponded with the first sudden
stress drop in Figure 13. The energy dissipation is now predominantly due to debonding around the
fillers. The debonding at point B is also evident in Figure 16 in subplots B1-B4. At this point, which is
the maximum tensile strength of the composite, multiple filler debonding occurs, debonding
becomes the dominant mode for energy dissipation and catastrophic failure takes place. It is worth
noting here that as shown in Figure 16, debonding was observed to first initiate around the larger
particles and those that have straight edges aligned normal to the tensile load direction in

agreement with previous research (Rae et al., 2002, Arora et al, 2015).

Finally, it is worth noting that although the applied bulk strain of 0.0025 is a great deal lower than
the yield strains of the matrix which are £,(0.0014) = 0.018 and &,(0.14) = 0.033 from Figure

1(b), observations from the FE models showed that the matrix region within the composite
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experiences a significant amount of plasticity. Thus, the viscoplastic constitutive model is essential
for accurate prediction of the highly filled composite behaviour, even when failure occurs at small

applied strains.

100
Energy dissipated due to plasticity

. Energy dissipated due to debonding
. I B
2
>
[eTo]
o A
g N
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O ......................................... 1 1
0 0.001

Composite bulk strain

Figure 15 Energy dissipation by interface debonding and matrix yielding as a function of applied
strain for VE1 in Figure 2; the other three VE’s shown in Figure 2 led to similar behaviour (results
not shown).

In summary, the recommendations arising from the presented study are as follows: when the
reinforcing particles in composites appear at multiple length scales, micromechanical models which
consider all particles explicitly are often deemed unfeasible. In such cases, hierarchical multi-scale
models where the smaller particles are implicitly accounted for through reinforcing the matrix in
nested, progressively higher scale models are viable (see Figure 5) and provide accurate predictions
of the homogenised composite. In this study, this approach was followed for a high performance
energetic material in the following manner: real microstructure images were processed and fed into
finite element models were the larger particles were explicitly modelled as they appear in the
images. The smaller, ‘lost’ particles were modelled implicitly through the hierarchical multi-scale
model, by assigning the matrix properties to be that of the binder reinforced with these smaller
particles. The models proposed in this study offer novel design tools for predicting the mechanical

response of high volume fraction particulate composites such as PBX materials. The method is
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generic and can be applied to other composite materials; it may be easily modified to allow for other
failure mechanisms such as damage in the matrix and/or the fillers. Extensive multi-scale simulations
are however required for the homogenised matrix of the PBX material consisting of binder and the
implicitly modelled smaller particles; this ought to be considered when making choices between
simpler, phenomenological models or fundamental, mechanistic approaches such as the ones

presented here.
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predicted by the four VEs of Figure 2 corresponding to points A and B in Figure 13. Arrows show

direction of applied load. Blue indicates interfaces not actively debonding, red indicates interfaces
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actively debonding and the white spaces are openings where the interface has failed and is fully
debonded.

8.0 Conclusions

A novel hierarchical multi-scale model was developed, suitable for extremely high-volume fraction
particulate composites. The predictions of the elastic-plastic properties of the composite were found
to be in close agreement with explicit model results. The hierarchical modelling method was applied
to a polymer bonded explosive of a 95 % filler volume fraction with a viscoplastic binder and the
predicted composite stress-strain behaviour was compared to uniaxial tensile test data. Volume
Elements were reconstructed from Focussed lon Beam scan data of the composite and fracture
stresses predicted by the four VEs used were found to be comparable to that measured
experimentally. The composite’s behaviour predicted using the hierarchical finite element method
was found to be considerably stiffer than that determined from experimental data. Potential reasons
for the discrepancy are due to changes to the binder and specifically lower crystallinity during the
manufacturing process for the composites, the limitation of the assumed 2D plane strain model as
well as possible porosity in the composite not accounted for in the model. The novel hierarchical
multi-scale method presented here forms the basis from which a full 3D model may be developed,
leading to a powerful tool for predicting the mechanical behaviour of very highly filled viscoplastic
matrix particulate composites. The highly adaptable and versatile method has advantages over other
published methods as it allows the incorporation of arbitrary particle geometries, large particle size

distribution, non-linear matrix properties and complex matrix-filler interfacial properties.

Appendix

For a given particulate composite with an elasto-perfectly-plastic matrix and elastic spherical fillers
assumed not to yield within the stress range of interest, the characteristic behaviour of the material
can be approximated using a bilinear description (Lin et al., 1992). The first stage, stage 1, is the
region where both materials exhibit linear elastic behaviour. The overall average shear stress-strain
relationship,

51"2,1 - 5"12’1, during stage 1 is described by:

Vf(l — m) .
11—V —mp) 21 [A1]

~0 —
012, = 2p
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720  where 6, , and & ; are the bulk shear stress and shear strain of the composite during stage 1,

*

721 m= %, u* and u are the shear moduli of the filler and matrix respectively, Vg is the filler volume

722 fraction and g8 is the deviatoric component of the decomposed Eshelby tensor. For spherical

2(4-5v)
15(1-v)

723 inclusions, § = , and v is the Poisson’s ratio of the matrix material.

724  This linear stress-strain relationship no longer holds when the stress in the matrix reaches the yield
725  stress of the matrix, Ty. By assuming there is negligible plasticity at the first instance yielding

726  initiates, the yield stress of the composite in shear, (65)$ can be determined by:

Ve(B—1(1—m)

(G12)y = [1+ 1-p(1—m) Ty

[A2]

727 The second stage, stage 2, describes the behaviour of the composite when the matrix material is
728 deforming plastically but the filler particles remain elastic. For an elastic-perfectly plastic matrix, the
729 stress experienced in the matrix material within the composite after yield is assumed to remain at

730  1Ty. The bulk stress-strain relationship of the composite in stage 2, 7, , — &12,5,18 then given by:

50 =9 mVe(1 - B) : _(1—Vf)[(1—m)/3—1]T
22 = M AT mp(l—v) 22 AP +mBA-Vp) ¥

[A3]

731  The shear and Young’s moduli of the composite for the elastic stage 1 are here denoted as

732 uf, and E€ 1, whereas the work hardening rate for stage 2 in shear and uniaxial deformation are

733 denoted as, u°, and E€, . The four quantities are determined using equations A4 and AS:

S heren = 1,2 [A4]
y_n—zglzn wheren =1,
E€qn=2p°,(1+v) wheren =1,2 [A5]

734  where v and v* are the Poisson’s ratios of the matrix (here equal to 0.38) and filler (here 0.2)
735  respectively. The Poisson’s ratio of the composite, v¢ ,,, is predicted using the rule of mixtures, via

736 equations A6 and A7:

vy =v(1-Vp) +v'V; for 67, < (612)y [A6]
ve, =05(1—Vp)+ vV, for 67, > (612)% [A7]
737
738
739
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