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ABSTRACT—Cure cast plastic bonded explosives (PBXs)
consist of relatively hard particles in a soft binder. Under com-
pressive loading, the explosive crystals come into contact that
causes high stress concentrations. The lines along which the
crystals are loaded are called stress chains. Damage done
to these particle beds during compressive loading can lead
to reaction. The photoelastic effect of PMMA is exploited to
examine the stress state within a two-dimensional particle
bed. Stress chain development within the bed is recorded
and is shown to increase the stress state within some par-
ticles while leaving others unloaded. These concentrations
form early in the loading process, leading to fracture along the
stress bridges and generating likely reaction initiation sites.
Through material point method simulations, contact friction is
shown to have a large effect on the stress distribution within
the particle bed.

KEY WORDS—Stress chain, stress bridging, particulate ma-
terials, photoelasticity, material point method

Introduction

Many modern energetic materials consist of explosive
crystals in a plasticized binder. These materials are much less
sensitive than the pure explosive, but are subjected to a much
wider range of mechanical loading conditions. As opposed
to shock loading with pressures on the order of 1-5 GPa for
up to a microsecond, these materials can be subjected to a
mechanical loading with 100-500 MPa pressures for up to a
millisecond. With the addition of shear deformation within
the explosive crystals, conditions are such that reaction can
occur. Understanding the conditions in which this reaction
leads to sympathetic detonation is critical in the safe and
economical use of energetic materials.

Particulate material behavior is of interest in examining
phenomena from granular flow in soils to bonded particles
in concrete and geologic formations,!»? but the failure of the
crystals within the particle bed takes on a much more impor-
tant role in cast-cure explosives. These materials generally
consist of particles approximately 100-200 wm in diame-
ter surrounded by a soft binder. The binder has a very low
strength and behaves viscoelastically. Stress distributions
within these particulate materials are complicated; loads
are concentrated in small areas and are not evenly distributed
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throughout the material as in the case of a continuum. The
paths along which the load is supported are called stress
chains or stress bridges. Under these conditions, certain par-
ticles support a large part of the load while others support
no load at all. It has been postulated that stress chains form
within the explosive particle bed during loading.? Increased
stress along these paths leads to localized fracture and subse-
quent friction of newly formed surfaces, which is a possible
source of hot spot formation within the explosive.*
Unconfined impact experiments on cure cast plastic
bonded explosives (PBX) have been conducted at the Ad-
vanced Warhead Experimentation Facility of the Air Force
Research Laboratory’s Munitions Directorate located at
Eglin AFB, Florida.>® These tests consisted of impacting
two cylindrical rods of material in a modified Taylor anvil
test and revealed dynamic stress-strain data. These tests also
allowed for post mortem examination of the crystal bed af-
ter impact. Figure 1 shows the undamaged mesoscale struc-
ture of an HMX based explosive and the fracture surface of
a damaged piece of the same material. The scanning elec-
tron microscopy (SEM) image of the undamaged material
shows crystals with rounded corners with sizes ranging from
about 100-300 pm. The smaller round objects between the
HMX crystals are aluminum particles. The damaged material
shows many fracture surfaces. These are all internal surfaces
where friction could also play a large role in a heating pro-
cess. The cross section of the post test specimen in Fig. 2 is
also from SEM, but the backscatter technique is used. This
method shows contrast between molecular weights of the ma-
terials. The aluminum particles are a bright white while the
explosive crystals are a gray color. The damage in this image
is shown not to be evenly distributed. General damage of all
crystals is not observed; there are distinct paths along which
fracture has occurred. Cracks proceed directly through some
crystals while others nearby are completely undamaged.
Unfortunately, post test examination does not reveal how
the stress is distributed during the loading event. The stress
bridges may form very late in the response after particle mo-
tion occurs and not have any role in the initiation of the mate-
rial. Viscoplastic heating from shear deformation could be an
alternate explanation in this case.” If the stress bridges form
early, the particles can then be exposed to increased stress
concentrations leading to crystal fracture. Using current ex-
perimental methods, it is very difficult, if not impossible,
to examine the internal deformation at the mesoscale of the
explosive during a dynamic event.® The magnitude of the
length and time scales involved with dynamic testing of real
explosives push the limits of current experimental techniques
to observe the mesoscale response. In addition, there are
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fractured
¥ crystals

Fig. 1—The undamaged specimen on the left shows HMX crystals with rounded edges. The specimen on the right shows
damaged crystals from an unconfined impact test. The damaged crystals have sharp edges and exposed surfaces that are in
contact with other crystals, allowing for internal friction under shearing deformation.
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Fig. 2—The cross section of a cure cast plastic bonded
explosive demonstrates the stress chain damage evolution
within these types of particulate materials
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numerous safety hazards in working with energetic materials.
Therefore, it is necessary to create a different test to examine
the contact mechanics and dynamic behavior of a particulate
material subjected to mechanical loading.

Dynamic photoelasticity has been used to study the wave
propagation through particulate materials. The dynamic load
transfer through granular materials has been studied®~!! as
well as the effect of pulse length, wave velocity, and particle
shape effects on the contact stresses.!?~1* The photoelas-
tic method for predicting contact loads in dynamic exper-
iments was validated by combining strain gage measure-
ments with photoelastic measurements.'>1 Photoelasticity
has also been applied to study stress distributions in other
situations including porous media,!” cemented particles,> 3
and crack propagation in finite sized specimens'® and bima-
terial interfaces.?0:2!

The photoelastic effect is exploited in this work to exam-
ine stress bridging in a simulated particulate material. Stress
chains have not been observed in the particulate material
studies mentioned above due to the loading conditions and
the geometry of the experiments.
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Procedures

In this effort, the photoelastic effect is used in conjunction
with static and dynamic loading techniques to examine the re-
sponse of a particulate material. A plane stress loading condi-
tion is developed by placing 6 mm thick discs within a loading
frame described below. Static tests are performed on an In-
stron 1332 tension compression machine while the dynamic
tests are completed on a 50 mm diameter split-Hopkinson
compression bar.

Two materials were initially used in this work to simulate
the explosive crystals: polymethylmethacrylate (PMMA) and
polycarbonate (PC). PMMA was chosen as the only mate-
rial for a number of reasons. PMMA was easily obtained in
cast sheet, making manufacturing of the discs much less time
consuming. PC sheet exhibited highly anisotropic properties
due to the rolling operation performed during manufacturing.
Though PC is much more optically sensitive, the experimen-
tal fringe patterns could not be reproduced due to anisotropy.
Additionally, as the discs were taken to large stress levels
prior to fracture, PC fringe patterns could not be resolved
due to the abundance of fringes while PMMA produced a
much more reasonable number of fringes for analysis. How-
ever, PMMA does exhibit viscoelastic behavior, and this is
important in interpreting the results.

Loading Cell

The loading cell for both the static and dynamic tests con-
sisted of a 4140 steel frame with adjustable sides that allowed
for changes in width. Tests could then be run on a single line
of discs in a “one-dimensional” configuration or in a two-
dimensional planar array of discs. The top and bottom edges
of the steel frame had 1.6 mm square notches machined ev-
ery 3.2 mm. The side pieces had square teeth machined at
the end to fit the notches of the top and bottom pieces. In
this way, symmetric changes in width of the frame could be
made every 6.4 mm. Grooves were machined into the interior
sides of the pieces for additional support of the discs within
the frame. A slot on the top piece allowed for a 6.4 mm thick
loading pin to be inserted into the frame.



Static loading tests were conducted on an Instron 1332
tension/compression loading machine at arate of 75 N/s. This
gives an average strain rate of 1.5 x 10™* s~!. Dynamic tests
were conducted by placing the load frame into a compression
Hopkinson bar apparatus. The loading pulse could then be
controlled by striker bar length and velocity and be recorded
with digital oscilloscopes.

Photoelasticity

The photoelastic effect takes advantage of the fact that
certain materials, when loaded, will cause light to propa-
gate through them at different speeds along two perpendicular
axes. This is called birefringence. Placing polarizers on each
side of the specimen will generate interference patterns that
depend on the types and positions of the polarizers. The con-
figuration used in this work is called a circular polariscope.
By using a combination of linear and quarter-wave polariz-
ers on each side of the specimen, fringe patterns that follow
lines of constant maximum shear stress are obtained. By cal-
ibrating these patterns with a known stress field, a photoelas-
tic constant for the material can be determined for use in a
wide variety of stress states. Complete discussion of the the-
ory and applications of photoelasticity can be found by Dally
and Riley?? and Lee.??

Theoretical fringe patterns can be determined by generat-
ing the stress field within the specimen and then calculating
the maximum shear stress at each point. Creating a contour
plot of the maximum shear stress field generates the proper
fringes once the photoelastic constant is determined from a
known stress field. For the geometry used here, the elastic
solution for a point load on a disc is used.?* Following the
method of Sienkiwicz et al.,? the stress for a point load can be
superposed to generate the stress state for a distributed load.
While the method used by Sienkiwicz et al. is used only for a
pair of diametrically opposed pair of loads, it can be general-
ized using the same solution for a point load. One can rotate
the point of application around the circle by an angle ¢ dis-
tributed over a contact zone of half width a, shown in Fig. 3.
The stress equations for Cartesian coordinates become
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where p is the load per unit length at the integration point,
and B is the integration variable over the contact area. The
equations must be integrated for each contact load. The geo-
metric variables r; and 6; are shown in Fig. 3 and given by

Fig. 3—Geometry and angle definitions for stress distribution
determination for a Hertzian contact load on a circle
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A Hertzian load distribution is assumed? even though the
discs are relatively thin. Any edge effects should be small and
only affect the area immediate adjacent to the contact zone.
The loading function p for the distributed forces along the
contact zone is given by
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where B is the integration variable over the contact zone and
P is the total contact load. These equation are integrated for
each contact load to determine total stress within the disc.
From photoelasticity, the equation
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is used to determine the fringe order across the entire disc. For
the light field image used in these experiments, dark fringes
occur when N is a multiple of % A contour image of all
the half order fringes will then predict the dark fringes pho-
tographed during the experiment. The variable fy is a ma-
terial constant that must be measured with a calibrated test,
and will vary depending upon wavelength of light used.

Results
Static Tests

The contours of maximum shear stress, described in a
previous section, are generated using Matlab and superposed
onto the original photograph of the disc. Figure 4 shows the
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Fig. 4—Fringe patterns for a diametrical compression of
6700 N. R=2.54cm

white lines that are the mathematical contours and the dark
regions that are experimentally generated fringes from a disc
statically loaded at 6700 N. The figure also shows the disc im-
mediately above to see the experimental contour lines with-
out the superposed theoretical fringes. Contact zone length,
which is very important to the stress distribution, is measured
directly from the pictures. For static tests, the force is known
from the load cell. Knowing the contact zone length and load
allows fringe determination and therefore calibration of the
photoelastic constant for the material.

The contours in Fig. 4 match very well except near the
contact region where a three-dimensional stress state exists.
The theoretical curves are also derived from linear elasticity,
so a small deformation assumption exists. Near the contact
zone, larger deformations distort the experimental contour
field from the theoretical one, as seen in Fig. 5. At 8900 N,
this effect is much more pronounced. At this load, the vis-
coelastic behavior of the material has caused large thickness
changes, and therefore distortion in the fringe pattern, around
the contact zone. Viscoelastic behavior and any plastic defor-
mation can be verified by residual fringes after unloading.

The formation of stress bridges under static loading is
shown in Fig. 6. Both loaded discs and unloaded discs ap-
pear in the particle bed, demonstrating that the load is not
distributed evenly through the material. This is the same type
of behavior seen in the damaged explosive in Fig. 2. Deter-
mining when these stress bridges form under dynamic load-
ing is important to their possible role in mechanical initiation
of energetic materials.

Dynamic Tests

A typical dynamic test is shown in Fig. 7. Both the full
field and single discs with theoretical fringes are shown. The
fringe patterns derived from the static elasticity solutions de-
scribed in the Photoelasticity section match well with the dy-
namic fringe patterns. Though PMMA can exhibit viscoelas-
tic properties, the initial loading of PMMA at this load rate
has been shown to be linear until about 300 MPa at room
ternperature.26 Therefore, once the disk has been loaded, the
static, linear elastic solutions can predict the fringe patterns
observed during dynamic loading.
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The same geometry that produced stress chains in the static
tests was used for the dynamic loading. The results of these
tests can be seen in Fig. 8. The wave propagates along differ-
ent paths, with the higher loads on the outer discs next to the
steel frame. This is the same area that showed higher loads
in the quasistatic loading shown in Fig. 6. The stress chains
form with the initial wave impingement, indicating that stress
chains establish themselves early in the loading process.

Discussion

The stress state of the particle bed consists of a symmetric
pattern where there are two distinct paths on each half of the
particle bed. The strong stress chains are positioned on the
outer boundary while the weaker ones pass through the cen-
ter. The two paths are labeled stronger and weaker due to the
load levels within the two chains, known from the size and
amount of the fringes within the disk. From Fig. 9, we can
see that the bottom strong and weak stress chains are formed
from the disks 1,5,10,14,18 and 1,2,7,11,15, respectively. By
fitting contours to each of the discs at every frame, as shown
in Fig. 7, the contact loads throughout the assembly can be
determined. The time history of the loading between disks
can be seen in Fig. 10. The cubic spline fits are intended for
comparison of relative load levels and are not intended to
convey quantitative information about the stress between the
contact points. The dashed line is the spline fit for the final
frame. The bottom strong stress chain load increases at the left
and propagates to the right, then reflecting off the back edge.
The final loading across the disks is fairly constant, show-
ing a very long input stress pulse. The disks within the strong
chain have approached a uniform stress state. The weak stress
chain, however, does not see the increase in stress after wave
reflection. The tendency for the dynamic stress state is to
rapidly approach the static stress state, giving rise to stress
concentrations early within the loading cycle. The possible
measurement error in the load values of Fig. 10 is about a
constant 250 N. The error percentage decreases with greater
loads due to the larger number of fringes that occur and points
per fringe that can be used to match theoretical and experi-
mental fringe patterns. Error bars were not placed on Fig. 10
to prevent too much information being placed on the graph.
These plots are intended to show general stress chain devel-
opment, but not to determine exact stress concentrations.

The chains seem to have a large dependence on the bound-
ary conditions. The strong stress chains form where waves
impinging on the side supports reflect as compressive waves,
increasing the overall load in the disk and resulting in more
fringes. The loading is strengthened by the reflection at the
back support, and the steady state is approached. This does
not happen with the weaker chains, which occur in the inte-
rior of the particle bed. Experimental evidence of this type
of behavior can be seen by the work of Boyle et al?’ In
those experiments, pressure/shear initiation of energetic ma-
terials was found to occur near the confinement walls. This
is also where material point method simulations have shown
the greatest amount of shear deformation.?®

The contact mechanics of the problem determine the way
in which the stress is distributed through the particle bed.
Included in these mechanics are the materials properties of
the constituents, contact geometry, and interfacial frictional
properties. The friction between the particles determines the
amount of shear deformation that can be transmitted between
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Fig. 5—Close view of the contact zone at loads of 6700 and 8900 N

loaded discs

unloaded discs

Fig. 6—Static stress chain development in PMMA discs. The load of 5500 N is not distributed evenly across the discs.

Fig. 7—Wave propagation in two dimensional array of PMMA discs and examples of mathematical contours generated in Matlab
superposed on individual disks. R=2.54cm
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Fig. 8—Dynamic stress chain formation in two dimensional array of PMMA discs
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Fig. 9—Disk numbers in the two dimensional stress chain geometry
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Fig. 10—Stress chain load levels for the bottom strong and weak chains

particles. Simulations of the experiment conducted here con-
firm the dependence. Figure 11 shows the half geometry of
four separate simulations, each with a different friction coeffi-
cient. The first picture has a zero Coulomb friction condition,
with the next view of 0.2 and 0.5 ending with a no slip condi-
tion. All of these pictures are views at the same point in time
after the wave impinged the first disk. It is seen that the lower
contact friction cases (0 or 0.2 coefficients) that reproduce the
experimental results. The photoelastic technique used here
was also used to examine the contact mechanics of a system
with a binder.?? Those experiments show a very diverse set
of responses due solely to changes in the ability to transmit
shear between the grains through the binder. Simulations by
Bardenhagen et al.° also show the same results. In these
particulate materials, the ability to transmit shear between
grains directly reduces the stress concentrations within the
bulk material. With the low frictional contact in this binder-
less experiment, which can also be thought of as a binder with
a wave speed of zero, the greatest amount of stress increase
due to geometrical concentrations is generated.

The actual stress level increases between a continuum and

contact stresses in a particulate material will depend on the
shape and position of the particles themselves. The circular
disks used in this work are compared to squares with side
lengths equal to the diameter of the circle. In this way, a
stress increase in a single disc within a regularly spaced ar-
ray is compared to a unit cell of a continuum. While this is a
very simplified setup, it will give a first order approximation
of the stress increases within a particulate material. Applying
an 8900 N load on a 6.35 mm thick unit cell would give a
stress of 27.5 MPa. The maximum equivalent stress gener-
ated using the Matlab routine on a circular particle with an
equivalent load, but now distributed over a smaller area due
to the contact geomeltry, is 141 MPa. This is five times greater
than maximum equivalent stress for a continuum.

The contact geometry plays a large role in this analysis.
Though circles are used here, real contact geometries will
not be idealized. Due to the crystal structure of HMX or
RDX, undamaged crystal shapes can include sharper edges
as seen in Figs. 1 and 2. This will increase the stress intensi-
ties within the crystals as the shapes become more irregular.
These stress concentrations are the areas likely for ignition.
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Fig. 11—Material-Point-Method simulations of the two
dimensional stress chain geometry of PMMA discs. Four
different frictional conditions are present. Coulomb friction
coefficients, f, of 0, 0.2, 0.5 and a no-slip condition.

For a continuum, temperature increase and deformations for
a distributed load are not enough to cause any appreciable
reaction, certainly not one that could accelerate into a defla-
gration. Localized shear deformation within the crystals is
needed to start a reaction.3! As the equivalent stresses and
shear deformations are concentrated into smaller regions, the
effect is not negligible. Stress chains, and therefore deforma-
tion concentrations, occur early in the loading process and
can be a viable method of mechanical initiation of energetic
materials.

Conclusions

The photoelastic effect is used to examine the stress state
within discs under planar compression, simulating the partic-
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ulate nature of many cure cast plastic bonded explosives. The
formation and subsequent fracture along stress concentra-
tions known as stress chains within the materials is believed
lead to reaction initiation sites.

PMMA discs are used to simulate an explosive crystal bed.
Stress bridges formed under both static and dynamic loading.
The stress chain that formed upon initial loading in the dy-
namic test was the same that formed in the static tests. The
early formation of the stress bridge in the loading process
confirms that it can localize deformation within the crystal
bed. A first order approximation to the stress concentrations
was shown to be approximately five times greater in the par-
ticulate material than for a continuum. Simulations of the
experiment revealed that increased friction within this sys-
tem allowed a load distribution across a greater percentage
of particles.

Understanding this failure mode in this controlled envi-
ronment is the first step to increasing the ability to predict
the effect of mechanical insult upon the energetic materials
of interest. Future homogenization of the mesoscale proper-
ties examined here will allow the determination of bulk me-
chanical material parameters that influence the macroscopic
initiation behavior in the cure cast PBXS.
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