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Abstract

The evolution of the damage in polymer bonded explosives (PBXs) caused by stepwise compression is studied and x-
ray computed microtomography (CT) is applied to investigate microstructures in PBXs. By digital images processing on
CT images, the low density and high density regions of interior of PBXs are distinguished. The characteristics of damage
are identified in the low density regions. Therefore, the evolution of the damage with the uniaxial compressive process of
PBXs is presented by analyzing the change of the low density regions. Meanwhile, correlating CT images with the
change of the Young’s modulus provides insight into detailed mechanics of the fracture process. The results show that
three stages on evolution of the damage are clarified. In the short elastic stage, damage is restricted. As the compressive
stress increases, new damage appears and the change of damage is fluctuated. When compressive stress is close to
fracture stress, damage increases and develops to form cracks. The three-stage failure model is well matched with
experimental data and reveals the relation between the evolution process of damage and the nonlinear mechanics

response.
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1. Introduction
High explosives such as polymer bonded explosives

(PBXs) are highly particle filled composite materials
comprised of crystals of explosives and polymer binders.
The mechanical properties of crystals and polymer
binders are very different from each other in modulus and
strength?. When they are mixed and pressed to form
PBXs, mechanical properties?-? of PBXs become more
complex to understand. Because a number of studies show
that damage and cracks can influence the process of
ignition, detonation and so on??. Thus study of the
mechanical properties and failure mechanisms of PBXs is
of great importance in the design of compositions, life
prediction and safety evaluation of PBXs®. In this work,
the evolution of damage and nonlinear mechanics
response is widely discussed”-®.

To understand the mechanical response of PBXs,
different types of mechanical testings, such as uniaxial
tension, compression, cyclic loading, creep (compression
and tension), Brazilian test, Hopkinson bar and so on?:19,
have been conducted. By these mechanical testings, the
process of fracture of material is quantified by measure of
stress and strain, by which the macroscopical physical
parameters can be obtained. The macroscopical
parameters cannot describe the relation between the
details of the whole field of physical parameters and the
process of fracture. High-resolution non-contact optical
technique and digital correlation techique!™? have been
applied in Brazilian test and three-point flexural bend
fracture tests with pre-cracks configuration. The growth
and movement of pre-cracks is measured successfully. But
it still doesn’t provide data on damage in the form of
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microcracks, debonding, void formation and the growth of
existing voids in PBXs' interior. Non-destructive testing
techniques, such as Ultra-small angle x-ray scattering,
ultra-small angle neutron scattering, x-ray computed
microtomography (CT)® 1 and so on, have been
developed to investigate voids from a few nanometers to a
few micrometers successfully.

In this paper, CT is applied to observe PBXs' interior
microstructures subjected to compressive —stress.
According to CT imaging principle, the low and high
density regions can be distinguished. The low density
regions contain information of damage. The change of
damage in PBXs, which is uniaxially stepwise compressed,
is well investigated. By digital images processing on CT
images, the characteristics of the change of the damage
are presented. The failure mechanism of PBXs under
quasi-static compress is analyzed. The results show that
three stages on evolution of the damage are clarified and it
is well matched with experimental data and nonlinear
mechanics response.

2. Experiments
Pressed octahydro-1,35,7-tetranitro-1,3,5,7-tetrazocine

(HMX) -based PBXIlis used in the experiments. The
specimen’s diameter is 20mm and the height 20 mm. The
compression rate is 0.5 mm min™. It is considered as quasi-
static uniaxial compress process. The parameters of X-ray
CT are magnification 9.09 and x-ray voltage 130 V.

The whole experiment process goes through two steps.
First the quasi-static uniaxial compress test is conducted
on the specimen. Second it is checked by CT. To avoid
damage closing up after upload, as Figurel shows, a
special experimental setup is designed and the specimen is
placed between a press end and a press base. The press
end moves along the orientation of compression. When the
compressive stress increases to the given value, the press
end stop moving and the location of the press end is fixed
by nuts. By this method, damage is frozen within the
PBXs specimen. The compressive stress is stepwise
increase by 0,5 MPa, 10 MPa, 15 MPa, 20 MPa, 25 MPa, 30
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1—the press end, 2—the nut, 3—the specimen, 4—the press base,
5—the orientation screw.

Figure 1 The experimental setup.

MPa respectively. After every step, the interior
microstructures of the cross section at the upper line and
middle line are observed by CT.

3. Results and discussion
The typical CT images are obtained as shown in Figure

2. Tomographyic slices are reconstructed by attenuation
of x-rays through the specimen. It is described by
I = Ile * where I is the x-ray intensity, « is the distance of
the unit which x-ray goes through and # is an attenuation
coefficient, which is depend on the material and the
density. Therefore, the dark region of PBXs' interior in the
cross section is the low density part, which contains cracks
and damage.

According to imaging principle, a high pixel value
represents a high density and a low pixel value represents
a low density. In Figure3, the wvertical coordinate
represents that the number of elements is cumulated in
the whole PBXs’ interior when the pixel value is higher
than the given pixel value. The statistic distribution of the
pixel value is obtained. When the given pixel value is
above some value, the number rapidly decreases. So there
exists a threshold value. It is because materials’ density is
far above voids’ density and the voids are out of statistic.
So the inflexion can distinguish the high density part and

1, 2, 3—the dark region.
Figure2 The typical CT image.
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Figure3 The statistic distribution of pixel value.
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On the condition of stress:
Figure4 The CT images of interior at the upper line and the binary images.

low density part.

By confirming the inflexion of every CT image, the low
density region is obtained. If the pixel value is not lower
than the inflexion 7, where 7 is the pixel value, is equal to 1.
Otherwise 7 is equal to 0, where is the low density region.
The binary images, which are displayed in Figure 4, are
transformed from the CT images.

Figure 5 shows that the low density region of interior at
the upper line and the middle line changes in three
different processes as the stress increases. In initial stage,
the proportion apparently decreases. This process
represents part of initial damage is closed up. As the
specimen is compressed more, the proportion fluctuates.
New damage appears. At the same time, part of damage is
also closed up. Until the pressure reaches some value, the
proportion rapidly increases. Damage develops to form
cracks.

The evolution of damage and the formation of cracks
bring about the change of the Young's modulus. The
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Figure 5 The low density region proportion with the change
of the pressure.
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Young’s modulus is defined that Ee-¢ = (do/de)-«,,
where 0 is stress and € is strain. As the experimental data
in Figure 6 show, after a short elastic stage, the trend of
the change E have two states. Therefore, it can be defined
as follows :

A O<e<en
do/de =y{Be" ey <e<er 1)
Ce™ e <e<e

According to the experimental data of the uniaxial
compress test, the parameters in the formula (1) are
determinate : A = 10.64 GPa, B = 381.6 MPa, n1 = —0.479,
C = 22.697 KPa, n. = —2.2316.

The stress-strain relation (2) is obtained by integrating
the formula (1). The integral constant is confirmed by
proceeding the experimental data in the optimization. As
Figure 7 shows, the formula (2) matches well with the
experimental data. The strain critical value, where the
curves intersect between the two connected areas, is
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Figure6 The Young’'s modulus—strain curve.
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Figure7 The stress—strain curve.

calculated by the consecutive condition of the stress-strain
equations. So €0, &1 is solved by the formula (2):
€0 =5.710"* &1 =3.89"10"% and oo, o1 is calculated: 6.06
MPa, 31.78 MPa independently.

1.064°10%¢
o= 7-324)(108*60'521 _ 88785%1)*106
4.862°107 — 1.842* 10 ¢~ 1232

O0<e<eo
go<e<er 2)

g<e<e

The evolution of the damage as the CT images show is
consistent with the change of the Young’s modulus. That
is the evolution of damage brings about the nonlinear
mechanics response. In fact, the low density region in
PBXs interior microstructures contains many tiny air
bubbles. So in the process of uniaxial compression air is
compressed. Meanwhile the process is considered to be
isothermal on the condition of the quasi-static
compression. Due to the lower air pressure of voids in the
compressive initial stage, the change of the air volume
AVIV =AP/P is quantitatively equal to 10. Explosive
crystals’ Young’s modulus is quantitatively 10 GPa and
polymer binders’ Young’s modulus is quantitatively higher
than 10 MPa. So voids are more easily compressed than
explosive crystals and polymer binders. When the
compress stress is lower, it is in the elastic stage that
material and voids as the whole are compressed to
density. The initial voids include the microcracks which
are formed in the process of producing the PBXs
specimen. As microcracks are closed up, the surfaces
operate each other. The compress stress continuously
increases. It makes the air pressure rise and the voids
become more difficulty compressed than the initial stage.
Meanwhile, the air pressure acts on explosive crystals and
polymer binders. Therefore, new microcracks appear.
During this stage, part of voids are still closed up. The
appearance and close of voids are arbitrary because of
randomicity of the locations and dimensions of initial voids
and so on. The number of damage presents fluctuates. But
in macroscopical opinion, the decrease rate of the Young’s
modulus is regular. When the stress is higher than some
value, the damage is connected to form macrocracks. It
develops rapidly and makes capability of PBXs’ resisting

compressed weak. So the Young's modulus rapidly
decreases.

4. Conclusions
Based on CT technology, the information of damage in

PBXs' interior is obtained. Evolution of damage is well
statistic according to the threshold value by proceeding
CT images. Under the quasi-static stepwise compress
condition it is introduced into the three-stage failure model
for describing the evolution of the damage. In the elastic
stage, the initial damage is closed up. It results from that
voids are more easily compressed than explosive crystals
and polymer binders. As the compress stress increases,
PBXs show the properties of plasticity. A small number of
new microcracks in crystals and polymer binders appear.
During this stage, the number of damage fluctuates. When
compress stress continuously enhances, micocracks are
connected each other or enlarged. The damage forms
cracks so that PBXs are in the failure. The three-stage
failure model is supported by the analysis of the Young’s
modulus on the deformation theory. The law of the change
of the Young’s modulus has also three steps. The joint
value of every stage is approximately equal between the
CT results and the results of the Young’'s modulus. So the
three-stage failure model is well matched with
experimental data and reveals the relation between the
evolution process of damage and the nonlinear mechanics
response.
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