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ABSTRACT. In this study behavior of the selected types of filling material for the inter-penetrating
phase composites was tested in compressive loading mode at low and high strain-rates. Three types of
the filling material were tested, (i) ordnance gelatin, (ii) low expansion polyurethane foam, and (iii)
polyurethane putty. To evaluate their impact energy absorption bulk samples of the selected materials
were tested in compression loading mode at strain-rates 1000s~! to 4000s~!. The high strain-rate
compressive loading was provided by Split Hopkinson Pressure Bar (SHPB) which was equipped with
PMMA bars to enable testing of cellular materials with low mechanical impedance. Based on the
comparative measurement response to compression at both low and high strain-rates was analysed.
The results show a significant strain-rate sensitivity of the ordnance gelatin and of the polyurethane
putty, while strain-rate effect in the polyurethane foam was not observed.
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sensitivity.

1. INTRODUCTION

In recent decades cellular materials, both metallic and
polymeric, are of interest in engineering design fields
due to their lightweight nature and possibilities for
structural and topological optimisation. Among such
cellular materials, metal foams [1], additively manufac-
tured periodic structures and auxetics (materials with
negative Poisson’s ratio) may serve in impact energy
absorption applications. For this purpose, materials
exhibiting plateau region with increasing of strain
keeping constant or only slightly increasing stress up
to considerably high strain are required. A high po-
tential for impact energy protection pose materials
with strain-rate sensitive behaviour which increase
their stress response with increasing strain-rate. Such
materials may be identified among closed cell metal
foams, where strain-rate sensitive response is induced
by air flow trough the cell walls during their failure [2],
or coated open cell metal foams in which the strain-
rate sensitivity is caused by micro-inertia effects of
the struts [3]. Another way to enhance cellular metals’
impact energy absorption properties is to equip the
porous structure with a suitable filling material to
form inter-penetrating phase composite (IPC). The
filling has to provide a good strain energy absorption
with acceptable increase of the overall density of such
IPC. In this study behavior of selected types of filling
material were tested in compressive loading mode at
quasi-static condition and using Hopkinson Pressure
Bar (SHPB) at high strain-rates.

2. MATERIALS AND METHODS

2.1. SPECIMEN PREPARATION

Three groups of specimens were prepared from three
different polymeric materials: (i) polyurethane foam,
(ii) polyurethane putty and (iii) ordnance gelatin.
Cylindrical shape and dimensions (diameter 18 mm
and length 5mm) of the sample were selected with
respect to bars’ diameter in SHPB apparatus. Both
polyurethane foam and polyurethane putty were com-
mercially available single component substances which
cured in several hours under ambient conditions. Due
to its expandible nature, polyurethane foam was
poured into a larger mold and subsequently cut by
an in house metalic hollow drill to the desired shape.
Finally, length of the cylinder was finalized by sharp
blade. The polyurethane putty was prepared in a
confined mold, and after curing process, the cylinders
shortened by sharp blade. The ordnance gelatin sam-
ples was prepared according to recipe published by
Jussila [4]. The liquid mixture was poured in a shal-
low mold to achieve uniform height and after curing
cylindres were cut by a hollow drill. The same shape
and dimensions of the specimens were used for both
quasi-static and dynamic tests.

2.2. QUASI-STATIC TESTS

To obtain reference stress-strain curves for evalua-
tion of behaviour under higher strain-rates, a series of
quasi-static tests of all three materials were performed.
For the quasi-static tests, a custom uniaxial loading
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FIGURE 1. Experimental setup used for quasi-static
tests.

frame [5] with loading capacity 3kN was used. The
loading setup was instrumented by a load-cell U9b
(Hottinger Baldwin Messtechnik, Germany) with load-
ing capacity 1kN. Loading was provided by a stepper
motor attached to a harmonic drive and controlled
by an in-house control software based on LinuxCNC
interface [6]. The loading setup for the quasi-static
tests is depicted in Figure[I] A custom control unit
for both loading axis control and load-cell readout
was used [7].

The displacement controlled test was performed up
to overall strain of 50 % with loading rate of 4 ym.s~*
corresponding to strain-rate appox. 5- 1073571,

2.3. HIGH STRAIN-RATE TESTS

For the high strain-rate tests, an in-house SHPB,
developed at CTU in Prague [§] was used. The appa-
ratus is based on Kosky setup, which was adapted for
testing of materials with low mechanical impedance.
The striker, incident and transmission bars were ma-
ufactured from Poly Methyl-metacrylate (PMMA).
Diameter of the bars was 20 mm, lengths of striker,
incident and transmission bars were 190 mm, 1600 mm
and 1600 mm, respectively. The bars were supported
by 8 low-friction polymer-liner slide bearings with
aluminum housing (DrylinFJUM housing, IGUS, Ger-
many). The striker bar was accelerated by air gun with
maximum pressure 16 bar with fast release solenoid
valve (366531, Parker, USA).

Different levels of pressure were used to accel-
erate the striker in range from 0.5bar to 3.0bar.
Based on the preliminary results, pressure levels of
0.5bar, 1.0 bar and 1.5 bar were selected for testing of
polyurethane foam and polyurethane putty and pres-
sure levels of 1.0 bar, 2.0 bar and 3.0 bar were used for
the samples of ordnance gelatin.

The incident bar was instrumented with 3 mea-
surement points using strain-gauges to take the wave
propagation phenomena in visco-elastic medium into
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account. The transmission bar was instrumented
with single measurement point. The foil strain-gauges
(3/120 LY61, Hottinger Baldwin Messtechnik, Ger-
many) were applied on each measurement point using
a single component low-viscosity cyanoacrylate adhe-
sive (Cyberbond 2003,Cyberbond Europe GmbH, Ger-
many). The strain-gauges were connected in Wheast-
one half-bridge arrangement to compensate the possi-
ble minor bending of the bars during the latter stage
of the experiment. The signals were amplified by
an active differential low-noise amplifier (EL-LNA-2,
Elsys AG, Switzerland) and recorded by high speed 16-
bit digitizer (PCI-9826H, ADLINK Technology, Inc.,
Taiwan) with maximum sample rate of 20 MHz. Due
to a limited capacity of the digitizer, precise trigger-
ing of the measurement was required. The trigger
was implemented by a pair of laser through-beam
photoelectric sensor (FS/FE10-RL-PS-E4, Sensopart,
Germany) which were installed on the barrel.
Moreover a high speed camera (FASTCAM SAS5,
Photron, Japan) was used to capture the loading
scene at frame rate 124000 fps which enabled visual
inspection of the deformation behavior of the tested
specimens. The SHPB setup is shown in Figure

3. RESULTS

3.1. QUASI-STATIC TESTS

Stress-strain curves of all tested specimens were cal-
culated using the data recorded during the experi-
ments. In the mechanical response of the polyurethane
putty, progressive densification occured during the
entire compressive loading. In the response of the
polyurethane foam, the elastic region followed by the
plateau and the densification was observed. Response
of the ordnance gelatin exhibits steady densification.
The stress-strain curves are shown in Figure

3.2. HIGH STRAIN-RATE TESTS

In the high strain-rate tests, stress-strain curves were
derived using the strain-gauges signals. From known
wave propagation velocity in the bars’ material and
measured strain, strain rate and strain was calcu-
lated based on the wave propagation theory in one-
dimension. Then, from the strain and known cross-
section area of both bars and sample and elastic mod-
ulus of the bars, stress was derived. To check validity
of the performed tests, force equilibrium (convergence
between input and output force at transmission bar)
was evaluated. Example of the equilibrium evaluation,
where force calculated at incident and transmission
bar is plotted over time, is presented in Figure [4

In total, 5 tests were performed for every pressure
level in each sample group. The stress-strain
diagrams for the group of the polyurethane putty, the
polyurethane foam and the ordnance gelatin, together
with strain-rate-strain curves, are presented in
Figures Note, that strain-rate of the experiments
varied from 1000s~! to 4000s~!.
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FIGURE 2. SHPB setup.
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FIGURE 3. Stress-strain curves under quasi-static
compression.
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FIGURE 4. Force equilibrium diagram for polyurethane
putty specimen tested at 1.5bar.

The characteristics of the plastic failure were evalu-
ated using the high-speed camera images. Comparison
between the intact and the damaged state of the se-
lected specimens in all three groups are shown in
Figures 8 to[I0] The specimens of the polyurethane
foam exhibit no significant radial expansion during
the plateau region, which corresponds to its porous na-
ture and crushing of the pores during the plateau. On
the other hand, radial expansion of the polyurethane
putty specimens is clearly detectable during the en-
tire deformation evolution, which corresponds to the
steady increase of stress without significant plateau.
The specimens of the ordnance gelatin exhibit slight
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FIGURE 5. Stress-strain curves and strain-rate evolu-
tion for group of polyurethane foam specimens.
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FIGURE 6. Stress-strain curves and strain-rate evolu-
tion for group of polyurethane putty specimens.

radial expansion during the initial phase of tests and
subsequently fail may be identified at the surface, de-
velopment of which occures in the plateau phase of
the stress-strain curves.

4. CONCLUSIONS

Based on the comparative measurement, the response
to compressive loading of three types of filling material
was evaluated. The obtained stress-strain curves were
analyzed together with the sets of images of intact
and damaged specimen during high strain-rate loading
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FIGURE 7. Stress-strain curves and strain-rate evolu-
tion for group of ordnance gelatin specimens.

FIGURE 8. Comparison of intact and deformed state
of polyurethane foam specimen.

and the behaviour corresponds to the measured curves.
The results show a significant strain-rate sensitivity
of the ordnance gelatin and of the polyurethane putty.
Strain-rate effects in polyurethane foam occured start-
ing at strain rates higher than 1500s~!. However, this
fact might be influenced by the limited dimensions of
the specimens required for the SHPB tests which did
not allow to test the representative volume element
in this case.
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