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Abstract The dynamic multi-scale deformation mecha-

nism of polymer bonded energetic material is investigated.

Samples made of polymer bonded sugar (a known simulate

for polymer bonded explosives) with 85 % sugar crystals

and 15 % polymer binder are used. The samples are

dynamically compressed using a split Hopkinson pressure

bar. Using a high magnification, meso-scale 2D digital

image correlation experimental setup, the local deforma-

tion is measured in situ at sub-grain scale. The macroscale

deformation mechanism is also investigated with the help

of 3D digital image correlation. From the mesoscale

experiment, it is observed that the local strain distribution

in the specimen is highly heterogeneous with large strain

localization occurring at the polymer rich areas between

the crystal boundaries. Deformations of the majority of the

crystals are minimal, and usually realign themselves to

accommodate large deformation of the binder by rigid

rotation and sliding. Due to this, delamination of the

polymer binder from crystals and binder cracking are the

main local failure modes. It is also observed that the

presence of small crushed crystals from material process-

ing are the favorable sites for this opening mode failure.

Keywords Energetic materials � Dynamic experiments �
Mesoscale � PBX � PBS

Introduction

Dynamic characterization is critical in granular materials,

such as polymer bonded explosive (PBX), concrete, sand,

armor protection materials etc., employed in extreme

loading conditions. Especially in the case of polymer

bonded explosives, understanding the failure mechanism

under high strain rate loading is vital for safe use of these

materials. PBXs typically contain 60–95 % of explosive

solid loading and about 5–40 % of the soft polymer binder.

Due to significant mismatch between the mechanical

properties of the solid constituents and the soft polymer

binder, the presence of inclusions, cracks, and voids from

the processing of the material, the failure mechanism of

PBXs is complex and extended to multi-length scales.

Quantifying the local deformation and failure initiation

mechanisms of PBXs subjected to dynamic loading at

meso-scale entails a deep understanding of the material

response at much smaller length scales than macroscale

measurements.

Optical methods, such as photoelasticity, digital speckle

radiography, laser induced fluorescent speckle photogra-

phy, and digital image correlation have been used in the

past to understand the failure and fracture mechanics of

PBXs subjected to dynamic loading [1–7]. Most of these

studies are at macroscale and have provided much insight

into the continuum scale high strain rate behavior of PBXs

[2–10]. However, these experiments are inadequate to

understand the local deformation mechanisms in highly

heterogeneous PBX materials. On the other hand, high

spatial resolution micro scale experiments have been pro-

ven to elucidate the local deformation mechanisms in these

materials under quasi-static loading conditions [11, 12].

Although high spatial resolution full field DIC measure-

ments based on optical microscopes or scanning electron
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microscopes have been successfully implemented to mea-

sure local deformation in different materials at submicron

scale under quasi-static loading conditions [12–17], high

temporal resolution measurement with high spatial reso-

lution are not established. Due to the absence of a suit-

able experimental method, the local behavior of these

materials under dynamic loading conditions is not well

understood although it is critically important. Recently an

optical based meso-scale digital image correlation has been

proposed that can be used to measure the local deformation

in heterogeneous materials [18, 19].

In this study, an experimental setup based on mesoscale

digital image correlation is used and the local deformation

and failure mechanisms in PBXs at high strain rate loading

are investigated by measuring the local strain fields at sub-

grain scale level. To the best knowledge of the authors, this

is the first detailed work on understanding the local

deformation of PBX by measuring strain at the sub-grain

scale and at high temporal resolution. Macroscale experi-

ments are also conducted and the failure mechanisms at

macro and meso scales are compared.

Materials and Methods

Material Preparation

The material used in this study is polymer bonded sugar

(PBS) crystal, a known simulant of polymer bonded

explosives. Sugar is far from representing the actual

microstructure of RDX and HMX, but is still an ideal and

widely used simulant for the following reasons, (1)

macroscopically the deformation behavior of polymer

bonded sugar is similar to most polymer bonded explosives

[20] and, (2) microscopically the monoclinic structure of

sugar resembles the monoclinic crystalline structure of

high melting point explosives (HMX) [21], though the

deformation mechanism have not been confirmed to be

identical. In addition, its simplicity and safety make sugar a

convenient surrogate for explosive materials that can be

tested in university laboratories and facilities. On the other

hand sugar is soluble in water therefore moisture and

humidity can affect its mechanical and physical properties.

In our work, proper care was taken to minimize the effect

of moisture and humidity during fabrication and charac-

terization process. Samples were cured in a vacuum

assisted oven. Specimens were dry polished without the

application of water. Experiments were conducted in a

controlled atmosphere of temperature and humidity.

The formulation is composed of 85/10.8/2.89/1.31 wt %

of sugar/Hydroxyl-terminated polybutadiene (HTPB)/di-

octyl sebacate (DOS)/Toluene diisocyanate (TDI). HTPB

is the monomer, DOS is the plasticizer and TDI is a curing

agent. HTPB is a common binder material in polymer

bonded explosives. To study the effect of loading rate on

the failure behavior of PBX one should account for the

strain rate sensitivity of the typical viscoelastic polymer

used in PBX [22]. The intention of the current work

however, is not to study the effect of strain rate rather study

the local deformation mechanism of PBX at a given

loading rate by measuring the deformation in and across

the boundary of the crystals. It is a first of its kind, and

intentionally other parameters, such as strain rate are

excluded.

Fabrication of the PBS specimens involves three major

steps. First, the HTPB is mixed with the plasticizer (DOS)

and curing agent (TDI). Then the sugar crystals are added

to the blend and mechanically mixed thoroughly. It is then

kept in a vacuum oven for 24 h at 60 �C, where the partial
curing leads to the formation of a powdery mixture. Using

a cylindrical mold of bore diameter 25 mm, the powder is

then hydrostatically pressed at 90 MPa to cylindrical bil-

lets. These billets are completely cured by keeping them in

the oven for 120 h and cooled naturally to room tempera-

ture. The specimens for the experiments are then machined

from billets using a milling machine.

Experiment Setup

High Strain Rate Testing

The high strain rate compression experiments are per-

formed using split Hopkinson pressure bar (SHPB) appa-

ratus. Since the specimen used in the experiment is made of

low impedance material, a soft polymer binder, polycar-

bonate bars are used as input and output bars to minimize

the impedance mismatch and obtain appreciable transmit-

ted signals [23]. Both the incident and the transmitter bars

are made of 1830 mm long and 25.4 mm diameter poly-

carbonate bar. To reduce the friction between the specimen

and the bars, a thin layer of molybdenum disulfide is

applied on the contacting surface. The waves in the inci-

dent and transmitter bars are measured with the help of

strain gages located at the middle of the incident and

transmitter bars. The average strain rate, strain and stress

on the specimen are obtained using well-known equations,

_esðtÞ ¼ � 2Cb

ls
eRðtÞ ð1Þ

esðtÞ ¼
Z t

o

� 2Cb

ls
eRðtÞdt ð2Þ
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rsðtÞ ¼
EbAb

As

eTðtÞ ð3Þ

where ls is the original length of the specimen, eR tð Þ is the
time resolved strain of the reflected pulse in the incident

bar and Cb is the velocity of the wave in the bar. Eb is the

elasticity modulus of the bar material, Ab is the area of

cross section of bar, As is the area of cross section of

specimen. It should be noted that the stress–strain plots are

used to see the trend, and are not critical for this study.

Wave attenuation and dispersion in the bars are not cor-

rected in the analysis.

High Speed Imaging

To observe the local deformation in situ, a high speed

camera equipped with high magnification extension tube is

used. Figure 1a shows the schematic representation and

Fig. 1b, shows the close up picture of the actual setup used

in the experiment. A high speed camera SAX2, by Photron

Inc., at a framing rate of 100,000 frames/s and at a reso-

lution of 384 9 264 pixels is used. For high magnification

imaging, an extension tube from Navitar is used. The

greatest challenges in obtaining images at high magnifi-

cation and high rates are low depth of field of the optical

system and the need of high intensity illumination. For

illumination, two high intensity LED lights and a fiber

optic light tip were kept as close as possible to the speci-

men without obstructing the view of the camera as shown

Fig. 2b. This illumination provides sufficient light to

acquire the images, up to 180,000 frames per/second. An

optical resolution of 10 lm/pixel is achieved using the

proposed method, which is sufficient to obtain strain field

inside a grain of size 400 lm using DIC. The macroscale

deformation of the specimen is measured using stereovi-

sion system, comprise of two SAX2 high speed camera and

two 100 mm lenses. In this case, two LED cold lights are

used for illumination. The image acquisition rate is kept

same as that of the mesoscale dynamic experiments.

Details of the optical parameters used in the two systems

can be found in Table 1.

Specimen Geometry and Surface Preparation

for Macro and Meso Scale DIC

To facilitate DIC measurement, a high contrast, random

and isotropic speckle pattern has to be applied on the

surface of the specimen. It is very important to choose the

right size speckles according to the image resolution of the

optical system and experimental setup. As a ‘thumb of

rule’ for good displacement resolution and accuracy, every

Fig. 1 a Schematic of

experiment setup, b Close up

image of the experiment setup

J. dynamic behavior mater.

123



speckle has to be sampled by at least 3–5 pixels [24]. The

image resolution for the macroscale experiment is 150 lm/

pixel and, therefore, a speckle size of 500–800 lm is

required. These speckles are achieved using an airbrush

and flat paint. First a thin layer of white paint is applied on

the surface of the specimen, and after it has dried

AOI
(d)

AOI

x

y

z

(c)

A B

I II III IV

19 mm
12 mm

12.5mm

13 mm

(b)

(a)

18 mm

Loading direction

1000µm 1000µm

p
q r

p

q r

Fig. 2 a Specimen dimension and speckle pattern for macroscale experiment, b Specimen dimension and steps involved in marking and

speckling the area of interest (AOI) for mesoscale experiment, c Microstructure of AOI, d Speckle pattern of AOI

Table 1 Image framing rate,

temporal resolution, and field of

view of the macro and meso-

scale DIC setup

Experiment details Macro Meso

Image acquisition rate (frames/second) 100,000 100,000

Image resolution (pixels 9 pixels) 384 9 256 384 9 256

Pixel to length ratio (lm/pixel) 150 10

Field of view (mm 9 mm) 30.72 9 21.12 3.84 9 2.64

DIC algorithm 3D 2D
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completely, a black paint was sprayed on the top of the

white layer using an airbrush. The specimen dimensions

and the speckle pattern for the macroscale DIC measure-

ment are shown in Fig. 2a.

The mesoscale digital image correlation provides the

capability to capture strain fields at grain scale level. It is

very important to mark the area of interest (AOI) precisely

to relate strain evolution with the underlying microstruc-

ture. For that matter, three major steps, polishing, marking,

and speckling is followed as illustrated in Fig. 2b. First, the

specimen was dry polished with silicon carbide paper of

grit size varying from 240 to 1200 and then finely polished

with diamond particles of 3 lm. Secondly, in order to mark

the AOI and obtain a microstructural image, the left and

top part of the specimen is covered with scotch tape as L

shape (A), as shown in Fig. 2b (II), leaving the

microstructure of the right bottom side of the specimen

accessible for imaging and speckling. Note that the right

edge of the vertical scotch tape (pq) and the bottom edge of

the horizontal scotch tape (qr) are used as a reference,

during imaging both the microstructure and DIC images.

The image of the microstructure is captured covering entire

the field of view of the area of interest marked with red

rectangle shown in Fig. 2b (II). The microstructure of the

AOI is shown in Fig. 2c. In step three, the AOI is speckled

for DIC measurements. In order to speckle the specimen,

first a thin layer of white paint was applied, using an air-

brush, on the specimen surface covering the AOI, and

allowed to dry partially. Then a black toner powder is

deposited on top of the partially dried white paint, by

blowing the powder onto the surface using an air gun, and

allowed to dry completely. Finally, the scotch tape was

peeled off, which gave speckle patterns of AOI shown in

Fig. 2b(IV), d.

Using these speckled specimens both the macro and

meso scale experiments are conducted, while images are

taken in situ. The camera system was triggered with the

help of oscilloscope and strain gages attached on the input

bar. Using the camera delay time feature, the duration of

the trigger is adjusted to capture images prior (reference

image) and after deformation. The reference and the con-

sequence images are then imported for further post pro-

cessing following a well-documented procedure available

in the literature [24–26].

Post Processing of Macro and Meso Scale DIC

For macroscale strain field measurement, the images are

processed using Vic3D, commercial digital image corre-

lation software by correlated solutions Inc. As mentioned

above the resolution of the macroscale experiment is

150 lm/pixel and the average speckle size is 600 lm.

Hence, subset sizes of 1.95 9 1.95 mm2 are used,

considering a minimum of 3 9 3 speckles in one subset.

Strain calculation in this study is done with the exhaustive

search mode, which enables the highest amount of data

recovery when correlation fails, at the expense of pro-

cessing time [24]. A higher order interpolation function

(Optimized 8-tap) is used to convert discrete digital data

points to continuous data. The correlation criterion was

chosen to be zero normalized, which is insensitive to the

scaling of light intensity.

Similarly, in the case of mesoscale strain field calcula-

tion a commercial 2D digital image correlation software,

Vic 2D, is used. The strain calculation, in this case, was

done with the exhaustive search mode similar to the mac-

roscale. However, a subset size of 1109110 lm2 is

employed in this case which enables to have at least *14

subsets in one grain of 400 lm size.

The proposed surface measurement cannot provide

detailed failure mechanisms that occur below the consid-

ered plane. Especially, it is difficult to tell where the failure

initiated, an interesting subjected but out of the scope of the

current work. On the other hand, the strain localization and

the deformation profiles in and across the boundary of the

crystals are investigated, by locally measuring the defor-

mation on the binder and crystals in the same plane. The

images are captured on a plane perpendicular to the loading

direction. Considering the loading and boundary conditions

in a Hopkinson bar experiment, it is reasonable to assume

that, macroscopically, the deformation is fairly uniform

across the thickness of the specimen. This is the basic

assumption of Hopkinson Pressure bar experiment. The

proposed local measurements will show that the deforma-

tion is heterogeneous locally, whilst being fairly uniform

macroscopically. In addition, the surface measurements, in

conjunction with the underline microstructure, can give

information about the interaction and propagation of strains

between the binder and crystals, which is the main objec-

tive of the current work.

It was also found that the effect of subsurface defor-

mation on the measured surface deformation is negligible,

in the early stages of the loading. The specimens are

unconfined and free to expand in the out of plane direc-

tion. If there is out of plane motion due to subsurface

deformation, the captured images would have been out of

focus, as the depth of field of the microscope is very

small. Fortunately, we haven’t observed such a large

effect during the early stage of the deformation and all

the images correlate well. However, once failure initiated,

the images are no longer in focus and could not be used

for digital image correlation. So, it is reasonable to

assume that the early stage of deformation is one

dimensional and the deformation fields presented in this

work can representative the deformation profile across the

thickness of the specimen.
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Results and Discussion

Macro Scale Deformation Behavior

Typical stress–strain relation of PBS subjected to dynamic

loading is shown in Fig. 3a. The strains calculated based on

the strain gage readings and obtained from 3D DIC are

compared in Fig. 3b. The values are comparably close to

each other especially in the early stage of deformation;

however, there is a small variation in the later deformation

stage of the material, which could be due to the variation of

the strain field due to speckle cracking once the failure

initiation occurs in the material. To check the stress equi-

librium on the flat specimen tested at the macroscopic

scale, three wave and single wave analysis is performed.

As shown in Fig. 3a, stress obtained from the three wave

analysis oscillates around the stress obtained from the one

wave analysis indicating reasonable stress equilibrium in

the specimen.

Figure 4 shows the contour plot of maximum shear

strain fields as a function of time obtained from macroscale

DIC. It is clearly visible that at 200 ls, high shear strain

localization is started at each corner of the specimen and

later merged into the center of the specimen leading to

shear band failure.

The shear band formation is clearly visible in the frac-

ture specimen shown in Fig. 4c. Apart from observing the

macroscale shear band formation, it was impossible to look

into the local deformation mechanism at this scale. The

onset of local deformation mechanism is observed in the

mesoscale experiment and discussed in the next section.

Mesoscale Deformation Behavior

Highly heterogonous deformation is apparent in the PBS

sample tested, and the experimental method employed was

able to capture these local strain fields accurately. Figure 5

shows typical local axial, lateral and shear strain fields in

the PBS specimen subjected to dynamic compressive

loading. It is distinctly visible that, the local compressive

strain in some regions reach as high as 8 % for the global

axial strain of only about 0.5 %. Similar observations have

been made in the meso scale computational study of

polytetrafluoroethylene-Al-W granular composites under

dynamic loading conditions [27]. The strain localization is

prevailing around crystal boundaries, rich in polymer, and

it is presumable that most of the deformation was accom-

modated by the deformation of the soft polymer binder

while crystals realign themselves to accommodate the

deformation. This could be the reason that the stress–strain

plot has extended deformation after the yield. Furthermore,

from the lateral strain field shown in Fig. 5b, it is clearly

seen that the local deformation occurs at an angle close

to ± 450, indicating local shear band formation is also

captured in the experiment.

In order to understand these effects better, the local

strain fields were compared with the underline

microstructure taken before the deformation as shown

Fig. 6. It is shown that, in most cases, the axial strain

localization occurs at the vertical or low angle interfaces

with thick binder interface, where there are no crystal–

crystal contacts or adjust crystals are far away from each

other, for example between Crystal 3 (C3) and Crystal 11

(C11), between Crystal 4 (C4) and Crystal 9 (C9), between

Crystal 7 (C7) and Crystal 5 (C5), between Crystal 8 (C8)

and Crystal 6 (C6), between Crystal 10 (C10) and Crystal

14 (C14) etc. It can be seen that crystals C5, C6, C9, C11,

C12 and C13 C14 C15 are in contact and the strain

localization observed at the interface between these crys-

tals are minimal due to the absence of polymer binder. It is

visible that the axial strain field in these crystal interfaces

are small and reasonably continuous compared to the

Fig. 3 a Stress strain curve for

PBX at 300 S-1. b Comparison

of DIC strain measurement with

the strain gage measurement,

figure shows the strain versus

time
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crystals with rich polymer binder interface. But there are

cases where the crystals are surrounded by polymer but

there is no substantial strain localization, for example

between Crystal 5 (C5) and Crystal 10 (C10), between

Crystal 6 (C6) and Crystal 10 (C10) and between Crystal 5

(C5) and Crystal 9 (C9). This indicates the possibility of

force chains in the material, and there might be some

crystals that form favorable paths for the load transfer

mechanism. The speculated force chains are based on the

continuity of the compressive strain across the specimen

length, and are in crystals either in contact or very close to

each other, which agrees well with the fact that as the solid

Fig. 4 a Maximum shear stress in the material at 100, 200, 300 ls from the time of loading and specimen b in undeformed condition and c at
failure state

Fig. 5 Local strain fields

a axial, b lateral and, c shear at

different time, 60, 120, 160 ls
after loading with

corresponding global axial

strains, 0.5, 1.8, 3.5 %

respectively
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loading increases it results in permanent stress bridging

[28]. However considering the percentage of solid loading

used in the specimen, additional work is needed at different

solid loadings to reach a conclusive observation on the

force chain formation in the material.

It is important to note that the lateral strain localization

occurred at grain boundaries that are at an angle about ± 45o

with respect to the loading direction. Very high tensile strain,

up to 8 %, has been seen at a small global compressive strain

of 0.5 %. Figure 6c shows the comparison of the local

transverse strain field with microstructure shown in Fig. 6a.

It is shown that the strain localization is substantial in the

polymer binder rich area (marked in a black rectangle in

Fig. 6c. This area is formed by collections of small crystals

bound together by the polymer binder and surrounded by

large crystals, which potentially form a weak region for

tension. It is also visible that the lateral strain around this

region extends to the boundary of the specimen, indicating

the possibility of either binder delamination arround the

crystal or/and crystal cracking, which will be further dis-

cussed in the next section. The local shear strain field is also

significantly localized at the boundaries and prevalent at the

weak polymer-rich region. The high shear localization could

cause the sliding of the crystal over another and crystal

rotation.

Crystal Fracture

One of the major failure mechanisms of PBS observed in

this experiment is crystal fracture. As shown in Fig. 6c, a

large strain value is clear on or across some crystals, such

as C2, C9, C6, and C13. The strain on this crystal is as high

as 4 %. However, the sugar crystal used in this experiment

is brittle and will not be able to deform to a strain of order

3–4 % without fracture. This indicates that some of the

crystals undergo fracture. Crystals C9 and C13 are rela-

tively large in size, which is a favorable condition for

crystal fracture if it is surrounded by large crystals. In such

cases, the number of crystal to crystal contact points will be

less, which essentially reduces the chances of force dis-

tribution through more contact points and hence increases

the probability of stress concentration. It is distinctly vis-

ible from the Fig. 6a that C14 and C13 have a single point

contact, where a sharp corner of C14 hitting C13. Conse-

quently, these conditions cause stress concentration and

finally fracturing of C13. Similar observations can be made

on C2 and C9 as well. Whereas, in the case of C6, an initial

crack formed from the preparation of the material is visi-

ble, see Fig. 6a (red arrow on C6). Fracture of crystals

during material preparation is common [29]. This initial

crack starts to grow as loading progress and leads to

fracture C6. It is very interesting to note that C4 also has an

initial crack as of C6, as indicated in Fig. 6a by an arrow,

but there is no further fracture of the crystal is observed.

This could be either the disengagement of C4 in the load

transfer mechanism due to a large region of binder ahead of

the crystal, possible force chain mechanism or rigid body

rotation. Nevertheless, it indicates that increasing the

polymer binder will effectively reduce the probability of

crystal fracture due to crystal–crystal contact.

Fig. 6 a Microstructure of the

specimen with crystals labeled

and the associated local, b axial,

c lateral, and d shear strain

fields
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Crystal Rotation

Another deformation mechanism observed in this experi-

ment is crystal rotation and sliding. Crystal rotation and

sliding have been observed in granular materials under

quasi-static and dynamic loading conditions in the past [30,

31]. Figure 7 shows the rotation of each crystal as a

function of loading time. The magnitude and direction of

rotation varies from grain to grain, and crystal rotation as

high as 3.2� is measured (Table 2). It is also observed that,

in some cases, two or more grains form a group and rotate

together up to a certain loading time. For example C12 and

C11 form a pair and rotate together up to a time of 200 ls
in a clockwise direction. There is no relative rotation

between C11 and C12 until this time. C1, C2, and C3 have

also formed groups and rotate in the same direction. On the

other hand, some crystals in contact with another rotating

crystal are shown to be stationary or rotates in a different

direction, which could create sliding and friction between

the adjacent crystals. For example C4, which is in contact

with C2, does not rotate significantly, which could cause

potential sliding friction with C2. In addition, relative

Fig. 7 Angle or rotation of

crystals with time a From

crystal number 1–10, b from

crystal 11–21, c the

corresponding microstructure

and the rotation direction

Table 2 Magnitude and direction of crystals rotation

Crystals Rotation direction Max. rotation (degree) Min. rotation (degree) Mean rotation (degree)

C1, C2, C3, C4, C5, C6, C7, C9,

C14, C19, C18, C21

Clockwise C21 = 3�, C17 = 2.5�
C6 = 2�

C4, C14 and C16 = 0.2� 0.03�

C8, C10, C20, C11, C12 Anticlockwise C10 = 3.2�,
C20 = 3.2�,
C11 and C12 = 3.2�
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rotation between the adjacent crystals can cause delami-

nation at the interface and could be a potential failure mode

in PBX.

Conclusions

An experimental method has been developed to investigate

the local deformation mechanism in PBX under dynamic

loading conditions by the employed high-speed camera

along with high magnification extension tube. To the

knowledge of the authors, for the first time, quantitative

data at a spatial resolution of 10 lm/pixel and at a framing

rate of 100,000 frames/second is achieved. Based on the

macro and meso scale experiments the following points are

summarized.

1. Macro scale experiments showed that under dynamic

loading conditions the PBS fracture by shear band

formation and the shear band formation started around

6 % of global axial strain.

2. From the mesoscale experiments different deformation

mechanisms are observed.

a. The strain is highly localized in the interface

region with thick polymer binder, while the

crystals either rotate or realign themselves to

accommodate deformation in the binder.

b. Crystals with direct multi-point contact with their

neighbor crystal are unlikely to undergo large

deformation.

c. On the other hand crystals either with initial crack

or in direct point contact with the neighbor crystal

are seen to undergo fracture.

d. The lateral strain is highly visible in areas where

small crashed crystals are bonded together, indi-

cating a potential spot for opening-mode fracture

initiation.
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