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Abstract 

To study the three-dimensional (3D) morphological evolution of the polymer bonded explosive (PBX) 
particles during compression process, analyze the molding process of the PBX at the mesoscopic scale, 
and deduce the transition of the force; evolution of the force chain and formation mechanism of the 
cracks, reflecting the damage evolution of the PBX, were investigated. Furthermore, the 3D 
deformation behavior and devolution of the internal microstructure of PBX during the in situ 
compression process were investigated by combining micro computed tomography (CT) imaging and 
digital volume correlation (DVC) method. Through pre-treatment, image segmentation, and area and 
particles marking for the collected digital images, the mesoscopic parameters of the system including 
the porosity, orientation ratio, and anisotropy ratio were obtained by calculations. The internal 
deformation and motion trail of the single particle, and the relationship between the internal 
deformation and microstructure of the PBX were analyzed by a progressively increasing digital image 
correlation technology. The analysis results of the images and data revealed that when the strain 
reached beyond 50%, the particles were rapidly compacted; the porosity decreased dramatically; and 
the density, strength, and modulus of compression increased sharply. During the compression process, 
with the continuous reconstitution of the force chain network of the system, the anisotropy ratio of the 
particles fluctuated constantly; however, the change was not fierce. The rotation direction of the 
particles tended to be in accordance and exhibited relatively good ordering. Moreover, the direction of 
the major axis gradually developed in the horizontal direction. With the increase of the compressive 
load, there were strain concentrations at the side wall and bottom of the die. The discrete deformation 
localization areas develop gradually and connect with each other, and finally form the strain 
localization band. The strain at some areas changes intermittently instead of continuously. 
Furthermore, tensile strain and compressive strain alternate. This process may actually lead to 
destruction and reconstitution of the force chain. The results indicate that integration of micro CT and 
DVC technique can provide a practical and effective method for investigating the structural features, 
strain, and damage mechanism of PBXs during compression process. 

Keywords: Polymer bonded explosives, Micro X-ray Computed Tomography, Digital volume 

correlation methods, In-situ compression 

1  Introduction 

Polymer Bonded Explosives (PBXs) are molding particles with different shapes that have a wide 

variety of applications ranging from rocket propellants to the main explosive charge in conventional 

munitions. They are made by mixing together thermoplastic polymeric binder and explosive crystals 

such as 1,3,5-triamino-2,4,6-trinitobenzene (TATB), to prepare the modeling granules. The particles 

are then compression molded in the die and designed into specific shapes. During the compression 
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molding process, behaviors such as friction, extrusion, and pressure transmission occur among 

particles. Furthermore, during this process, because of the mutability, complexity, contact dissipation, 

and uncertainty of the micro and mesoscopic structures of the explosive particles, the macroscopic 

properties and mechanical properties of the PBX remain uncertain. This affects the deformation and 

strength features of the PBX. Owing to the complex nature of the component of the PBX molding 

particles, the properties of the explosive particles are different from those of the metal which is 

assumed to be successional as a whole. The overall performance of the PBX cannot be expressed 

separately by the properties of the crystal particles of a given explosive, and cannot be equivalent to 

the simple superposition of the properties and functions of all the explosive crystal particles and 

binders. It is generally acknowledged that the compositions and structure composed by these 

compositions are two significant factors that affect the overall mechanical properties of the explosive. 

Moreover, when the macroscopic constitutive model is constructed, factors such as the description 

and the physical properties of the particles are not taken into consideration, and the cognition of the 

forming process of the PBX from the mesoscopic scale is relatively less and not deep enough.  

These reasons have paved the way for the novel research methods for the PBX particles molding 

process involving the transition from the macroscopic to mesoscopic scale. This indicates that when 

the explosive is considered as a multi-phase composite, its compositions (binder, explosive crystal, 

and the interfaces among them) have different mechanical properties. Through building mesoscopic 

mechanical model, the comprehensive mechanical behavior and damaging process can be easily 

simulated by the finite element method (FEM). However, the research process involving the use of 

these mesoscopic modeling and numerical methods normally lacks the support of some mesoscopic 

experimental data, and the results lack verification based on the mesoscopic experimental phenomena. 

Limited by the analysis and testing methods, the realization of the measurement of the micro and 

mesoscopic performance during the deformation process of the particles becomes difficult, thus it 

cannot effectively reflect the features and presentation of the particles under load. Furthermore, the 

real mechanical behavior of the explosive particles after composition of all components, and the real 

process of damage accumulation and damage development at the mesoscopic scale, are definitely 

required to obtain the distribution and developing law of the deformation and damage at the 

mesoscopic scale through experimental techniques. Among them, the basic requirement is the 

continuous measurement of the full-field strain at the mesoscopic scale. However, by using the 

traditional methods such as strain gaga measuring method, only the discrete measurement points data 

can be obtained, and it becomes hard to accurately characterize the full-field strain at the mesoscopic 

scale.    

With the development of the research, the digital image correlation method (DIC) and non-

destructive evaluation (NDE) X-ray computed tomography (CT) are being used in the research area 
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and imaging applications of PBX. X-Ray CT is an advanced NDE testing technology. Except the 

medicine area, it has been widely used in materials engineering, electronic engineering, geological 

engineering, geotechnical engineering, and so on. The CT images can be used to observe the internal 

structure of non-metallic materials such as rock [1–3], weak soil [4], and concrete [5]; and analyze the 

distribution features of the cracks and pores. The CT technique can also be employed to obtain the 

digital images of the object before and after the deformation, which provides significantly important 

information. Moreover, effective approaches to obtain useful information have always attracted the 

attention of researchers [6–8]. Among them, the DIC method [9,10] is an important method to extract 

information about displacement and deformation characteristics. During the recent years, researchers 

home and abroad have devoted extensive research efforts to the study of DIC and made this method 

mature and near to perfection. DIC is a novel non-contact optical measuring method, which was first 

proposed in 1980s. DIC method involves the use of the gray variation of the digital images before and 

after the deformation to directly measure the displacement and deformation field at the surface of the 

measured object. It has the advantages of being non-contact, full-field, and so forth; therefore, it is 

used extensively in several fields. For example, it is used in the technique of repetitive positioning of 

palmprint image matching [11] and optical flow computation [12]. Through comparing the digital 

images at the surface of the object before and after deformation, the displacement and strain can be 

obtained directly, thus the mesoscopic information can be reflected from multi-aspect. For example, 

when analyzing the contact change and deformation of the particles during the deformation process, 

the state of motion and structural failure process of the particles can also be observed. Therefore, 

using the DIC method in the explosive related research experiments can be considered as effective 

method to research the mechanical properties of the explosive at the mesoscopic scale.  

Recently, researchers home and abroad have devoted extensive research efforts to the 

investigation of different materials by CT technique and found that CT excels where information is 

needed in three spatial dimensions. For example, characterization of the foamed aluminum material 

during the compression process [13], characterization of evolution of the ceramic particles during the 

sintering process [14], and so on. These studies clearly indicate the possibility to obtain the evolution 

images of the internal microstructure of the substance under different fields (such as force field, 

temperature field, and electromagnetic field). However, to obtain the evolution images of the internal 

microstructure of the substance under different fields by CT technique is not the final objective. The 

ultimate objective is to construct or amend the models reflecting the internal evolution law or 

mechanism of the substance using these rebuilt images. Therefore, approach to extract useful 

information from these rebuilt images of the internal microstructure of the substance has become new 

research hot topic. At the same time, no matter the substance is under force field, temperature field, or 

electromagnetic field, to obtain the displacement field and deformation field of the internal 

microstructure has significantly important meaning and value. Moreover, the displacement and 
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deformation fields cannot be described only by the two-dimensional (2D) field. However, at present, 

the application of the DIC technique is based on the surface measurement of the tested object, which 

belongs to 2D surface measurement and cannot satisfy the requirements of 3D displacement and 

deformation analysis of the internal structure. Given this, the current DIC (2D correlation) cannot 

fulfill the analysis requirement of these displacement fields and deformation fields any more, thus, it 

is necessary to develop 3D DIC technique.    

In a word, to measure the 3D displacement and deformation fields of the internal particles and 

characterize the microstructure of PBX during compression process, in the present study, novel 

perspective related to digital image 3D volume correlation method was proposed. The 3D volume data 

of PBX during the compression process were obtained in-situ by continuously using the micro focus 

CT system. The displacement and strain generated when the explosive particles inside the PBX are 

under force during the loading of down load can be obtained through the digital volume correlation 

(DVC) method, and the motion and distribution of the particles can be observed intuitively. Then the 

force transmission characteristics and force chain evolution could be deduced, which could be further 

used to analyze the magnitude of the contact force among the particles and the change law of the 

contact force when forming force chain. This provides a good understanding and description of the 

formation and breakage of the internal force chain, and to predict the macroscopic properties. 

Moreover, through further experiments, the initiation, expansion, and process of merging of internal 

cracks of the explosive could be analyzed, which has significant meaning for deep study of the 

damage mechanical behavior of PBX. 

2. Computed tomography imaging and digital volume correlation technique  

With the development of CT technique, micro force industrial CT can help in obtaining internal 

3D high precision structural images of the objects. This provides an effective method for obtaining the 

image for measuring the internal 3D deformation and train field of the object. In 1999, Bay et al. [15] 

expanded the 2D digital images correlation method to the measurement of internal 3D displacement 

field and strain field of the substance, and proposed the DVC method. They measured the internal 3D 

displacement field of the cancellous bone under load, and calculated the 3D strain field through 

numerical differentiation calculation. Recently, for addressing the DVC mechanism [16–18] and its 

application, researchers home and abroad have devoted extensive research efforts to the investigation 

of numerous research objects including wood [19], mudstone [20], sandstone [21], coal [22], solid 

foam [23], and casting iron [24], and successfully obtained the internal displacement and strain field 

of the specimens under different loading conditions.  
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DVC is the 3D expansion of DIC. The volume images before the deformation can be defined as 

the reference volume image, expressed by f(x, y, z), and the volume image after the deformation is 

expressed by g(x, y, z). The point to-be-analyzed is point p(x, y, z) in the reference volume image, 

and after deformation, in the volume image the coordinate of this point is labeled as p(x, y, z). The 

continuum medium mechanics indicates that if linear function is used the position coordinate 

relationship before and after the deformation is represented as follows:  

                  [捲′検′権′] = [  
  捲 + 憲 + ∂通�掴 ∆x + ∂通�槻∆y + ∂通�佃 ∆z検 + 懸 + ∂塚�掴 ∆x + ∂塚�槻 ∆y + ∂塚�佃 ∆z検 + 拳 + ∂w�掴 ∆x + ∂栂�槻 ∆y + ∂栂�佃 ∆z]  

  
                      ふヱぶ 

where 憲, 懸, and 拳 represent displacement along the three directions of coordinate axis x, y, and z, 

respectively. 
∂ ∂  ∂ ∂  ∂ ∂  ∂ ∂  ∂ ∂  ∂ ∂  ∂w∂  ∂w∂  ∂w∂  are the first order partial points of the displacement 

corresponding to the coordinate axis. Each reflects the deformation and rotation of the inside of the 

subset. If only the translation of the subset is taken into consideration, formula (1) can be expressed as:  

                             [捲′検′権′] = [捲 + 憲検 + 懸検 + 拳]                      ふヲぶ 

In the spatial domain DVC, normally a cubic area of voxel with the size of 

(2n+1)X(2n+1)X(2n+1) is selected from the reference volume image with the center of the unsolved 

point as reference subset. Using the correlation to search the move location voxel by voxel at the 

image after deformation, the object sub-block with the highest similarity degree with the reference 

sub-block is selected, and the displacement of the center point of the sub-block is determined. 

Normally ZNCC is applied for quantitative evaluation of the similarity degree of the sub-block before 

and after the deformation [17] as follows:  

          �佃��� = ∑ 岫捗岫掴� 槻� 佃�岻−捗尿岻岫直岫掴�′ 槻�′ 佃�′岻−直尿岻韮�=迭√∑ 岫捗岫掴� 槻� 佃�岻−捗尿岻鉄韮�=迭 √∑ 岫直岫掴�′ 槻�′ 佃�′岻−直尿岻鉄韮�=迭             ふンぶ 

where  岫捲  検  権 岻 and  岫捲 ′ 検 ′ 権 ′岻 are the gray values of the ith (i = 1, 2, 3, 4….n) point in the 

sub-block before and after deformation, and       is the average gray value of the sub-block before 

and after deformation.  

3. Experimental materials and test methods 

3.1. Samples and compressive die  
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TATB powder crystals with the size smaller than 30 μA and a few binding agent were used as 

experimental particle materials. PBX particles with diameter within 3 mm (Institute of Chemical 

Materials, CAEP, Sichuan, China) were obtained by water suspension method [5].  

 

a)Die cavity                     b) Indenter of the die               c) Image of the die and sample 

Fig. 1 Sample and die used for the compression tests 

The polyether ether ketone (PEEK) materials were used for the die of the compression tests. 

PEEK has relatively high strength, with the tensile strength up to 200 MPa, and it can avoid 

disturbance of metal media exposed to CT measurement. The size of the die is Φ11 mm × 9 mm and 

the inner diameter is 5 mm, as shown in Fig. 1. The apparent height of the explosive particles inside 

the die is 6.7 mm.  

3.2. Compression test and in situ computed tomography detection 

The apparatus used for the in situ compression test is DEBEN (Microtest 5 kN) in situ 

stretch/compress experiment device, which can realize the analysis of the in situ internal microscopic 

structure change of the material through CT scanning under the loading and varying temperature 

conditions. It can also realize the integration with the X ray CT system. The maximum load of this 

device is 5 KN, with the maximum compression stroke of 10 mm. The explosive particles are placed 

into the compressive die and the die is placed into the sample cabin of the loading device. The shell of 

the sample cabin is carbon fiber glass which gets easily penetrated by the X-rays. This loading device 

is installed at the sample rotating platform of the CT system, as shown in Fig. 2. The top surface of 

the loading apparatus is fixed, and the bottom surface is flexible and can move up and down. During 

the compression process, the sample is placed at the bottom surface of the loading device, and at this 

time the bottom surface of the loading apparatus moves upside and drives the upper ram of the die 

contact with the top surface of the loading device, which therefore exerts a unidirectional compression 

force on the explosive particles inside the die. The compression process can be divided into five 

stages. At first, a 0.5 mm compression amount is put on the die, and then CT detection is conducted 

while maintaining the pressure and the loading state. Further, the explosive column is re-pressed with 

the compression rate of 0.2 mm min1, and the compression amount is 1, 2, 3, and 4 mm, respectively. 

The corresponding compression strain is 7.5, 14.9, 29.9, 44.8, and 59.7%, respectively.   
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Fig. 2 Schematic representation of CT scanning and in-situ loading 

The CT scanning imaging experiments of the samples were carried out using a nanoVoxel device 

(Sanying Precision Engineering Research Center, Tianjin, China). The voltage and electric current of 

the experiments were 80 kV and 120 μA, respectively. The sampling exposure time of monograph 

was 0.6 ms, with the specimen rotation of 360. The hits of the projection drawing were 1080, and 

each projection drawing was obtained by four projection drawings at the same angle. The spatial 

resolution of the image obtained in this experiment was 16 μm pixel1. First, the particles were CT 

scanned at the apparent state, and at each stage with maintained pressure, a CT scanning was 

performed. 3D volume data of the explosive particle pile during the compression process were 

obtained. The volume data were 32 bit floating-point data with 1024 × 1024 × 930.    

4．Experimental results and analysis 

4.1. Morphological changes in PBX particles during the compression process 

    Fig. 3 exhibits the 3D CT images of PBX particles from the initial apparent state to almost 

compacting state, clearly showing the packing state of the explosive shaped particles. Fig. 4 shows the 

displacement-loading curve of the sample. Clearly, below 50% strain (3 mm compression amount) the 

load is smaller than 1000 N. This indicates that the change in size of the powder pellet mainly occurs 

at this stage. During this process, the displacement-load curve shows a nonlinear relationship, which 

is related to the existence of large number of pores. At the same time, the displacement-load curve is 

relatively smooth, which indicates the occurrence of the shear dislocation, and particle-filled and grain 

rearrangement of the PBX particles. When the strain reaches 50%, an obvious inflection point is 

observed at the displacement-load curve. At this stage, the particles compact rapidly, and the density, 

strength, and compression modulus increase.    

X ray 
Detector 

In-situ Loading device 
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aぶ                                                 Hぶ                                                Iぶ 

 
dぶ                                                eぶ                                                fぶ 

Fig. 3 3D images of PBX particles at different molding states (the compression strain is a)-f) 0, 7.5, 14.9, 29.9, 

44.8, and 59.7%) 

 

Fig. 4 The displacement-load curve during the compression process  

Figs. 5 and 6 show the cross-sectional CT images and longitudinal sectional images of PBX 

particles with compression strain of 0, 7.5, 14.9, 29.9, 44.8, and 59.6%, respectively.   

 



15th Asia Pacific Conference for Non-Destructive Testing (APCNDT2017), Singapore. 

 [ID72]  9 

a)                                          Hぶ                                            Iぶ 

 
                                                  dぶ                                             eぶ                                       f″ 

Fig. 5 Cross-sectional images of PBS particles at different stages (the compression strain is a)-f) 0, 7.5, 14.9, 

29.9, 44.8, and 59.6%) 

 
aぶ                                                      Hぶ                                         Iぶ 

 
                          dぶ                                                eぶ                                            fぶ 

Fig. 6 Longitudinal-sectional images of PBS particles at different stages (the compression strain is a)-f) 0, 7.5, 

14.9, 29.9, 44.8, and 59.6%) 

Digital images collected through CT detection can be used to characterize and study some 

mesoscopic parameters of the explosive particles during the compression process. Digital image 

processing is therefore definitely required. Through the following sequence of obtaining processes 

such as the gray level images → image preprocessing → image segmentation → mesoscopic 

parametric statistics, the mesoscopic parameters of the PBX particles can be obtained by calculation. 

In order to obtain particle images with clear boundaries, in the obtained gray level images low pass 

filtering is realized through structure extraction of the images using morphological operator. After 

eliminating the asymmetric background of the images, to reinforce the distinguishing degree between 

the particles and the surrounding pores, intensification of the contrast degree is required between the 

two areas of the particles and around the pores to decrease the noise of the image, which is beneficial 

for the subsequent feature extraction. The preprocessing of the images can optimize the quality of the 

images and is good for the qualitative observation of the particles. When statistical investigation of 

the mesoscopic parameters of the particle system, including porosity, orientation rate, and anisotropy 

rate is required, the information at the surface of the particles can be ignored, only with the marginal 
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shape of the particles being left, which benefits the statistics of the mesoscopic parameters. Therefore, 

in the present study, disk filter and morphological opening operation were used to eliminate the 

asymmetry background of the images. The image grayscale linear transformation method imajust, 

combined with contrast adjustment tool was used to enhance the images and decrease the noise. Otsu 

method was employed to perform image segmentation of the images, and transfer the image to binary 

image, as shown in Fig. 7. Further every particle in the image was marked after binarization with 

numbers, and the characteristic parameters such as major axis, minor axis, included angle with the 

vertical direction, average mean diameter, roundness, and barycentric coordinate of every particles 

were calculated and listed in Tables 1 and 2. Notably, the sample was under the 4 mm compression; 

therefore, the outline of the particles was not easy to be distinguished and divided, and they were not 

accounted for.   

 

a) 0 mm compression amount                        b) 2 mm compression amount 

Fig. 7 Particle binarization and particle marks   

 

 

Table 1 Statistics of the characteristic parameter of the particles (0% strain) 

NO. 
Angle 
° 

Axis 
(major/mm) 

Axis 
(minor/mm) 

Diameter 
(mean/mm) 

Roundness 
Center-X  
(mass) 

Center-Y 
(mass) 

1 36.52 0.141 0.076 0.088 1.341 3.166 4.436 
2 97.50 0.644 0.439 0.514 1.190 4.110 4.578 
3 99.72 0.806 0.576 0.664 1.904 5.138 4.653 
4 81.80 0.855 0.644 0.721 1.640 6.295 4.692 
5 73.33 1.391 1.193 1.254 2.002 7.415 4.919 
… … … … … … … … 
130 88.68 0.772 0.419 0.552 1.443 12.735 10.589 
131 108.13 0.348 0.308 0.305 2.053 7.693 10.617 
132 90 0.016 0.016 0.016 1 7.840 10.576 
133 90.28 0.779 0.091 0.292 3.278 3.462 10.708 
134 90 0.016 0.016 0.016 1 5.712 10.736 
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Table 2 Statistics of the characteristic parameter of the particles (29.99 % strain)  

NO. 
Angle 
° 

Axis 
(major/mm) 

Axis 
(minor/mm) 

Diameter 
(mean/mm) 

Roundness 
Center-X  
(mass) 

Center-Y 
(mass) 

1 ヵヲ.ヲΓ ヰ.ヱΓヶ ヰ.ヱヱヵ ヰ.ヱヱΒ ヴ.ΒΑヱ ン.ヲヰΓ ヵ.ΓヴΑ 
2 ΒΑ.ΒΒ ヰ.ヶヶン ヰ.ヴヲΒ ヰ.ヵヲΑ ヱ.ヱΑヴ ヴ.ヰΒΑ ヶ.ヰΒヵ 
3 Γヲ.ヰヰ ヰ.Γヴヱ ヰ.ヵヴヴ ヰ.Αヰヰ ヱ.Γヴヵ ヵ.ヱヰΑ ヶ.ヱンヱ 
4 Γヴ.ンヶ ヱ.ヰヲヱ ヰ.ヶヰΒ ヰ.Αヴヲ ヵ.ヴヲヲ ヶ.ヲヰΒ ヶ.ヱΒヶ 
5 ヶヶ.Γヴ ヰ.ンヶヲ ヰ.ヱΒヶ ヰ.ヲヴヱ ヱ.Γヱヲ ヶ.Βヵヱ ヵ.ΓΑΑ 
… … … … … … … … 
139 ヱヴΒ.ン ヰ.ヰヵヵ ヰ.ヰヲヱ ヰ.ヰンΒ ヱ.ヰヰヰ ヱヱ.ΑΒヵ ヱヰ.ヲΒΒ 
140 ΒΓ.Γヰ ヱ.ヰΒヶ ヰ.ヴヶヶ ヰ.ヶΓヶ ヲ.ヴΑヱ Γ.Βヵン ヱヰ.ヵヴヱ 
141 Γヴ.ヵヴ ヰ.ヶヵヲ ヰ.ヴヴヰ ヰ.ヵヲヴ ヱ.ヴヰヰ Α.ヴヴヱ ヱヰ.ヵヵΓ 
142 Αヲ.Γヶ ヰ.ンヵΓ ヰ.ヲΑΑ ヰ.ヲΒヵ ヱ.ΒΓヵ ヴ.ヴヱヰ ヱヰ.ヶヴΑ 
143 Βヰ.ヶヴ ヰ.ヲΓヵ ヰ.ヲヱヵ ヰ.ヲヲヶ ヱ.ヴΓヵ ヱヰ.ヵヵヱ ヱヰ.ヶヶΓ 

 
      The analysis of the average diameter and average roundness of the PBX particles during the 

compression process indicates that, with the increase of the compression load, the average diameter of 

the particles decreases constantly, and the average roundness of the particles increases constantly 

(closer to 1, the particles are in more regular shape). Relatively large plastic deformation occurs for 

the particles during the compression process, and with the increase in pressure, shape of numerous 

particles turns into spheroid. The spheroids rearrange with the deformation of the particles and 

loading of part of the particles, with the major axis direction of the particles basically arranged along 

the radial direction of the die, i.e., 90 with the direction of the pressure, as shown in Figs. 8 and 9.  

 

0.0 0.1 0.2 0.3 0.4 0.5

1.7

1.8

1.9

2.0

2.1

2.2

2.3

2.4

2.5

R
ou

nd
ne

ss

Strain

0.25

0.30

0.35

0.40

0.45

0.50

D
ia
m
e
te
r(m

e
a
n
)

 Roundness
 Diameter(mean)

 

Fig. 8 Change of the average particle diameter and roundness of the particles during the compression process    

Fig. 9 Major axis angle of the particles of the system under 44.8% compression strain  

4.2. Porosity 

    Porosity is the proportion of the volume among the pores to the total volume in the CT image, 

which reflects the density degree and motion distribution of the particles in the system to a certain 
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degree. The higher the porosity, the larger the pore proportion in the system, and the looser the system; 

conversely, the system is denser. First, binarization processing was carried out on the CT images to 

obtain the binarization images, and then the porosity of the PBX particles could be directly calculated 

using the area of 0 and 1 regions. To study the porosity change of different areas during the 

compression process, the sample was divided into the following three regions: the outer ring, middle 

ring, and core, as shown in Fig. 10 (a). Fig. 10 (b) exhibits the porosity change in different areas after 

being compressed under different compression amount. Clearly, at the early stage of the compression 

process, the porosity decreases rapidly; however, when the extent of compression reaches 3 mm, the 

decreasing rate of the porosity declines dramatically. The position of inflection point where the 

porosity decreases dramatically corresponds to the point of the load increase at the load-displacement 

curve. At the early stage of the compression, the difference among the porosity of the three areas is 

small. With the increase of the compression amount, the porosity at the core area is the smallest, 

followed by the middle and the outer ring, respectively. When the extent of compression increases to 

1 mm, the particles at the core and middle ring start displacing toward the outer ring. The decreasing 

rate of the porosity of the outer ring increases. When the compression amount increases to 3 mm, the 

porosity of the outer ring is the smallest, followed by the middle ring, and the porosity of the core area 

is the largest.    
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  a) Chorogram of the porosity       b) The change of the porosity of different area at different stages of 

compression  

Fig. 10 Porosity change of PBX particle systems  

4.3. Anisotropy rate of the particles  

Anisotropy rate is other important parameter to describe the micro and mesoscopic properties of 

the particle substance. The formula for the anisotropy rate can be expressed as follows:   

                  �� = �−�� × などど%                                ふヴぶ 
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    where In represents the anisotropy rate of the particle system; r is the length of the minor axis 

of the particles in the system; and R is the length of the major axis of the particles in the system. The 

smaller the In, the higher the orientation rate of the particles, i.e, isotropy. In contrast, the higher value 

of In presents more obvious random distribution of the particles of the system, which indicates more 

obvious anisotropy.  

Through detection of every particle in the image, the ellipse with the same standard second order 

center moment with the detected particle outline was calculated and obtained. The major axis and 

minor axis of this ellipse were used to present the major axis and minor axis of the detected particles, 

respectively, and the anisotropy rate of the system can be calculated according to formula (4). Fig. 11 

shows the change in condition of the anisotropy rate of this testing system under vertical pressure. 

During the testing process, the anisotropy rate of the system maintains steady fluctuation as a whole. 

The theoretical cohesive force of the explosive particles during the cold forming process is 0; 

therefore, the contact force among the particles plays a leading role. With the continuous 

reconstitution of the force chain network, its anisotropy rate fluctuates constantly; however, the 

change is not fierce.       
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Fig. 11 The change of anisotropy of the explosive particle system  

4.4. Directionality of the particles  

    In order to study the orientation features of rotation and arrangement of particles during the 

compression testing process, determination of the directionality of the particles is required. The 

directionality of the particles can indicate if the system is ordered or disordered, and the directionality 

of the particles can be determined by its major axis. The included angle between the direction of the 

major axis and Y axis can be obtained by analyzing the detected images. Finally, the orientation rate 

of the particles can be obtained by probability statistics. The expression is represented as follows:    
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H = −∑ � � =怠 岫�岻 log� � 岫�岻                           ふヵぶ 
where H is the orientation rate of the particles; α is the azimuth angle of the particles, the range is 

[0, π]; n is the partition of the angle; and Pi is the orientation rate of the particles at an angle partition 

[i, i+1]. The smaller the H value, the better the ordering of the arrangement of the particles, otherwise, 

the worse the ordering of the arrangement of the particles. Fig. 12 shows the statistic of the orientation 

rate of the five states of the system during the compression testing process, for which 0–180° rose 

diagram is used to present the angle frequency distribution of the major axis analysis of the particles. 

Fig. 12 demonstrates that when a section is divided, the radius represents the particle amount that the 

major axis of the particles orientated drop-in this angel section. Comparative analysis indicates that, 

as the compression tests continue, the orientation rate of the system increases to some extent.  

 

Fig. 12 Rose diagram of orientation features of the particles under compression state 

Fig. 12 reveals the following information: (1) during the compression process, the particles are 

not in pure translation state; however, the motion form combines the slow roll and translation together. 

With the increase of the compression amount, the rotation direction of the particles tends to be in 

accordance and shows a relatively good ordering; (2) When the compression starts, the particle 

amount of each azimuth angle located at different angle zone has only small differences. This is 

because, affected by the vertical pressure, although under vertical pressure, the orientation 

arrangement of the particles is finished preliminarily, the orientation distribution of the particles is 

still relatively uniform. (3) In the later stage of the compression, the particle amount in part of the 

azimuth angle zone changes significantly, the direction of the major axis develops gradually to the 

horizontal direction, and finally the direction of the major axis of the particles is almost parallel to the 

horizontal plane. During the entire testing process, the particles complete the following processes: 

random permutation, loading compaction, and particles rotation and orientation arrangement.  

4.5. Analysis of motion state of the particles  
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During the compression loading process, particles that are not crushed have both translation and 

rotation motion, and the calculated displacement field of the loading action area cannot be directly 

used to analyze the movement trial of the particles. Therefore, relevant conversion is required for the 

data of the displacement field. When the barycentric coordinate is calculated by using the existing 

calculation method of the movement of the particles, it is often required to first define the origin of 

coordinates. Therefore, during the analysis of the loading images at different stages, conditions related 

to the changes in the origin of coordinates may be encountered, which result in calculation errors. 

However, if the digital image correlated methods are applied, only the barycentric coordinate before 

the deformation of the particles need to be determined, which can avoid the effects of the origin of 

coordinate change on the calculated results.          

 

Fig. 13 The rotation and translation process of the barycenter of the PBX particles  

Fig. 13 exhibits the rotation and translation process of the barycenter of the PBX particles. If it is 

assumed that the spindle of the particle is located at the position of the barycenter, i.e., only 

translation happens at the barycenter, then the magnitude and vector angle of the displacement at 

every point of the particles are the same. Therefore, the translation of the particles can be reflected by 

the displacement   and the vector angle. The horizontal displacement μ and vertical displacement of 

the barycenter can be obtained from the displacement field data measured based on the DIC method. 

The translation displacement   and vector angle   of the PBX particles can then be obtained, as 

represented by formula 6.  

{ = √μ態 + γ態 = arctan ��                               ふヶぶ 

Actually, the motion of the particles can be considered as translation first, and then rotation. If  

arbitrary point M is considered at the particles, and it is assumed that the particles after loading first 

generate translation process, and the position changes to M, then the position changes to M after 

rotation, as shown in Fig. 14.  
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Fig. 14 The translation and rotation at arbitrary point of the PBX particles  

During the translation motion, the magnitude and vector of the displacement of position M are 

similar to those at the barycenter; therefore, the horizontal displacement and vertical displacement of 

M are also    , with the vector angle of  . The horizontal displacement and vertical displacement of 

M can be read from the displacement field data. The vector angle  ′ after rotation can be calculated 

by using formula 6. The relationship between intersection angle   and vector angle    ′ can be 

directly observed, take the tangent angle of  , as represented by formula 7. Therefore, according to 

formula 7, the intersection angle at arbitrary point of the particles during the loading process can be 

obtained, i.e., the intersection angle of the particles can be calculated by using an arbitrarily point as 

follows: 

          tan = tan岫 ′ −  岻 = tan �′−tan�怠+tan�′ tan �               ふΑぶ 

Few typical particles were selected in Fig. 6 and they were numbered. Further, the barycentric 

coordinate of every particle was obtained during every stage of the compression process. Owing to the 

differences between the translation and rotation conditions at the middle and around the particles, the 

image can be divided into the following three zones on an average: left, middle, and right, as shown in 

Fig. 15.  

 

Fig. 15 Cross-section of the movement trial analysis of the explosive particles  

The calculated results of the movement trial of the particles during the compression test process 

are listed in Table 3. The directions of the translation and rotation of the particles at the left and right 

zones are adverse, thus when intersection angle is calculated at the two sides, the absolute value is 

considered first before calculating the average value. Table 3 summarizes that the displacement of the 
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particles in the three zones increases with the increase of the loading. Among them, the parallel 

displacement at the middle area is obviously larger than that at the left and right zone; however, the 

intersection angle at the middle area is relatively small. At the early stage of the experiment, the 

intersection angles of the particles at all three zones are large, which decrease gradually with the 

increase of the loading action. This is attributed to the fact that with the existence of porosity at the 

early stage of loading, particles get easily rearranged with the occurrence of translation and rotation 

motions, and after reaching steady state, the vector angle and intersection angle decrease gradually.  

Table 3 The translation and rotation of the particles at different zone 

Strain 
Middle Left and Right 

l/mm Ө′°″ α′°″ l Ө′°″ α′°″ 

ヰ.ヰΑヵ ヰ.ンヵ ヱΑΓ.Β ヲ.ヲヴ ヰ.ヱン ヱΑΓ.Β ヲ.ΑΓ 

ヰ.ヱヴΓ ヰ.ヵン ヱΑΓ.ヵ ヱ.ΒΑ ヰ.ンΒ ヱΑΓ.ヵ ヲ.ヴΒ 

ヰ.ヲΓΓ ヰ.Αヶ ヱΑΓ.ヶ ヱ.ヲヴ ヰ.ヵヶ ヱΑΓ.ヱ ヱ.Γヴ 

ヰ.ヴヴΒ ヱ.ヱヵ ヱΑΓ.Α ヱ.ヰヲ ヰ.ΓΒ ヱΑΒ.Α ヱ.ヶΑ 

4.6. Digital volume correlated analysis 

It is convenient to obtain the displacement and strain values at all the full-field directions in the 

area-of-interest through correlation analysis of the collected images by DVC. Moreover, information 

including the resultant displacement, velocity, and accelerated velocity at each point can be obtained 

through follow-up treatment and calculation. Owing to the advantages of being full-field and non-

contact, it is beneficial for the study of evolution of the force chain to explore the motion state and 

distribution of the particles during the compression tests of PBX particles by DVC method. 

Furthermore, it provides significant guidance to study the macroscopic physical and mechanical 

properties of the PBX particles. 

Images collected at different states with compressive strain of 7.5, 14.9, and 29.9% during the 

compression process were selected for correlation analysis, and the full-field displacement could be 

obtained by calculation. Compared to displacement field, strain field can better reflect the features of 

the generation and evolution of the deformation localization. The strain field can be calculated by 

using u, v, w displacement and calculation of their numerical difference. Figs. 16–18 show the strain 

distribution cloud pictures at three directions of the sample at the states with the compressive strain of 

7.5, 14.9, and 29.9%, respectively, where Ezz is the maximum principal strain.  
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aぶ                                                     Hぶ                                                  Iぶ 

Fig. 16 Strain distributions in X direction at compressive strain a)7.5 %, b)14.9% and c)29.9%  

 
aぶ                                                  Hぶ                                                  Iぶ 

Fig. 17 Strain distributions in Y direction at compressive strain a)7.5 %, b)14.9% and c)29.9%  

 
aぶ                                                  Hぶ                                                  Iぶ 

Fig. 18 Strain distributions in Z direction at compressive strain a)7.5 %, b)14.9% and c)29.9%  

The figures clearly demonstrate that: (1) at the beginning of the compression, the strain 

distribution of the particles is relatively dispersive, which forms the discrete deformation localization 

area. A large strain zone is observed at the deformation localization area, with obvious strain gradient 

from the top to the down, and large-sized particles exist at the top side close to the tip. These large 

particles break away from the particles they contacted with under pressure, and relatively large 

displacement is generated, which may cause breakage of partial force chain. At the very beginning of 

the compression, the external vertical load does not get transferred to the particles at the bottom, 

which makes the particles at the bottom in relatively stable state, and the strain is also relatively small. 

With the increase of the compressive load, particles with large displacement gradually move close to 

the side wall and bottom of the die, which results in strain concentration at the side wall and bottom of 

the die. The discrete deformation localization areas develop gradually and connect with each other, 

and finally form the strain localization band.  
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2) At the initial stage of the compression, obvious tensile strain at the horizontal direction exists 

at the sample. There is tensile strain concentration zone close to the top tip, which is related to 

relatively large gaps among the particles where lateral displacement occurs when they move down. 

With the increase of the compressive load, the tensile strain at the horizontal direction turns into 

compressive strain. This is attributed to the fact that the major axis of the particles tends to distribute 

horizontally with the denser particles, and extrusions are generated among particles.  

3) Following the strain of the sample during the entire compression process, it can be found that 

the strain of particles at some areas changes intermittently instead of continuously. Furthermore, 

tensile strain and compressive strain alternate. This process may actually lead to destruction and 

reconstitution of the force chain, which is a process for energy accumulation. When the energy 

accumulation reaches its limit, the force chain network is destroyed, and in the new round of motion 

process of the particles, new force chain network is formed. The direction of the external load is from 

top to the bottom, and the force transferred along the horizontal force transfer state is relatively small. 

During the process of force transfer, the force is dissipated relatively fast to overcome resistance 

including friction and rotation. Therefore, the force chain formed along this direction is generally 

weak, and its duration time is also short. Particles under this type of weak force chain get easily 

disturbed and cause rolling of the particles. Moreover, this type of disturbance also becomes the main 

factor for the breaking of the force chain at the horizontal force transfer state.  

    4) During the compression tests, the PBX particles system was compressed at the compression 

velocity of 0.2 mm min1. Although PBX particles system moves as a whole under the external load, 

the motion velocity of the particles in the system may not be in accordance with the velocity of the 

macroscopic movement from the microscale perspective. When the movement velocity of the 

individual particles is relatively large, the displacement is also larger than that of other particles. 

Therefore, when the displacement field at some place of the system is larger than the displacement 

around, it indicates that the movement of particles at this part is unstable, and the force chain that this 

particle participates may be broken. 

  

5. Conclusions  

In the present study, the 3D deformation behavior and evolution of the internal microstructure of 

the PBX particles during the in situ compression process were studied by combining CT imaging and 

digital volume correlation method. The main conclusions can be drawn as follows:  
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1) Beyond 50% strain, an obvious inflection point is observed at the displacement-load curve, the 

particles are compacted rapidly, and the density, strength, and compression modulus increase. With 

the increase of the compression load, the average diameter of the particles decreases constantly, the 

roundness of the particles increases, and the direction of the major axis of the particles arrange 

basically along the radial direction of the die, i.e., 90 with the direction of the pressure.   

2) During the cold forming process, the contact force among the particles dominates. With the 

reconsitution of the force chain of the system, the anisotropy rate fluctuates constantly; however, the 

change is not fierce. During the compression process, the particles are not in pure translation state; 

however, in a motion state involving combined slow rotation and translation. With the increase of the 

compression amount, the direction of the rotation of the particles tends to be in harmony and shows 

relatively good ordering, and finally the direction of the major axis becomes parallel to the horizontal 

plane. The parallel displacement at the middle zone is obviously larger than that at the left and right 

zones; however, the intersection angle is relatively small.   

3) With the increase of the compressive load, particles with large displacement gradually move 

close to the side wall and bottom of the die, which results in strain concentration at the side wall and 

bottom of the die. The discrete deformation localizationareas develop gradually and connect with each 

other, and finally form the strain localization band. the tensile strain at the horizontal directionturns 

into compressive strain. The strain at some areaschanges intermittently instead of continuously. 

Furthermore, tensile strain and compressive strainalternate. This process may actually lead 

todestructionand reconstitution of the force chain. 

4) As a new experimental mechanics measuring method, it still needs extensive research efforts 

of the researchers for its enrichment and improvement. This mainly includes the following two 

aspects: one is the improvement of the arithmetic operations to improve the computational efficiency 

and precision; and the other is its application and promotion, to improve the applicability and stability 

of the arithmetic. The efficient route adopted in this study is: development of DVC method with high 

precision, high efficiency and high stability; set up of mechanical experimental platform, enrichment 

and improvement of the loading device, which can be used to study the mesoscopic mechanics 

problems under multi-field coupling conditions combined with CT technique.   
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