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Ultra-high-speed and high spatial resolution digital image correlation based experiments are performed 

to understand the sub grain level local failure mechanisms in polymer bonded explosives under dynamic 

loading. Polymer bonded sugar that mimics the mechanical properties of polymer bonded explosives is 

used in this study. The experiments are conducted in a split Hopkinson pressure bar setup at an inter- 

mediate strain rate. From the digital image correlation analyses, high strain localization was observed 

predominantly in the regions filled by the polymer binder surrounding the sugar crystals. The damage 

evolution was quantified by calculating the Poisson’s ratio and volumetric strain as a function of loading. 

It was observed that the damage incubation is started at a very small global strain and causes mechanical 

softening in the material that leads to shear band formation. Also, the possible hotspot mechanism in the 

material was seen to be frictional heating of crystals and de-bonding of the polymer binder. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Polymer bonded explosives (PBXs) are highly filled heteroge-

eous composites which contain 80–95% of polycrystalline explo-

ives crystals (RDX, HMX, for instance) that bound together by 5–

0% of rubbery polymer binder (HTPB, Estane, for instance). These

aterials are subjected to dynamic loading at a wide range of

train rates, during manufacturing, machining, and transportation.

hese loading can cause severe damage and formation of hot spots

 Baer, 2002; Field, 1992; Tarver et al., 1996 ) that can lead to de-

agration of the material, which in turn affects the safety and

hemical stability of PBX. Most of the numerical simulations in the

ubject shows that, the grain scale strain localization due to het-

rogeneity in the microstructure, material property mismatch be-

ween the binder and explosive crystals, the existence of defects

uch as voids, cracks and inclusions play a major role in the lo-

al failure and formation of hot spots ( Barua et al., 2012a, b, 2013;

ey and Johnson, 1998; Drodge and Williamson, 2016; LaBarbera

nd Zikry, 2015; Pierron et al., 2011; Siviour et al., 2008; Wu and

uang, 2011; Yan-Qing and Feng-Lei, 2009 ). However, these obser-

ations are limited to computational experiments. 

On the other hand, continuum scale high temporal resolution

n situ experiments have provided much insight into the macro

cale deformation behavior of PBX ( Balzer et al., 2004; Idar et al.,

998; Siviour et al., 2008; Williamson et al., 2008 ). It was shown
∗ Corresponding author. 
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hat even a low amplitude insult can lead to ignitions and vio-

ent explosions in PBX ( Idar et al., 1998 ). With the help of high

peed photography and heat sensitive films, observation has been

ade at macroscale and shear band formation is considered as the

rime failure mechanism in PBX ( Field, 1992; Williamson et al.,

008 ). Unfortunately, such macro scale experiments cannot resolve

he mechanisms that cause shear banding and hot spot forma-

ion. It is well known that thermal softening due to large strain

10–50% strain) deformation is responsible for the formation of

hear band in most materials under dynamic loading ( Molinari and

lifton, 1987 ). However, in PBX, shear bands are observed at a

train far below the strain required for thermal softening. Compu-

ationally, it is shown that the mechanical softening due to local

ailure can lead to shear bands in PBX at small strain. The shear

ands formed due to mechanical softening are wider in size com-

ared to shear bands due to thermal softening ( Dey and John-

on, 1998 ). Wide shear bands cannot produce hot spots, which

gain brings to the question that what is the main causes for the

ormation of a hot spot in PBX at small strain. 

Meso scale computational studies showed that plastic heating

ue to strain localization in the polymer binder and frictional heat-

ng due to cracking of the crystals are the leading mechanisms for

he formation of the hotspots in PBX under dynamic loading con-

itions ( Barua et al., 2012a, b, 2013 ). Due to the complexity of the

equired experimental setup and limitations in obtaining images at

igh resolution at high speed, experimental observations of such

henomenon were scarce. Recently, authors demonstrated a digi-

al image correlation (DIC) based experiments to measure the lo-

http://dx.doi.org/10.1016/j.mechmat.2017.07.016
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mechmat
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Table 1 

Composition of PBS. 

Sugar (% wt) HTPB (% wt) Di-octyle 

sebacate (% wt) 

Toluene 

diisocyanate (% wt) 

85 10 .8 2 .89 1 .31 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Post-processing parameters used in this study. 

Parameter Value 

Correlation criteria Zero-normalized squared differences (ZNSD) 

Pre-filtering Gaussian 

Subset size 11 × 11 pixels (110 × 110 μm) 

Step size 1 pixel (10 μm) 

Filter size 9 

Virtual strain gage length 9 pixels (90 μm) 
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cal strain fields in PBX under dynamic loading ( Ravindran et al.,

2016a, b, c, 2017b ). It was found that the local deformation of PBX

is highly heterogeneous and the heterogeneity is predominately lo-

calized in the binder region between crystals while the crystals

are mainly rotating or moving rigidly without much deformation.

It is also observed that pre-existing cracks in the crystals grow

depending on the engagement of crystals in the load transferring

mechanism in the material. However, the reason behind such phe-

nomenon and the main local damage incubation mechanism was

not clear. In this study, using the recently developed method, the

local damage initiation mechanism in PBX is investigated. Poly-

mer bonded sugar specimen is used in this study. The deformation

mechanisms, failure process and its evolution with time are inves-

tigated and discussed in detail. 

2. Materials and methods 

2.1. Material preparation and specimen geometry 

Polymer bonded sugar (PBS), an inert simulant of polymer

bonded explosives (PBXs) was used in this study. PBS contains

sugar crystals of sizes varying from 100 to 600 μm and plasti-

cized hydroxyl terminated polybutadiene (HTPB) binder. The com-

position of the PBS is given in Table 1 . PBS was prepared in sev-

eral steps: first, the HTPB (monomer) was mixed with the di-octyl

sebacate (plasticizer) and toluene diisocynate (curing agent), fol-

lowed by the addition of sugar crystals. The heterogeneous com-

position of sugar and the polymer was mixed thoroughly in or-

der to coat the surface of the sugar crystals with the polymer

binder. Then, the mixture was kept in an oven for partial curing

at 70 °C for about 16 hours. This process helps in activating the

binding properties of the coated polymer. The partially cured mix-

ture was pressed at 90 MPa in a steel mold of 25.4 mm diameter at

room temperature. Finally, these sample billets were heat treated

at 70 °C for 96 hours to completely cure the samples. For the dy-

namic experiments, the specimens of rectangular geometry with

dimensions close to 19 × 12 × 12 mm, shown in Fig. 1 a, were ma-

chined from the cured cylindrical billets. 

The extracted samples were dry polished using silicon carbide

grit papers with grit size varying from 240 to 1200 to reveal the

microstructure. The microstructural image of the area of interest

(AOI) shown in Fig. 1 b was captured using an optical microscope

prior to speckling of the specimen. Speckles must be applied to the

specimen in order to facilitate the AOI for strain measurement us-

ing DIC. The speckling was performed by the following procedure:

a thin layer of white paint was applied on the specimen covering

the entire AOI, prior to the drying of the paint, a small amount of

black toner powder (particle size 10–40 μm) was deposited on the

surface using an airbrush. After the drying of the paint, the speck-

led surface was air blasted to confirm the adherence of particles to

the paint. The speckle pattern obtained using this method is shown

in Fig. 1 c. Note that, the gray intensity of the speckle pattern im-

age follows a bell-shaped curve shown in Fig. 1 d, which is suitable

for strain calculation using DIC. 

2.2. Experimental setup 

A complete schematic diagram and a close-up image of the ex-

perimental setup used in this study is shown in Fig. 2 . Dynamic
niaxial compression of the samples was performed in a classic

ompression split Hopkinson bar setup (SHPB). It comprises of two

olycarbonate bars of circular cross section, gas-gun, and a launch-

ng barrel. The incident and transmitter bars were 25.4 mm in di-

meter and 1830 mm in length. A striker bar of length 800 mm was

sed to achieve a wide incident pulse which in turn produce large

train in the sample. To acquire the incident, reflected and trans-

itted signals, two strain gauges were attached diametrically op-

osite at the middle of the incident and transmitter bars. These

train gauges were connected to a strain amplifier, and the data

rom the amplifier was recorded in an oscilloscope. 

To perform the experiments, the specimens were sandwiched

etween the incident and transmitter bars. A thin layer of lithium

rease was applied at the interface between the specimen and bars

o reduce the friction. The dynamic compressive wave was gener-

ted by propelling the polycarbonate projectile through a launch-

ng tube into the incident bar using a gas-gun. During the ex-

eriment, the oscilloscope was triggered when the strain signal

eached the location of the strain gauges on the incident bar and

ecorded the strain history. These strain signals were used to cal-

ulate the global axial strain, strain rate, force and stress induced

n the specimen using well-known equations shown below: 

pecimen strain rate , ˙ ε s = 

−2 C b 
l 

ε r (t) (1)

pecimen axial strain , ε s = 

∫ t 

0 

−2 C b 
l 

ε r (t) (2)

ncident force , F i = E A b [ ε i (t) + ε r (t)] (3)

ransmitter force , F t = E A b ε t (t) (4)

or F i = F t , force equilibrium, the stress in the specimen can be cal-

ulated as 

tress in the specimen , σS = 

E A b 

A s 
[ ε t (t)] (5)

here C b = dilational wave speed in bar, l = length of the

pecimen, ε i (t) = incident strain, ε r (t) = reflected strain signal,

 t (t) = transmitted strain signal, A b = cross sectional area of the

ar, A s = cross sectional area of the specimen and E = modulus of

lasticity of the bar. 

In order to capture the images of the deformation of the speci-

en in situ, a Photron SA-X2 high speed camera equipped with a

igh-magnification long distance Navitar extension tube was used.

 framing rate of 10 0,0 0 0 frames/s was selected in this study at an

mage resolution of 384 × 264 pixel 2 . Using the optical setup de-

eloped, a pixel to length ratio of 10 μm/pixel was achieved. The

eld of view of the experiment was 3.84 × 2.64 mm 

2 . The images

cquired during the experiment were post-processed in a commer-

ially available software Vic2D. The post processing of the images

as performed using the parameters shown in Table 2 . A subset

ize of 9 × 9 pixels, consisting at least 3–5 speckles in one subset,

as selected to get the best strain resolution possible in the cur-

ent setup. The smallest filter size that can be used in Vic 2D is 5.
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Fig. 1. (a) Specimen geometry and area of interest (AOI), (b) microstructure of PBS-8501 at AOI, (c) speckle pattern on AOI. (d) Pixel intensity shows a bell-shaped curve 

indicates a suitable pattern for DIC. 
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Fig. 2. Schematic of experiment setup for meso dynamic experiment. 
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owever, considering the noise to strain data ratio, a filter size of

 was selected during data processing. 

.3. Distortion correction and noise associated with the measurement 

ystem 

High magnification digital image correlation is always affected

y image distortion due to the spherical geometry of the lenses.

his type of image distortion can cause large errors in the dis-

lacement calculation. The error associated with displacement is

agnified in the strain measurement due to the numerical calcu-

ation of the displacement derivatives in strain computation. There-

ore, the distortion correction is inevitable in a reliable DIC strain

easurement system. To correct the spatial distortion, a well-

ocumented practice was followed in this study. For the sake of
revity, a detailed mathematical background of the method is not

escribed here. The complete procedure of the method is given in

chreier et al. (2004) . In short, the procedure is described as fol-

ows. The speckled specimen was translated in a micrometer as-

isted linear translation stage to a known distance along the X -

irection and imaged. In this study, this horizontal translation was

erformed in 10 steps with each step-width of 44.5 μm. Similarly,

he same procedure was followed in the Y -direction with each

tep-width of 27.5 μm. Images captured during these steps were

orrelated in Vic 2D software. The uncorrected and corrected hor-

zontal and vertical displacement fields are shown in Fig. 3 a and

. For the 445 μm horizontal translation, a spatial variation of the

isplacement field across the width was seen with minimum dis-

lacement at the center (4 4 4.7 μm) and maximum at the edge

449.6 μm). A difference close to 4.9 μm is observed in the con-
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Fig. 3. (a) Uncorrected and corrected horizontal displacement, (b) uncorrected and corrected vertical displacement, (c) uncorrected and corrected horizontal displacement 

along a line AB. 

Fig. 4. Noise associated with the measurement system. Mean and standard devia- 

tion of the strain noise are shown. 
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tour plot. Fig. 3 c shows the variation of horizontal displacement

(u-displacement) along with a horizontal line AB in the field. In

order to correct the distortion, a B-spline vector function (warp-

ing function) was generated using the uncorrected correlated im-

ages and the known displacement that was noted from the lin-

ear stage. This warping function was used to correct the displace-

ment field. The corrected horizontal and vertical displacements are

shown in Fig. 3 a and b. The variation of the displacement from the

actual value of 445 μm was close to 0.6 μm after the correction.

Displacement along the line AB concaving upward becomes linear

as shown in Fig. 3 c. 

In order to estimate the strain noise associated with the post-

processing of the images at high magnification, 10 undeformed im-

ages were captured and post-processed with the post-processing

parameters mentioned in Table 2 . The mean and standard devia-

tion of the axial, transverse, and shear strain are shown in Fig. 4 .

The mean strain in the full-field measurement remains as low as

63 με (0.0063%) for all the 10 images and the standard deviation

of the axial, transverse and shear strain was close to 0.2%, 0.19%,

and 0.14% respectively. Therefore, considering the maximum pos-

sible standard deviation, the noise associated with the measure-

ment induces an uncertainty of only 20 0 0 με (0.2%). This can be

neglected owing to a high magnitude of strain, about 150,0 0 0 με
(15%), expected in the dynamic experiment. 

3. Results and discussion 

3.1. Macroscale deformation behavior 

The strain time signal of the incident, reflected and transmitted

waves are shown in Fig. 5 a. The incident signal has a pulse width
f about 1.1 ms which corresponds to the time required by the

ave to travel twice the length of the striker bar. In order to assess

he force equilibrium in the specimen during loading, measure-

ent of forces at the left (incident force, F i ) and right end (trans-

itter force, F t ) of the specimen is required. The forces are calcu-

ated from the strain signals using Eq. (3) and Eq. (4) . The force-

ime data at the left and right end of the specimen are shown in

ig. 5 b. It was shown that the force at the left end- F i and force

t the right end- F t are nearly equal, which indicates the attain-

ent of force equilibrium in the specimen. The stress–strain plot

alculated from the strain gage signals is shown in Fig. 5 c. At first,

inear elastic deformation behavior is exhibited with a yield stress

f 7.5 MPa. It is apparent that the PBS sample shows little or no

train hardening after yielding. The long plateau region after yield-

ng is due to the presence of the soft HTPB binder and incubation

f grain scale failure. The failure strain of the sample was around

.5%, which is consistent with previously reported value for similar

aterial ( Siviour et al., 2008 ). 

Macroscopically, the failure of the specimen is occurred due to

he shear band formation, as clearly visible in Fig. 6 a, also ob-

erved by ( Dey and Johnson, 1998; Williamson et al., 2008 ). The

hear-band is formed at an angle 34 ° with respect to the loading

irection. In order to see the grain scale failure mechanisms of the

aterial, high magnification scanning electron microscope images

f the failure surface are obtained, see Fig. 6 . A brittle crystal frac-

ure, failure of the interfaces of the crystal and polymer, and sugar

rystal pull-out from the polymer matrix are observed. It should be

oted here that a large number of pockets at the failure surface in-

icates the crystal pull-outs as a result of de-bonding of the weak

olymer-crystal interfaces. Small crushed crystals are present at

he failure surface owing to crystal fracture at the shearing plane.

 crystal with a transgranular fracture is shown in Fig. 6 c and a

rystal with an edge fracture is shown in Fig. 6 d. 

Failure of the polymer in form of adhesive and cohesive modes

s seen in Fig. 6 d. The residue of the polymer binder on the sur-

ace of the crystal is due to the cohesive type failure. Whereas, the

lear surface of the crystal shows adhesive type failure of the in-

erface. In the upcoming sections, the evolution of the meso-scale

eformation mechanisms that lead to such failure modes in the

aterial is discussed. 

.2. Meso scale deformation behavior 

In this section, results from the meso-scale experiments are

resented. Note that post-processing using Vic 2D is successfully

erformed for the first 300 μs after loading. To relate the mi-

rostructure with the strain localization, the microstructure of the
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Fig. 5. (a) The incident, reflected and transmitted strain signal, (b) force with time at incident and transmitter side of the bars, (c) stress–strain curve obtained from the 

strain signal. 

Fig. 6. (a) Shear band formation, (b) failure surface with crystal highlighted as region 1, (c) trans-granular crystal fracture, (d) the magnified view of the region 1 shows 

crystal edge fracture, polymer fracture, and delamination. 



102 S. Ravindran et al. / Mechanics of Materials 114 (2017) 97–106 

Fig. 7. (a) Local axial strain evolution with time, (b) grain boundary overlaid on axial strain field, (c) global axial strains and its position in stress–strain curve that is 

presented in the results, (d) strain histogram at t = 100 μs, 150 μs, 200 μs and 250 μs. 
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AOI is superimposed with the local strain fields. Since the mi-

crostructural image of the AOI is obtained before the loading, over-

laying of the microstructural image on contour plots of local strain

is performed in undeformed reference coordinates. This ensures

the concurrence of the contour plots of the full-field local strain

with the underlying microstructure. 

3.2.1. Local deformation along the loading direction (axial) 

The contour plots of the evolution of the local axial strain ( εxx ,

along the loading direction) during loading are shown in Fig. 7 a. It

shows a heterogeneous strain pattern with highly localized strain

regions. Interestingly, some regions undergo tensile deformation in

the X -direction even at a large global compressive strain of 3.32%.

High strain localization begins to appear in the material well below

the yield strength. For example, the local axial strain reaches as

high as 10% for a small global axial strain of 0.58%. It indicates the

possibility of incubation of damage in PBS for a small applied load.

The overlay image of axial strain field with the microstructure

is shown in Fig. 7 b and the crystal boundaries and polymer rich

regions are distinctly visible. Interestingly, the axial strain local-

ization is pronounced in the polymer binder rich region between

crystals. The strain localization started at the interface between

crystals 2 and 25 and crystals 11 and 14 and serve as a precur-

sor. These regions appear to be nearly perpendicular to the loading

direction. Similar observations have been made by LaBarbera and

Zikry (2015) in their computational studies on polymer bonded

explosives under dynamic loading conditions. The polymer binder

between crystals perpendicular to the loading direction will ex-

perience more compressive load than the binder between crystals

parallel to the loading direction. The polymer binder between crys-

tals that are parallel to the loading direction will have deformation
s high as the deformation of the crystals unless the crystals are

ractured. 

As the load increases, more new sites of strain localization are

ormed, and at this time, the interfaces with strain localizations

re no more perpendicular to the loading direction. For example,

he interface between crystals 4 and 5 is inclined at 36 ° with the

oading direction. 

To quantify the strain heterogeneity, a histogram of the data in-

ide the area of interest is plotted in Fig. 7 d. A bin size of 0.085 is

sed. The frequency diagram of the normalized axial strain shows

 wide bell-shaped curve indicating a highly heterogeneous strain

eld as seen in the contour map. Also, as the global axial strain

ncreases, the frequency diagram tends to shrink, which indicates

he heterogeneity in the strain field decreases as the global strain

ncreases. The wide histogram at t = 100 μs may be due to a dom-

nant polymer binder deformation during the initial stages of the

oading. As the load increases, the crystals in the material began to

ngage in the load transferring mechanism which possibly reduces

he heterogeneity in the strain field. 

.2.2. Local deformation perpendicular to the loading direction 

transverse) 

The contour plots of local transverse strain field ( εyy ) from

he beginning of the loading, t = 0 μs, until t = 250 μs, is shown in

ig. 8 a. As expected the transverse local strain is heterogeneous,

ut it is important to note that the strain localization pattern is

istinctly different from the axial strain localization. The localized

ransverse strains are parallel to each other and oriented at ±36–

7 ° with the loading axes, indicating a local shear band as shown

n Fig. 8 . It is also important to note that the magnitude of the

ransverse strain is very high, close to the axial strain values, espe-
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Fig. 8. (a) Local transverse strain evolution with time, (b) grain boundary overlaid on transverse strain field. 

Fig. 9. (a) Local shear strain evolution with time, (b) grain boundary overlaid on 

shear strain field. 
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ially in the polymer rich area. This indicates that the local dam-

ge has already occurred causing high local tensile strain along

he transverse direction. More detailed discussion is provided in

ection 3.2.4 . 

.2.3. Local shear deformation 

A high shear strain localization is observed at sub-grain scale as

hown in Fig. 9 . Most of the localized shear was observed at poly-

er rich area and in crystals that experience fracture. For example,
n crystals 12, 18, and 5, a very high shear strain close to −4% is

bserved, indicating a relative sliding of the crystals after fracture.

lso, the high shear strain is observed at the polymer binder rich

reas, for example, binder between crystals 4 and 6 and crystals 27

nd 28. This large shear strain between crystals could result in the

e-bonding type of failure in the material. Therefore, the high local

hear strain in the sample is indicative of two major failure mech-

nisms occurred in the material, debonding due to matrix failure

nd crystal fracture. 

.2.4. Failure evolution 

The failure initiation and its evolution in the material can

e characterized by estimating the Poisson’s ratio and volumetric

train during loading ( Lazzeri et al., 2004; Smith and Wood, 1990 ).

oisson’s ratio and volumetric strain are calculated from the aver-

ge strain obtained from the meso-scale experiments. Averaging is

erformed following the procedure ( Ravindran et al., 2017a ) over

0 crystals and hence it represents the continuum scale strain, as

he representative volume element size of such materials are close

o 10 crystals ( Hu et al., 2015; Liu, 2005 ). For volume strain cal-

ulation, three components of strains are required, though 2D DIC

an provide only the in-plane components ( εxx and εyy ). In this

tudy, we assume the lateral strains are equal, ε yy = ε zz , which is a

alid assumption for an isotropic material. 
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Fig. 10. (a) Volumetric strain and average Poisson’s ratio. (b) axial strain evolution with time at points P 1 , P 2 , P 3 , and P 4 . The location of the points is shown in inset figure 

of microstructure, (c) transverse strain evolution with time at points P 1 , P 2 , P 3 , and P 4 . The location of the points is shown in inset figure of microstructure, (d) shear strain 

evolution with time at points P 1 , P 2 , P 3 , and P 4 . The location of the points is shown in inset figure of microstructure. 
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For the first 100 μs during loading, as shown in Fig. 11 a, the av-

erage Poisson’s ratio is close to 0.49, a characteristic Poisson’s ra-

tio of an incompressible rubbery material similar to the one used

here as a binder. Interestingly, the volumetric strain is close to

zero during t ≤ 100 μs, supporting the incompressibility of the ma-

terial for the first 100 μs of loading. After that ( t > 100 μs), the vol-

umetric strain begins to grow non-linearly as shown in Fig. 10 a.

An average Poisson’s ratio close to 1.18 and 1.54 are observed for

100 μs < t < 200 μs and 200 μs < t < 300 μs, respectively. This is in-

dicative of the damage incubation in the material. The damages

seen in the material could be a combination of matrix cracking,

de-bonding and crystal fracture ( Lazzeri et al., 2004 ). 

To understand the evolution of local strain at the interface and

on the crystals, the components of strain at four representative lo-

cations are extracted as shown in Fig. 10 b–d. Points P 1 and P 2 are

on the polymer binder between the crystals and P 3 and P 4 are on

the crystals. In addition, P 1 is a point on polymer binder that is

inclined to the loading direction whereas P 2 is on polymer binder

that is perpendicular to the loading direction. It should be noted

here that shear strain and transverse strain is higher in the in-

clined polymer binder location (P 1 ) compared to the vertical one

(P 2 ). Conversely, the axial strain is higher at the point P 2 , in the

vertical polymer binder compared to the inclined polymer binder

location P 1 . Therefore, the inclined boundaries are prone to de-

bonding type failure. All components of the strain on the crystals

were appeared to be close to zero (see points P 3 and P 4 ). Interest-

ingly, the transverse strain and shear strain at the polymer binder

show a bilinear curve with the first linear part of the curve ends

at t = 100 μs. After t = 100 μs, the slope of the curve is elevated and

the magnitude of strain increases approximately linear which is an

indicator of the micro void evolution and void coalesce that even-

tually form large cracks and fail the specimen. This is the reason

for the non-linear increase of the volumetric strain and a Poisson

ratio higher than 0.5 observed after t = 100 μs. 
In order to see the evolution of failure mechanisms, in situ ex-

eriments have been performed without any speckles on the sur-

ace. This experiment shows how the grains and polymer binder

ich regions behave under dynamic loading. By taking advantage of

he gray scale intensity variations in the microstructure as speck-

es and using large subset sizes, the images are processed follow-

ng the same procedure described in section 2.1 . The DIC data for

on speckled samples may have large errors, therefore the post-

rocessed data should be considered as a qualitative representa-

ion of the grain-scale deformation. Fig. 11 a shows the transverse

train field at three different times, t = 50 μs, 100 μs, and 150 μs.

he contour plots are plotted with 50% transparency in order to

ee the underlying microstructure. In addition, two areas c and d

re marked and its magnified view of the strain plot and the im-

ge of the underlying microstructure are shown, see Fig. 11 c and

. The contour plot has similar characteristics of the transverse

train field obtained in Section 3.2.2 . Importantly, during the initial

hase of deformation, most of the polymer binder regions have de-

ormed supporting the observation of incompressible deformation

f the specimen before the failure initiation. Fig. 11 c shows high

ransverse strain in crystal-5 an indication of the tensile fracture of

he crystal. Multiple high strain regions are observed in crystal-2,

ee Fig. 11 d, indicating the fracture of crystal-2 at multiple loca-

ions. It should be noted here that crystal-2 is significantly larger

han crystal-5, and big crystal size is a suitable condition for crys-

al fracture. The binder rich areas marked in Fig. 11 c and d show

igh transverse strain, an indication of de-bonding in the material.

herefore, the main deformation mechanisms in this material are

he crystal fracture and the de-bonding of the crystals from the

olymer binder. It is apparent from the full-field strain field that

he plastic strain localization plays a major role in the deformation

ehavior of PBX. In addition, most of the strain localization was

rimarily occur in polymer rich area. This indicates that the major

art of the deformation has been accommodated in the polymer
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Fig. 11. (a) Transverse strain evolution (50, 100 and 150 μs). (b) Magnified view of the transverse strain field at t = 150 μs. (c) The strain field and the microstructure of the 

highlighted area show the crystal fracture and debonding. (d) Strain field and microstructure of the highlighted area show strain localization at the binder rich area and 

crystal fracture. 
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inder whereas the crystals are simply reorganize themselves to

ccommodate the deformation of the binder. These deformations

n the polymer binder can lead to de-bonding of the interface fol-

owing the failure of the material. The transverse strain field sig-

ifies such a damage mode in the material. Also, crystal fracture

s apparent which induces high localized transverse strain in the

aterial. In the case of fracture of crystals, cracks are propagated

rom the crystals to the interface and arrested at the soft binder.

herefore, soft binder act as a shield for crack propagation from

rystals in PBX, but it can cause the interface to delaminate from

rystal due to stress concentration at the crack tip. 

. Possible mechanism of shear banding and hotspot formation

Shear bands are formed when the mechanical resistance of

he material decreases with increasing deformation or strain

 Zener and Hollomon, 1944 ). Two main mechanisms that are re-

ponsible for shear band formation in materials are: (1) mechan-

cal softening due to damage accumulation, (2) thermal softening

ue to plastic work dissipation as heat. In the present study, we

bserve the formation of the shear band under intermediate strain

ate conditions. In metals, shear band formation is due to thermal

oftening which require a global strain between 10 and 50%. How-

ver, in PBX the strain required to form a shear band is one order

ess compared to the shear bands that are formed due to thermal

oftening. A high strain localization and damage accumulation are

pparent even for the small global strain in PBS that is used in
his study. These high strain localizations may cause thermal soft-

ning, and/or the microcrack formation. These microcracks cause

echanical softening. Therefore, shear band formation in PBX is

ue to the combined mechanism of thermal softening due to high

train localization in the polymer binder and mechanical softening

ue to damage accumulation in the material. 

Computational studies showed that the hot spots are generated

s a result of crystal sliding, plastic strain localization, and pore

ollapse ( Barua et al., 2012a, b, 2013; LaBarbera and Zikry, 2015 ).

he mechanism of hot spot formation due to pore collapse is not

onsidered; because, the low-velocity impact, such as the one in

his study, are not capable of generating pore collapse and the

ollowing temperature rise. Therefore, during low-velocity impacts,

he major hot spot formation mechanism would be a crystal frac-

ure and plastic strain localization. It is seen that the crystal frac-

ure takes place during loading that can cause the frictional heat-

ng between the surfaces formed during crack formation. However,

t is important to note here that very few crystals are fractured

n the material studied. It is greatly possible for higher solid vol-

me fraction material might have more crystal to crystal contacts,

herefore, more crystal fracture sites. In addition to crystal fracture,

lastic strain localization which is observed in this study can cause

iscous heating of the polymer thereby increasing the tempera-

ure. However, the time required to transfer heat from the poly-

er binder to the crystal may be a very important parameter to

onsider while considering the plastic deformation of the binder

s the hot spot formation mechanism. It is possible that the time
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required for the heat generated as a result of polymer deforma-

tion to reach crystal is higher than the time required for the shear

band to form in the material. Therefore, hotspot formation mecha-

nism will be a competition between the mechanism due to crystal

fracture and the viscous heating due to plastic strain localization. If

the plastic strain localization is the hot spot formation mechanism,

then a stiffer binder will help in reducing the number of hotspots

in the material. Whereas a crystal fracture dominated hotspot for-

mation in PBX can be prevented by embedding explosive crystals

in a soft polymer or by increasing polymer binder in the material.

To identify which mechanism dominates, it is required to perform

temperature mapping during dynamic loading conditions. How-

ever, the current experimental diagnostics techniques are not ca-

pable of measuring the temperature evolution at a smaller length

scale at high strain rate. Therefore, experimentally, it is very diffi-

cult to distinguish which mechanism dominates in the formation

of hotspots in the material. 

5. Conclusions 

An experimental method is developed and strain analysis is per-

formed to study the grain-scale deformation in PBS. The strain evo-

lution and the failure mechanisms are identified by comparing the

strain field with the corresponding grain structure. The significance

of this experiment is that it enables quantitative analysis of local

deformation in the crystals and polymer binder to explain complex

local failure modes in PBX. 

A highly heterogeneous local strain evolution was observed un-

der dynamic loading. A high transverse strain at the interfaces is

observed and could be indicative of de-bonding and crystal frac-

ture. The local failure evolution in the material was quantified by

using the Poisson’s ratio and volumetric strain evolution. It shows

that the mechanical softening due to damage evolution and ther-

mal softening as a result of strain localization causes the shear

banding in the material. The possible hot spot mechanism in PBX

under intermediate velocity impact loading is primarily the fric-

tional heating due to crystal fracture and the polymer binder de-

formation. 

Acknowledgment 

The financial support of Air Force Office of Scientific Research

(AFOSR) under grant no. FA9550-14-1-0209 is gratefully acknowl-

edged. 

References 

Baer, M.R. , 2002. Modeling heterogeneous energetic materials at the mesoscale.
Thermochim. Acta 384, 351–367 . 

Balzer, J.E., Siviour, C.R., Walley, S.M., Proud, W.G., Field, J.E., 2004. Behaviour of am-
monium perchlorate-based propellants and a polymer-bonded explosive under

impact loading. Proc. R. Soc. A 460, 781–806. doi: 10.1098/rspa.2003.1188 . 
Barua, a., Horie, Y., Zhou, M., 2012a. Microstructural level response of HMX-Estane

polymer-bonded explosive under effects of transient stress waves. Proc. R. Soc.
A 468, 3725–3744. doi: 10.1098/rspa.2012.0279 . 
arua, A., Horie, Y., Zhou, M., 2012b. Energy localization in HMX-Estane polymer-
bonded explosives during impact loading. J. Appl. Phys. 111, 54902. doi: 10.1063/

1.3688350 . 
arua, A. , Kim, S. , Horie, Y. , Zhou, M. , 2013. Ignition criterion for heterogeneous

energetic materials based on hotspot size-temperature threshold. J. Appl. Phys.
113, 64906 . 

ey, T.N. , Johnson, J.N. , 1998. Shear band formation in plastic bonded explosive
(PBX). In: AIP Conference Proceedings. AIP, pp. 285–288 . 

rodge, D.R. , Williamson, D.M. , 2016. Understanding damage in polymer-bonded ex-

plosive composites. J. Mater. Sci. 51, 668–679 . 
ield, J.E. , 1992. Hot spot ignition mechanisms for explosives. Acc. Chem. Res. 25,

4 89–4 96 . 
u, Z. , Luo, H. , Bardenhagen, S. , Siviour, C. , Armstrong, R. , Lu, H. , 2015. Internal de-

formation measurement of polymer bonded sugar in compression by digital vol-
ume correlation of in-situ tomography. Exp. Mech. 55, 289–300 . 

dar, D.J. , Lucht, R.A. , Straight, J.W. , Scammon, R.J. , Browning, R.V , Middleditch, J. ,

Dienes, J.K. , Skidmore, C.B. , Buntain, G.A. , 1998. Low Amplitude Insult Project:
PBX 9501 High Explosive Violent Reaction Experiments. Los Alamos National

Lab., NM (United States) . 
aBarbera, D.A. , Zikry, M.A. , 2015. Heterogeneous thermo-mechanical behavior and

hot spot formation in RDX–Estane energetic aggregates. Int. J. Solids Struct. 62,
91–103 . 

azzeri, A. , Thio, Y.S. , Cohen, R.E. , 2004. Volume strain measurements on

CaCO3/polypropylene particulate composites: the effect of particle size. J. Appl.
Polym. Sci. 91, 925–935 . 

iu, C. , 2005. On the minimum size of representative volume element: an experi-
mental investigation. Exp. Mech. 45, 238–243 . 

Molinari, A. , Clifton, R.J. , 1987. Analytical characterization of shear localization in
thermoviscoplastic materials. J. Appl. Mech. 54, 806–812 . 

Pierron, F., Sutton, M.A., Tiwari, V., 2011. Ultra high speed DIC and virtual fields

method analysis of a three point bending impact test on an aluminium. Bar.
Exp. Mech. 51, 537–563. doi: 10.1007/s11340-010-9402-y . 

avindran, S. , Koohbor, B. , Kidane, A. , 2017a. Experimental characterization of
meso-scale deformation mechanisms and the RVE size in plastically deformed

carbon steel. Strain 53 . 
avindran, S. , Tessema, A. , Kidane, A. , 2017b. Effect of crystal density on dynamic

deformation behavior of PBX. In: Challenges in Mechanics of Time Dependent

Materials, 2. Springer, pp. 87–92 . 
Ravindran, S., Tessema, A., Kidane, A., 2016a. Note: dynamic meso-scale full field

surface deformation measurement of heterogeneous materials. Rev. Sci. Instrum.
87. doi: 10.1063/1.494 4 488 . 

avindran, S. , Tessema, A. , Kidane, A. , 2016b. Local deformation and failure mecha-
nisms of polymer bonded energetic materials subjected to high strain rate load-

ing. J. Dyn. Behav. Mater. 2, 146–156 . 

avindran, S., Tessema, A ., Kidane, A ., Sutton, M.A ., 2016c. Meso-scale deformation
mechanisms of polymer bonded energetic materials under dynamic loading.

In: Conference Proceedings of the Society for Experimental Mechanics Series,
pp. 451–456. doi: 10.1007/978- 3- 319- 21762-8 _ 53 . 

chreier, H.W. , Garcia, D. , Sutton, M.A. , 2004. Advances in light microscope stereo
vision. Exp. Mech. 44, 278–288 . 

iviour, C., Laity, P., Proud, W., Field, J., Porter, D., Church, P., Gould, P., Huntingdon-
Thresher, W., 2008. High strain rate properties of a polymer-bonded sugar: their

dependence on applied and internal constraints. Proc. R. Soc. A 464, 1229–1255.

doi: 10.1098/rspa.2007.0214 . 
mith, P.A. , Wood, J.R. , 1990. Poisson’s ratio as a damage parameter in the static

tensile loading of simple crossply laminates. Compos. Sci. Technol. 38, 85–93 . 
arver, C.M. , Chidester, S.K. , Nichols, A.L. , 1996. Critical conditions for impact-and

shock-induced hot spots in solid explosives. J. Phys. Chem. 100, 5794–5799 . 
illiamson, D.M. , Siviour, C.R. , Proud, W.G. , Palmer, S.J.P. , Govier, R. , Ellis, K. , Black-

well, P. , Leppard, C. , 2008. Temperature–time response of a polymer bonded ex-

plosive in compression (EDC37). J. Phys. D Appl. Phys. 41, 85404 . 
u, Y.-Q. , Huang, F.-L. , 2011. A microscopic model for predicting hot-spot ignition

of granular energetic crystals in response to drop-weight impacts. Mech. Mater.
43, 835–852 . 

an-Qing, W. , Feng-Lei, H. , 2009. A micromechanical model for predicting combined
damage of particles and interface debonding in PBX explosives. Mech. Mater. 41,

27–47 . 

ener, C., Hollomon, J.H., 1944. Effect of strain rate upon plastic flow of steel. J. Appl.
Phys. 15, 22–32. doi: 10.1063/1.1707363 . 

http://dx.doi.org/10.13039/100000181
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0001
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0001
http://dx.doi.org/10.1098/rspa.2003.1188
http://dx.doi.org/10.1098/rspa.2012.0279
http://dx.doi.org/10.1063/1.3688350
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0005
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0005
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0005
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0005
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0005
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0006
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0006
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0006
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0007
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0007
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0007
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0008
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0008
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0009
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0009
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0009
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0009
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0009
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0009
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0009
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0010
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0011
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0011
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0011
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0012
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0012
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0012
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0012
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0013
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0013
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0014
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0014
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0014
http://dx.doi.org/10.1007/s11340-010-9402-y
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0016
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0016
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0016
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0016
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0017
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0017
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0017
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0017
http://dx.doi.org/10.1063/1.4944488
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0019
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0019
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0019
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0019
http://dx.doi.org/10.1007/978-3-319-21762-8_53
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0021
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0021
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0021
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0021
http://dx.doi.org/10.1098/rspa.2007.0214
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0023
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0023
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0023
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0024
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0024
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0024
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0024
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0025
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0025
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0025
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0025
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0025
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0025
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0025
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0025
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0025
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0026
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0026
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0026
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0027
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0027
http://refhub.elsevier.com/S0167-6636(17)30334-4/sbref0027
http://dx.doi.org/10.1063/1.1707363

	Multiscale damage evolution in polymer bonded sugar under dynamic loading
	1 Introduction
	2 Materials and methods
	2.1 Material preparation and specimen geometry
	2.2 Experimental setup
	2.3 Distortion correction and noise associated with the measurement system

	3 Results and discussion
	3.1 Macroscale deformation behavior
	3.2 Meso scale deformation behavior
	3.2.1 Local deformation along the loading direction (axial)
	3.2.2 Local deformation perpendicular to the loading direction (transverse)
	3.2.3 Local shear deformation
	3.2.4 Failure evolution


	4 Possible mechanism of shear banding and hotspot formation
	5 Conclusions
	 Acknowledgment
	 References


