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ABSTRACT

The creep behavior of the polymer bonded explosive (PBX) substitute material is investigated by using the digital image
correlation (DIC) method. At first step the 3-points bending test is applied to achieve the tested PBX substitute material’s
elastic parameters, which are identified by the calculated heterogeneous strain fields and the so-called virtual fields
method (VFM). In the second step, the creep property of PBX material is studied by the Brazilian disc compression test.
The stress fields could then be reconstructed with the identified elastic parameters and the strain fields at the first step of
loading. The time hardening coefficients which present the creep behavior could be extracted by the time-depending
strain rate curves of the points on the surface.

Keywords: Polymer Bonded Explosive (PBX), digital image correlation (DIC), elastic, creep, virtual fields method
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1. INTRODUCTION

The polymer bonded explosives (PBX) materials are a polymer matrix composites filled with high percent explosive
granule. PBXs have a large ranging application, normally used such as rocket propellants and the explosive materials.
Because of their dangerous specialty during the manufacture, transport and storage, it’s of great importance to determine
their mechanical properties in various conditions.

Many investigations have been performed in the literature to evaluate the security and reliability of PBX by the study on
the mechanical properties. The PBX of low percent polymer matrix is a typical viscoelastic material, damage and creep
deformation is inevitable during storage and transport, especially at high temperatures. By using compression tests on
standard cylinder specimens, Li et al. have shown the strong temperature dependence of Modulus and failure strength of
PBX'. Compressive creep results in high strain at different temperatures also showed the creep behavior has great
influence to PBX’s mechanical properties. The important creep parameters could be achieved. Using Brazilian disc tests
by various loadings, Chen et al. studied PBX material failure evolution in a microstructure scale’. Different style
damages were observed and analyzed. They also studied the creep behavior by using cylinder specimen.

As an alternative, Xie et al. studied PBX creep behavior on a compressive disc specimen by using a high-resolution full-
field method: moiré interferometry’. The heterogeneous stress/strain fields resulted in the difficulty of measurement, but
creep curves on different points of the observed surface could be achieved just by one test. Liu et al. studied the failure
and creep behavior of PBX by combined thermal and mechanical loads, in which DIC method was applied to investigate
the strain fields of PBX specimen®. The author studied the relation between the failure and the creep. However, only
creep curves were shown in above, the intrinsic creep parameters were not investigated.

The objective of this work is to study the PBX like material creep properties by using the DIC method. The time
hardening creep model is applied. The creep parameters of this kind model would be achieved. Simple
tensile/compression test on standard specimen is a traditional way to study mechanical property. Homogenous
strain/stress fields make it easy to get the creep curve, whereas the test should be repeated several times with different
loadings to achieve the material’s creep parameters just as the method in previous study'.
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As an alternative, 3-points bending test, which achieve heterogeneous strain/stress fields, is applied in this study. Full
displacement fields of observed surface are measured by DIC. At first step the elastic properties are identified by the
calculated strain fields and the VFM. The stress field would then be reconstructed. Secondly, time-depending strain
fields of many steps would be calculated. The time-depending deformed images of many steps would be recorded. The
full displacement/deformation fields are achieved by DIC method. The time hardening parameters which present the
creep behavior could be extracted by the time-depending strain rate curves of all points on the surface. In this paper the
tests were performed in the room temperature. The study on creep properties would be applied in different temperatures.

2. ELASTIC TEST

2.1 Experimental set-up

The PBX substitute material in this study is constituted by small glass bead (80% in weight) and epoxy polymer (20%) in
weight. At first the two constituents of non- solidified epoxy are mixed by a centrifuge of 1500 r/min more than 10
minutes. The (rectangular and cylinder) specimens are prepared with the mixture of glass bead and epoxy in suitable
moulds in ambient environment.
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Figure 1. Schematic of the 3-points bending on rectangular specimen

The first phase of work concerns the identification of the elastic parameters. The rectangular specimen (dimensions:
120x20x10 mm®) was used in the 3-points bending test (see Figure 1). The specimen is installed on a
tension/compression machine. The distance between two supporting points is 110mm. A set of load is applied by the
machine. The images of specimen are taken by using a Daheng CMOS camera (8-bit, 1.3M pixels) with a 12.5-75mm
AVENIR lens. The surface of specimen was colored with white painter background and with black random speckle
which made a good random speckle surface for the full kinematical fields calculation by DIC method.

2.2 Image processing for full fields measurement

Recently, the digital image correlation (DIC) method is now widely applied in experimental mechanics as a practical and
effective tool for full field measurement’. This method is easy to manipulate and can provide satisfactory resolution of
displacement/strain fields®’.

The correlation windows used here are 31 x 31 pixels with shifting size 4 pixels. The displacement field is a matrix of
127 x255 points. The physical length of the pixel is 31 microns. The raw non-filtered displacement fields are shown in
Figure 2 (where loading is 632.2N). The displacement fields are smoothed and the strain fields are achieved basing on 3-
nodes triangular finite elements pieces® (bilinear triangular element type). The nodal displacements are determined by
adjusting the least mean squares. The strain fields are then obtained using the form function projected on the same
network.

The strain fields associated achieved from a meshing size of 15 points are shown in Figure 3. We can find that the strain
fields strongly depend on the triangular mesh pieces. The bilinear 3-nodes triangular element type is continuous of type
C°, its derivation is not continuous. Whereas the strain fields achieved by this way are not nice to see, they are quite
stable from the noise of measured displacement fields. The other strongpoint is that the virtual works are the sum of
products of real and virtual strain fields of all points; the local diversity has little influence for the parameters
identification.
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Figure 2. Measured displacement fields (non-smoothed) with triangular meshes (meshing size: 15 points) on non-deformed
image
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Figure 3. Reconstructed strain fields by triangular finite elements method (same mesh as in Figure 2)
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2.3 Identification by the virtual fields method (VFM)

The identificationof elastic parameters is effectuated by the VFM. All the constitutive parameters could be directly
identified from the measured fields and the VFM, which has been developed and applied for direct material properties
characterization in recent twenty years’. By the VFM and full-filed measurement, the elasto-plastic behavior of metal is
studied, as well as the tress fields are recontrcted'’.

The choice of virtual fields has a great important influence on the quality of parameters’ identification. Here, the optimal
piecewise virtual fields defined on the same triangular meshes as the real smoothed fields (see Figure 2) can achieve the
optimal solution. This point is very important with the measured noisy fields during the identification'"'*.

Table 1. Identified elastic parameters (Young’s Modulus and Poisson’s ratio) using different meshing sizes

Meshing size E (GPa) v
7 14.2 0.381
10 13.8 0.384
15 13.1 0.373
20 11.2 0.402
Mean 13.1 0.351
Coef. Var. 10% 3.2%
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This procedure is implemented in free software CAMFIT (www.camfit.fr), in which the image processing and the
parameters identification routine are packaged. By using this software, previous study on soft foam was performed by a
cantilever beam bending test', which is quite similar to the 3-points test in this study. The only critical parameter in this
software is the meshing size. The identified results are shown in Table | by using different meshing sizes.

The results of identification are shown in Table 1. We can see that the results depend very little on the mesh size,
indicating a stable identification and therefore satisfactory. We see that the variation coefficient is higher for the
Poisson's ratio. The results by meshing size 10 are considered as the material elastic parameters. Actually, the strain level
is quite weak (see Figure 3), so the measuring noise has a quite important influence for the identification. When the
loading is more 700N, the specimen is broken in two parts in the middle. The test material is a typical fragile, the
maximum strain is on the loading point, the mean strain level of the studied zone is relatively very poor. So the noisy
effect could not be reduced by this way. Therefore, the study on creep behavior is performed by disc specimen
compression test. The elastic parameters identified by this step would be employed for the creep characterization in the
next step.

3. CREEP TEST

3.1 Time-hardening creep model

Previous creep studies of PBX materials presented in Introduction, most works tried to investigate the influence of creep
to the mechanical properties of PBX, whereas the instinct parameters relative to creep behavior are investigated here.
The time-hardening creep model'*" is used:

Eo = CIO_CZtC3e—C4/T (1
Where
&, : equivalent creep strain

& : equivalent creep strain rate
O : equivalent stress (von mises)
T : temperature (absolute)

C,, Cy, C;, Cy: creep parameters of the time-hardening creep model
The finished tests are performed only in room temperature, so if we make C;, = C lefc“/r , who will get

Eor = 140_C2tC3 (2)

Thus there are only 3 parameters to be investigated: Cy4, Cy, C;, where parameter Cy4 are the combination of two
parameters by ignoring the temperature. To achieve these parameters, we should get the time-depending creep strain of
different stress states.

During the phenomenon of creep, the deformation increases with the time. In the elastic limit, the deformation has two
parts:

e(t)=¢,+¢,(t) ©)

The elastic one &,, and the creep one &, . The former is independent of time, while the latter increases with time. So
the creep stain rate is just that of total strain:

o (1) =£(2) )
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The idea is to perform a heterogeneous stress/strain experimental test, the full strain fields would be taken by DIC, and
the stress of all points would be calculated by elastic law and the measured strain fields.

3.2 Experimental test and image treatment

Due to the weak strain fields of the 3-points bending test (in elastic test part) on PBX substitute material, we could not
get satisfactory result. So we tried the compression test on disc specimen, the specimen could not reach crack under quite
great loading. A simple experimental set-up similar to previous study is used in this study.
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‘Figure 4. Disc compression creep test. (a) Schematic of the experimental set-up; (b) The raw image of the observed surface

In Figure 4(a), the loading at the end of right side is 72 Newton , where d = 147mm, L = 470m. By this way the actual

charge on the disc specimen is amplified. The specimen is of dimensions ®20X10mm. The surface is treated by the same
way as in Section 2, and the same camera is used to record the images. The creep test is kept during 1000 seconds, an
images is taken per every 20 seconds. By DIC method, the displacement fields could be achieved in every step. The
initial displacement fields (where t = Os) are shown in Figure 5.
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Figure 5. Measured displacement fields (non-smoothed) at the beginning of test

The correlation windows used here are 31 x 31 pixels with shifting size 2 pixels to calculate the displacement maps,
while a 21x21 differential windows based on least-square fitting is used to calculate the strains fields. The initial elastic
strain fields shown in Figure 6 is respective the displacement fields in Figure 5. We can find that maxi strains appear
near the up and bottom contact zones.
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Figure 6. Elastic strain fields (at the beginning of test)

3.3 Creep parameters investigation

From Equation (2), we should analyze the tress/ strain on at least two points to get the creep parameters. Figure 7(a)
shows the histogram of elastic strain &

xx 2

and in Figure 7(b), the creep curves of £ on some representative points in all

deformation range.
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Figure 7. Tensile strain along X direction. (a) Histogram of elastic strain; (b) Creep curves of some representatives points
Actually, if the strain rate of gm (¢)is directly from the derivation of £ _(#) (as shown in Figure 7(b)), gm (¢) would be

much influenced by the measured noisy data. So we use the time-depending strain cures would be fitted by polynomial.
Only the 6 first curves of high strain level are filtered by polynomial fitting. The same treatment applied to the other

deformation components: &,,(f) and &, (¢) . The order 4 is used to fit these curves.

. 2 . 2 . 2 . 2 i 2
Eor = g (gxxj +(6'yy) +(gzzj +2(‘9XYJ (5)

By Equation (5), the equivalent creep strain rate could be achieved, where the £-(¢) is ignored. The creep strain rate of

component €. (%) is shown in Figure 8(a), corresponding to the first 6 curves in Figure 7(b). The equivalent creep strain
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rate are shown in Figure 8(b). The other two components (€, (£) and &, (f)) are not shown. So the part on left side of
Equation (2) is achieved.
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Figure 8. Creep strain rate curves (a) along X direction; (b) Equivalent creep strain rate
By Hook’s law, the stress could be found by the equation below:
o-x Qxx Qxy O gx E E
. 14
=10, 0. 0 £, r>with O :—1—V2 , 0. = -, (6)

o, 0 0 (©Q.-09,)/2]|¢&

where the stiffness parameters have been identified in Section 2, and elastic strain are measured. The von mises stress is
also expressed as :

’ 4 " 16(c? +od +o?
0.—0, +(O-xx_o-zz) 0.-0, o,t0,.+o.,

o=0,6 = 7
m > (7

In case of stress plan: 0, =0, =0, = 0, so we will have the equivalent stress as

_ 2 2 2
0'—\/0'”+0'W—O'HO'W+3O'SS (®)

Where the stress components are calculated from Equation (6). The equivalent stress are shown below.

Table 2. Equivalent stress corresponding to the points of the curves in Figure 8

Point number 1 2 3 4 5 6
o (MPa) 430 394 365 334 29.1 257

From all the above experimental tress/strain data, it’s quite complex to directly get the creep parameters from Equation
(2). The logarithm of Equation (2) would make it is much easier, thus we can get

In| eo (o, t)|=In(C,)+C,In(c)+C,In(t) ©9)
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The three parameters are separated, so Equation (9) could be reformed as linear equation

In(CM) .
. L i=1,2,...6
In Ecr(o', t) :[1 In(O') In(t)} C2 for :-tjl:12 N (10)
C. 19 02,

The creep strain rates shown in Figure 8(b) and the stress of the 6 points in Table 2 are input into Equation (10), by
solving this super-determinant, the three creep parameters are then achieved. The final identified creep parameters are
presented in Table 3. For these results, it should be noted that the unit of variables in the calculation: stress in MPa, time
in second and creep strain rate in micro-strain per second.

Table 3. Identified creep parameters

Creep parameters Ciy C, C;

Identified values 0.43 1.46 -0.59

With all the identified creep parameters, from Equation (2), the equivalent strain rate curves could be plotted, which are
compared with the experimental creep strain rates in Figure 9. The experimental ones are plotted by points, while the
reconstructed ones by lines. The experimental and calculated curves in same color are of the same point on observed
surface. Experimental curves and calculated ones are not superposed, whereas they quite suitable. Even the results
should be improved, the above creep parameters could be considered to describe this material’s creep properties in the
ambient temperature.
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Figure 9. Experimental and calculated creep strain rate curves

4. DISCUSSION

From the above study, the creep behavior of a PBX substitute material is investigated. This material is considered as
isotropic material, however the elastic parameters are not quite satisfactory due to multi causes by the 3-points bending
test. A classical method, such as tensile/compression test with strain gage maybe give more stable results. For creep test,
if the 3-points bending test is applied, the observed zone should be chosen where the deformation is more important. By
the research works presented in the literature, the creep time is much longer. If the time interval during image acquisition
is longer, the measuring noise would be relatively weaker to the strain fields, therefore its effect would be reduced.
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5. CONCLUSION AND PERSPECTIVE

The creep behavior of a PBX substitute material is investigated in this study by full-field analysis. The digital image
correlation method could be applied to record the creep deformation. The identified results show that the time-hardening
creep model adapts well to this material’s creep properties. The measurement should be improved to achieve better
identification. In the present study, the reduced parameters of time-hardening model are studied in room temperature.
The coming tests would be performed in different temperatures environment, the full four parameters would be
investigated.
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