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a b s t r a c t

The micro-scale mechanical behavior of a polymer-bonded explosive (PBX) simulant was experimentally

studied using a scanning electron microscope (SEM) imaging system and digital image correlation (DIC)

method. The semi-circular bend (SCB) test was chosen for the study. During the testing, a series of SEM

images of the specimen was acquired in situ. The natural micro-structural features of the specimen were

used as random speckle pattern for DIC analysis. The displacement and strain fields at the area of interest

were obtained by DIC. The deformation and damage of PBX were analyzed. Heterogeneous strain fields

demonstrated the damage evolution underneath the specimen surface and predicted possible micro-

crack growth. Based on the contour plots of the correlation coefficient, the formation and extension of

microscopic cracks were quantitatively analyzed.

Crown Copyright & 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Polymer-bonded explosive (PBX) is a composite material con-
taining a large volume of crystalline high explosive (90–95% by
weight) mixed with a small percentage of soft binder. It is used in a
wide variety of applications, ranging from rocket propellants to the
main explosive charge in munitions. PBX is carefully designed to
give optimum explosive power and sufficient mechanical strength,
as well as a range of safety features. Recently, the mechanical
properties and failure mechanisms of PBX have been studied [1–4].
These studies were qualitative analyses of PBX properties, with very
little relation to the deformation field of the loaded materials. The
fracture behavior and mechanical properties of PBX are known to be
highly dependent on its microstructure; therefore, its performance
at the micro-scale level should be experimentally characterized at
the equivalent size scale. One challenge of such small-scale testing
is the measurement of strains at a micro-size area. A conventional
strain measurement method such as a strain gauge is not applicable
at this scale. Moiré techniques are possible [5], but the fabrication of
a fine specimen grating is difficult and expensive. Therefore, the
development of a convenient experimental method for deformation
measurement at micro-scale is necessary.

The digital image correlation (DIC) method is widely used in
experimental mechanics as an effective tool for full field measure-
ment. This method is easy to manipulate and can provide satisfactory
resolution of displacement and strain fields at a macro-scale [6–9].
10 Published by Elsevier Ltd. All r
At this scale, spraying white and black paints alternatively nor-
mally generates a random grey scale pattern for DIC analysis. To use
the DIC for microscopic deformation measurement, digital images
must be obtained from high-magnification imaging systems, such
as an optical microscope, scanning electron microscope (SEM),
or an atomic force microscope (AFM). In the literature, Rae et al.
[10–12] first studied the microscopic deformation and fracture
behavior of PBX by DIC combined with an optical microscope.
However, the magnifying power of optical microscope is limited by
the principle of light up to 1000� , usually with the area of view in
the sub-millimeter range. An AFM can provide images with high
resolution; however, incorporating a loading stage in an AFM
chamber is difficult because of the spatial limitation. A SEM can
provide a wide range of magnification, from 30� to 100,000� , and
the SEM chamber is large to work with. In Refs. [13,14] SEM images
were digitally processed by DIC, and the deformation behavior of
PBX under uniaxial loading was studied. Knowledge of the localized
strain field in heterogeneous material is very useful for the
investigation of the microscopic fractures and failure mechanisms
that govern the macroscopic mechanical behavior of materials.
Therefore, further research is needed to investigate the processes of
damage evolution and failure of PBX.

In this work, a semi-circular bend test was chosen for the study.
In order to study the micromechanical behavior of PBX, the DIC
method was combined with a SEM imaging system incorporated
with a loading stage to study the deformation field of the sample at
a micro-scale. This method was employed in two applications:
(1) to characterize the micromechanical behavior of PBX and (2) to
study the strain concentration around the crack tip of a semi-
circular specimen.
ights reserved.

www.elsevier.com/locate/optlaseng
dx.doi.org/10.1016/j.optlaseng.2010.11.001
mailto:pwchen@bit.edu.cn
dx.doi.org/10.1016/j.optlaseng.2010.11.001


Z. Zhou et al. / Optics and Lasers in Engineering 49 (2011) 366–370 367
2. Experiments

2.1. Specimen preparation

Owing to safety requirements, a simulation material of PBX was
used in the study. The samples were produced in a steel-press
mold. In order to obtain disc-shaped samples, 200 MPa pressure
was applied for an hour in the steel-press mold at a temperature of
100 1C.

To reveal the microstructure of the sample, polishing was
required. First, samples were ground using fine emery papers
(#600) to obtain a flat surface. Next, polishing was carried out on
the polishing machine using a fine polishing paste. Finally, gold was
sprayed onto the sample surface to form a conductive layer.

The samples were made from a relatively weak, brittle material,
and the test specimens were machined from the original disc
sample. Thus, damage induced during this period could be sig-
nificant. Great care was therefore taken to avoid additional damage.

2.2. Semi-circular bend (SCB) test

A tensile load may cause rupture from an existing defect away
from the crack tip. However, machining a specimen required for
tensile loading is difficult because of its low strength. Conse-
quently, test should be conducted with compressive loading when
tensile fractures are induced. In order to satisfy this requirement,
the SCB test was proposed [15]. The SCB sample with a single edge
notch was subjected to a three-point bending load (as shown in
Fig. 1). The sample geometry is advantageous for convenient
sample preparation and for relative ease of experimentation. In
this paper, we focus on the field deformation in the tip region of the
pre-notch. The local region (labeled ‘‘Area 0’’) was observed by SEM
in each loading step, and the recorded images were digitally
processed by DIC to extract the strain field. These examinations
were conducted with the aim of revealing the strain localization
responding to specimen damage, even without any obvious signs of
cracks, and predicting the propagation of the induced crack, along
with the possible developing path, in a splitting fracture of brittle
failure.

2.3. SEM system

The SEM system used in this work was a model S-570 from
Hitachi Corporation. A loading stage was installed inside the SEM
chamber, which enabled the SEM to acquire images during each
loading step. This system is capable of applying tensile or com-
pressive load of up to 2000 N, either by motor-driven or manual-
driven gears. In the SEM system, the accelerator voltage of 25 KV
and the probe current of 100 mA were chosen to obtain the images.
Image size used was 840�960 pixels2. The advantage of the
loading stage design is that the whole assembly of the loading
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Fig. 1. Semi-circular bend test geometry.
stage and the specimen can be translated inside the SEM chamber,
which enables the specimen to be moved back to the original
position after each incremental loading step. During the testing,
the specimen was loaded step by step. After each increment, the
loading was paused to acquire the SEM image. The imaging area
of the specimen was carefully adjusted so that the images were
always taken from the same area on the sample surface after each
step of loading. The position adjustment was based on the tracking
of one particle, chosen as the reference marker, in order to
eliminate spatial distortions during each loading step. Therefore,
a series of SEM images of the specimen was acquired in situ over the
same area of interest.

2.4. Principle of the digital image correlation

DIC operates through the mathematical comparison of two sub-
images from a larger pair of displaced images. The deformation
field can be obtained by comparing a resource subset from a
reference digital image with a target subset from a deformed image
[16,17]. The primary assumption of DIC is that the essential
characteristics of the speckle pattern remain the same before
and after deformation to determine the distortion of a small region.
This method uses the correlation coefficient C as a description
parameter [18]:

C ¼ 1�

P
½f ðx,yÞ�f �½gðxu,yuÞ�g�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
½f ðx,yÞ�f �2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
½gðxu,yuÞ�g�2

q ð1Þ

where (x, y) and (x0, y0) are Cartesian coordinates of the resource and
target points located in the reference and deformed images,
respectively; f(x, y) and g(x0, y0) are the grey values of the subset
in the non-deformed and deformed images, respectively; and f and
g are the ensemble averages. The magnitude of correlation
coefficient C varies from 0 to 1, with 0 signifying a perfect match
between the two images. When damages or cracks develop in the
small region during deformation, the local characteristic of the
speckle images is changed, and the correlation coefficient becomes
bigger than other areas where no damage and crack are present. In
our work, the value of C is smaller than 0.01 in the area of interest
(as shown in Fig. 6), indicating that the two speckle images
captured before and after a deformation match each other well.
Therefore, the speckle pattern converted from the SEM image was
suitable for DIC analysis.
3. Results and discussion

3.1. DIC analysis of deformation

For the SCB test, a specimen 20 mm in diameter and 10 mm in
thickness was machined from a disc sample. A pre-notched edge
0.9 mm in length and 0.2 mm in width was fabricated using a blade.
For each loading step with a force increment approximately
P¼50 N, the near region (as shown in Fig. 2) around the tip of
the preset crack was magnified by SEM to observe the surface
topography in situ and to record the images during the compressive
load. The interest region ‘‘Area I’’ was analyzed by DIC to match
with the initial image recorded before deformation. The subset size
of 29�29 pixels2 and step size of 4 pixels were chosen for the DIC
analysis. The tensile strain fields for selected steps at different
loading levels are shown in Fig. 3. As evident in the figure, the strain
field is not uniform. The maximum strain is concentrated around
the tip of pre-crack. Moreover, the localized strain band is evidently
propagating and evolving along the preset notch direction with
increase of the external force. The fracture route is believed to
follow the orientation of prefabricated crack.
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At load P¼400 N (Fig. 3c), the local area E shows a significant
strain concentration that may be caused by the initial damage near
the tip of the generated crack. With the increase of external loading,
the initial crack starts from the tip of pre-crack and grows along the
loading direction. In addition, real-time microscopic examination
indicates that the failure began at several independent sites. The
micrograph of the sample at load P¼400 N is shown in Fig. 7. Two
separate micro-cracks (Cracks 1 and 2, as indicated by arrows) are
present along the loading axis. Significantly, at this loading state,
Crack 2 is not around the new Crack 1 tip. Instead, it appears at a
finite distance (approximately 50 mm) in front of the tip of Crack 1,
showing that a decohesive zone has developed ahead of the Crack 1.

In order to further study the microscopic fracture behavior,
the local region labeled ‘‘abcd’’ (marked in Fig. 2) was carefully
examined. Fig. 4 shows the micrograph of the ‘‘abcd’’ region at four
loading steps. At the load P¼250 N, the particle marked A has
cracked, which is likely due to impeding the propagation route of
the crack M. At the same time, a failure crack N passes between
the two particles marked P and Q, which may be caused by initial
damage being activated, and which tends to evolve. With the increase
of external compression loading, the crack M does not propagate.
Nevertheless, the interfacial crack N extends uninterruptedly, as
Fig. 2. SEM image of the sample obtained around the tip of pre-crack.

Fig. 3. Tensile strain (ey) contours of Area I at different
shown in Fig. 4b and c. Finally, a more typical example of filler particle
fracture is shown in Fig. 4d. In this micrograph, the typical failure
path (indicated by arrows) has been formed. Microscopic crack
propagation is mainly along the interface of particles and matrix in
this sample, especially the particle marked R.

Fig. 5 shows the tensile strain field of the ‘‘abcd’’ region at a
micro-scale, which corresponds to the loading states wherein
external forces equaled 250, 310, 400, and 450 N, respectively.
The results show how the strain concentration was developed
during the SCB fracture test. Moreover, the strain fields predict a
transition of the damage accumulation from particle/matrix
debonding to crack formation.
3.2. Fracture propagation analysis by correlation coefficient

Cracking is the most dominant mechanical failure mechanism in
high explosives and affects the mechanical performance and
detonation of weapon systems. However, direct observation and
quantitative measurement of the deformation field associated with
the formation and extension of micro-cracks are great challenges
because cracks are hardly observable directly until they have
grown sufficiently large. Recently, based on the application of
DIC technique, the characteristics of this method have been better
understood, and the initiation and propagation of cracks in
explosives can be quantitatively described [19]. As discussed in
Section 2.4, the correlation coefficient C is a function of the grey
values of the two digital images before and after deformation.
When the distortion of the small region is such that two small
images match each other, the correlation coefficient is at a
minimum. However, when damage or cracks develop in the small
region during deformation, the correlation coefficient may not be
able to attain a minimum; the value of the coefficient C becomes
much bigger than in other regions where no damage or cracks are
present. Generally, in DIC analysis, the correlation coefficient is
only used for judging the numerical convergence in order to attain
an ideal precision. In this work, the correlation coefficient was used
loads: (a) P¼150 N, (b) P¼250 N, and (c) P¼400 N.



Fig. 4. Micrograph of the ‘‘abcd’’ region at different loads: (a) P¼250 N, (b) P¼310 N, (c) P¼400 N, and (d) P¼450 N.

Fig. 5. Tensile strain distribution (ey) in the ‘‘abcd’’ region at different loads: (a) P¼250 N, (b) P¼310 N, (c) P¼400 N, and (d) P¼450 N.
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to quantify the location and extent of cracks in the semi-circular
specimen.

Fig. 6 shows the contour plot of the correlation coefficient of the
sample corresponding to two selected moments. The strain fields in
moments a and b are indicated in Fig. 3b and c. When damage or
cracks developed in Area I during deformation, the local characteristic
of the speckle images is changed, and the value of correlation
coefficient becomes bigger than that in other regions where no
cracks are present. In moment a, the magnitude of C is the largest in
the region in front of the tip of pre-crack, indicating that microscopic
crack was formed in this moment. In the subsequent moment,
moment b, the cracked region grows larger. Specifically, in this



Fig. 6. Contour plot of correlation coefficient C of a semi-circular sample at two loading states: (a) P¼250 N and (b) P¼400 N.

Fig. 7. Microstructure of PBX sample at load 400 N.
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moment, there are two disconnected cracks present, as demonstrated
in Fig. 7.

With the increase in external loading, these disconnected
cracked regions enlarge and coalesce, and a single dominant crack
appears along the orientation of prefabricated crack. The experi-
mental result demonstrates that the micro-scale crack propagation
in this highly particle-filled composite is mainly along the filler
particle/matrix interface, as shown in Fig. 7. Interfacial debonding
of particle/matrix governs the fracture of the sample. Trans-
granular fracture is significant in the single particle (labeled
‘‘A’’); however, this phenomenon rarely occurs.
4. Conclusions

An experimental method combining SEM imaging system with
DIC technique has been developed to study the full-field deforma-
tion of a PBX simulant at a micro-scale. In situ SEM images of the
surface microstructures of PBX in SCB test were acquired during
each incremental loading step. The microscopic deformation and
fracture behavior of PBX were analyzed. In addition, the DIC
technique was applied to these SEM images captured in SCB test,
and the strain fields at the area of interest were obtained. In the tip
region of the preset crack, the strain fields are effective in predicting
the possible micro-crack growth path. The experimental results
demonstrate that combining SEM with the DIC is capable of
studying the deformation field of PBX at a micro-scale. The results
show that cracks initiate and propagate along the particle surfaces,
and the dominant fracture mode is inter-granular cracking.
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