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Study on dynamic mechanical response of a polymer
bonded explosive under high strain rates
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Dynamic compressive stress-strain curves of a polymer bonded explosive (PBX) at high strain rates (from 403s™ to 2207 s‘l)
have been determined with a modified split Hopkinson pressure bar (SHPB). Pulse shaping was used to ensure that the PBX
specimen deforms at a nearly constant strain rate under dynamically equilibrated stress. A nearly constant strain rate under
dynamically equilibrated stress was provided based on the pulse shaping. The laser displacement meter was used to monitor
the axial strain of the specimen in the experiments. The validity of the experiments was monitored by the polyvinylidene
fluoride (PVDF) force sensors for dynamic stress equilibrium, and by a high-speed camera for specimen deformation. All
results indicate that the material is sensitive to strain rate and the strain-rate sensitivity depends on the value of strain, and
the compressive strength improves with the increase of RDX content.
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1. Introduction

Polymer bonded explosives materials have an
extensive application in the conventional warhead and
rocket propellant [1-2]. With the rapid development of
modern high-performance weapon system, improving the
safety performance of PBX becomes increasingly urgent.
In the process of high-speed penetration, the dynamic
mechanical response of PBX directly impacts the safety
performance of weapon equipment. Therefore, it is of
great significance to study the dynamic mechanical
response of PBX.

Zhou Zhong-bin et al. [3-5] carried out some
researches on the dynamic deformation and
microstructures of PBX substitute material. Liang
Zeng-you et al. [6] conducted the shock tests to study the
damage of PBX materials. Over the past decade, much
progress on traditional energetic materials has been
achieved, especially in mechanical properties [7-11],
damage evolution [12], and high rate deformation [13-15].
In most available researches, the PBX materials are brittle.
However, the PBX materials in this paper are viscoelastic,
and it is a new phlegmatic high energetic material. And the
dynamic mechanical properties of this material under high
strain rates have been less known yet. In this paper, the
dynamic compressive behavior of the PBX material is
explored by a modified split Hopkinson press bar setup.

2 Experiments
2.1 Experimental materials and setup

Two kinds of PBX specimens (®16mmx4mm), PBX1

and PBX2, are fabricated by a pouring process. Forty
percent of PBX1 is made of RDX, and the others is the
mixtures of aluminum powder and polymer. And sixty
percent of PBX2 is made of RDX, the others is the same
mixtures with PBX1. They both have some similar
characteristic with rubber.

A modified SHPB setup for low-impedance material
testing is employed to conduct the dynamic compressive
experiments on the PBX materials, as shown in Fig. 1.
Considering the material impedance matching, the striker
bar (®20mmx150mm), the incident bar
(©20mmx1500mm) and the transmitted bar
(®20mmx1500mm) are all made of LC4 aluminum. The
specimen strains measured by strain gauges are stored by
CD-1D high dynamic strain indicator. The axial strains of
specimens are measured by laser displacement meter, and
the stress states on both ends of the specimen are
monitored by PVDF force sensors [16]. The deformation
and failure process of the PBX materials are recorded by
the high speed camera.

Striker Pulse Shaper IncidentBar Specimen Transmitted Bar Buffer Bar

—p  Stain Gauge PVDF PVDF Stain Gauge
\% (&,6) 1 (g)
Ultra-dynamic | Circuit Board | | CircuitBoard || Ultra-dynamic
Strain Amplifier High Speed Strain Amplifier
| Camera |
| Oscilloscope |

Fig. 1. Experimental setup.
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2.2 Experimental principle

A striker bar impacting the incident bar of the same
cross sectional area and modulus generates an elastic stress
pulse. The elastic stress pulse propagates through the
incident bar and passes through the specimen while
deforming it. The impact velocity of the striker bar is
twice as large as the particle velocity imposed on the
incident bar [8]. When reaching the interface between the
specimen and the incident bar, the part of the elastic stress
pulse are reflected back, and the others are transmitted
from the specimen and pass through the transmitted bar.
Strain gages mounted on both the middle position of the
incident and transmit bars are used to acquire the incident
pulse, the reflected pulse and the transmitted pulse. Based
on the assumption of one-dimensional wave propagation,
it is meaningful to analyze the strain signals from the
strain gages. The strain-rate £(t), strain &(t) and stress
a(t) of the specimen can be expressed as [17]
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Where C, is the longitudinal wave velocity in the bar,
L, is the original length of the specimen, and ¢; and &
are the strain of the reflected and transmitted pulse,
respectively. ¢, is the incident pulse. A and A are
the cross sectional areas of the Hopkinson bars and the

specimen, respectively. Based on the assumption of the
dynamic stress equilibrium, it can be expressed as:

& +eg =6 (4)

2.3 Calibration of laser displacement meter

The laser displacement meter mainly includes laser,
lens and receiver. And the working principle is that the
displacement by blocking the light is obtained through
monitoring the light-changed value of the laser. For static
calibration, a set of high precision feelers is used to partly
block the laser. The blocking length of the feelers ranges
from 0 to 10mm with a step of 0.05mm. A certain amount
of voltage AU is outputted through the photoelectric
converter under a light-passing length Ad, as defined in
Eq. 5.

AU = KAd (5)

where k is the calibration parameter of the laser
displacement meter. As shown in Fig. 2, it displays a good
linearity, which indicates the high uniformity of the laser.

To verify the dynamic response frequency of the laser
displacement meter system, the dynamic calibration is
completed by a single Hopkinson bar under dynamic
loading. The striker bar is used to impact one end of the
incident bar, and the laser displacement meter system is
used to monitor the motion of the other end. When the
impact compressive wave arrives at the free end of the
incident bar, it would be reflected as a tensile wave and
then the free end of the incident bar begins to move. The
incident and reflected waves are measured by the strain
gauges glued on the middle of the incident bar. The
displacement-moved of the free end of the incident bar can
be defined as [18]

Ad =I;(8i +¢, Codz (6)

where t is the time of a shock compressive pulse, C, is the
compressive wave velocity in the incident bar. Based on
Eqg. 5, the displacement of the free end of the incident bar
can be measured with the output of the laser displacement
meter system. The above displacement is compared with
the value obtained by the strain gauges. As shown in Fig. 3,
an excellent agreement suggests that the laser
displacement meter system has enough dynamic response
for measuring in SHPB. Chen et al. had completed the
dynamic calibration with the above method [1], but the
laser displacement meter in this paper is more advanced.
Its dynamic response frequency 3.5MHz completely meets
the requirements of SHPB dynamic loading. More
importantly, its use is more convenient.
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Fig. 3. Dynamic calibration.
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3. Experiment results

To ensure the dynamic stress equilibrium and
homogeneous deformation at a constant strain rate, a
proper pulse shaper-rubber (®10mmx2mm) was applied to
change the incident pulse, and the original signals under
the strain rate of 860/s are shown in Fig. 4. The stress state
on both ends of the specimen monitored by the PVDF
force sensors, as shown in Fig. 5, also shows a great
agreement. With the dynamic stress equilibrium, it ensures
the experimental feasibility.
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Fig. 5. Forces on the both ends of the specimen.

In the case of compression experiments
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where 1, and | are the original specimen thickness and

the current specimen thickness, respectively. & and &

are respectively the engineering strain of the specimen and
the true strain of the specimen. o, and o, are the
engineering stress of the specimen and the true stress of
the specimen, respectively.

To improve observation of the deformation process of
the specimen as indicated by the high-speed camera,
scattered spots were sprayed on the surface of the
specimen. Homogeneous deformation of the specimen is
revealed, as shown in Fig. 6. The engineering strain value
obtained from the laser displacement meter agree well
with the one calculated from the signal value of the strain
gauges in the incident bar and the transmitted bar, shown
as in Fig. 7, and it shows that the laser displacement meter
can be applied to the dynamic tests in the Hopkinson bar.
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Fig. 6. High-speed deformation of the PBX2 under
the strain rate of 860/s.
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Fig. 7. Strain measured by the laser and strain gauges.
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Fig. 9. Stress-strain curves of PBX2.
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10. The compressive strength VS strain rates.

The dynamic stress-strain curves of PBX1 under high
strain rates (from 470s™ to 2207s™) indicate that the
compressive strength improves with the increase of the
strain rate, as shown in Fig. 8. The stress-strain curves of
PBX2 have the same characteristic with PBX1, as shown
in Fig. 9, but the compressive strength of PBX2 are greater
than that of PBX1 in the similar strain rates (shown in Fig.
10). The results suggest that the PBX material is sensitive
to strain rates.

4. Conclusions

The dynamic compressive behavior of polymer
bonded explosive materials at high strain rates (from
403s™ to 2207s™) is determined with a modified SHPB
for low-impedance material test. Pulse shaping is used to
ensure that the PBX specimen deforms at a nearly constant
strain rate under dynamically equilibrated stress. The
PVDF force sensors are used to record the dynamic stress
equilibrium processes on the both ends of the PBX
substitute specimens. The laser displacement meter is used
to monitor the axial strain of the specimen in the
experiments. A high-speed camera was used to monitor the
uniform deformation of the PBX specimens during SHPB
experiments. These measures ensured that valid data were
obtained during the SHPB experiments.

The experimental results show that the PBX material
is sensitive to strain rates, and the strain-rate sensitivity
depends on the value of strain. Its compressive strength
improves with the increase of RDX content. The laser
displacement meter can be applied to the SHPB setup
system.
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