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Abstract The ceramic—elastomer composites with 3D
phase connectivity were tested under compressive loads.
Such composites exhibit high initial strength and stiffness
with the ability to sustain large deformations. Samples of
the composites were made of porous SiO, ceramic matrix
infiltrated by polyurethane elastomer. The ceramic matrix
preforms used differed in the porosity and three different
composite microstructures have been obtained. Selected
parameters of microstructure composites were evaluated
using image analysis. The compressive strength and
capacity for energy absorption are characterized under
various strain rates (0.001-235 s™!). It was found that
stress—strain characteristic depends on the strain rate and
the specific interface area (Sv). Pore size and the specific
interface area have a strong effect on the compressive
strength of composites and these parameters can be used
for tailoring their mechanical properties. The acoustic
emission was applied to identify stages in the process
of microstructure damage during compression. The
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interpretation of damage stages was proposed, which also
explains the character of the stress—strain curves.

Introduction

The ceramic—elastomer composites can be obtained via
infiltration of porous ceramic preform by urethane elasto-
mer. Such composites exhibit 3D connectivity of phases and
can offer some new properties when compared to common,
ceramic particle-reinforced polymers. The infiltration of
porous matrix with elastomer provides a significant increase
in the mechanical properties. This can be an advantage in
many commercial applications, now limited by the poor
mechanical properties of porous ceramics, which include
impact or damage tolerant elements or bone grafts [1-3].

Ceramic—elastomer composites exhibit higher initial
compressive strength in comparison to porous ceramics and
sustain larger deformations. The stress plateau over a wide
strain level is observed on the stress—strain compressive
curves. Although during compression the composite mi-
crocracking occurs, the composites maintain cohesion and
are able to dissipate mechanical energy.

Ceramic—elastomer composites combine the initial stiff-
ness of ceramics, rubbery elasticity and damping properties
of elastomer. Such composites absorb energy more effi-
ciently than both components separately. The energy
absorbance capacity and properties under compression are
comparable to some aluminium foams and energy-absorb-
ing composite structures [4—10]. Such materials can be used
as a part of lightweight shielding or panels for protecting
objects and structures against impact loads.

In this work, the mechanical properties and energy
absorption of the composites were estimated in compres-
sion at quasistatic and dynamic strain rate conditions.
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Materials and methods

Porous SiO, preforms were used for infiltration, as the
potential applications of composites require relatively low-
cost materials and processing. The preforms were obtained
from the SiO, powders with controlled particle size. In
applied method, the open porosity forms from voids pres-
ent between particles of powders. Ceramic powders were
mixed with 5% of a low-temperature glass binder, pressed
and sintered in air at 950 °C [11]. The studies were con-
ducted on samples with similar porosity but three different
pores sizes. The size fraction of applied powders, obtained
pore size and porosity of the sintered ceramics are
presented in Table 1.

The sintered porous preforms were infiltrated with urea-
urethane elastomer at elevated temperature (approximately
100 °C) in vacuum, in order to evacuate air and force the
liquid to penetrate the network of pores. As evaluated
previously [11], such conditions assume proper infiltration
with over 98% of open pores fully filled with elastomer.

The urea—urethane elastomer for infiltration was
obtained from oligoethyleneadipate, diisocyanate and dic-
yandiamide. Such composition of substrates forms a liquid
mixture with relatively low initial viscosity, desired for
infiltration process of a structure with fine pores. The
extensive characterization of urea-urethane elastomer can
be found in [12].

The quantitative characterization of the microstructure
was carried out on plane sections of composites using
image analysis methods [13]. A commercial software
Micrometer was used. The parameters determined were:
Vv—the volume fraction of elastomer and Sv—the specific
area of interphase boundaries (surface area in unit volume).

The composites were subjected to quasistatic (0.001 s™,
2 sfl) and dynamic (235 sfl) compressive loads to deter-
mine their energy absorption characteristic and strength—
strain rate dependence. It is assumed that the strain rates
range employed here is typical of automobile crash accidents
[10]. Samples were tested between parallel steel plates. The
sample edges were precisely machined to assure parallel
orientation for proper loading conditions. For quasistatic
loading, the MTS 810 testing machine was used. The strain
of samples was estimated based on the machine traverse

Table 1 Characteristics of the porous ceramics used in this study

Type Particle size Mean pore size Open porosity
of the ceramic (water bubble (Archimedes
powder (1m) method) (um) method) (%)

A <63 20 43+ 2

B 200-300 70 41 +2

C 500-1000 120 39+2

displacements. True traverse speed was 0.017 and 40 mm/s.
For impact loading, a drop hammer Instron Dynatup
9250HV was used. The mass and height of the impact
hammer were adjusted for a 100 N impact energy and the
initial speed of impact hammer was 4.7 m/s. The velocity
and the displacements were obtained by integrating the
acceleration with respect to time. The drop mass test does not
allow a constant velocity of the ram during the compression
stroke. For this reason, the quasistatic and dynamic results
may not be directly comparable. However, the deceleration
of the ram in the early stage of straining the sample may not
drastically affects the results.

Results and discussion
Image analysis

The observations of the microstructure were performed
using a scanning electron microscope Hitachi 3500S in a
low-vacuum mode. Images of plane sections of three types
of samples are presented in Fig. 1.

The results of image analyses are listed in Table 2.

Stress—strain characteristics under compressive loads

The representative stress—strain curves obtained in com-
pression tests for porous ceramic, elastomer and composite
are presented in Fig. 2.

The elastomer itself exhibits high elasticity and revers-
ible strains. The porous ceramic fractures rapidly after
reaching a critical stress level. The composite compressive
strength is much higher than the strength of ceramic.
Moreover, what is remarkable is that, when the ceramic
structure starts to collapse rapidly, a large stress plateau is
observed and composites can still transmit significant force
and sustain large deformations. After unloading, composite
samples tend to return to their initial shape and lose the
initial stiffness. However, they are still able to transmit
forces when re-loaded.

Since the stress—strain curve for composites has a non-
linear characteristic, some loading stages can be identified
during their straining. These stages are related to the type
and localization of microstructure damage [14—16] as was
identified by the acoustic emission [17] (Fig. 3).

The first stage “I” is an elastic region, where the stresses
arise with no acoustic signal from the sample. The second
stage “II” can be identified as a stable nonlocalized mi-
crocracking [14]. In this stage, some microcracking occurs
in various positions within the entire gauge volume of the
sample which can still sustain increasing stresses. The next
stage “III” features localization of microcracking. The
cracks start to grow along in parts of the composite and the
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Fig. 1 SEM images of plane
sections of “A”, “B” and “C”
types of ceramic—elastomer
composite

Table 2 Microstructure parameters of porous ceramic obtained from
image analysis

Composite ~ Mean particle Vv (volume Sv (specific area
type size of ceramic  fraction of of phase boundary)
powder (pm) elastomer) (1/mm)
A <63 041 £0.04 645 +£38
B 200-300 0.37 £ 0.02 142 £13
C 500-1000 0.38 £ 0.03 4.6 £ 0.7
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Fig. 2 Representative compressive stress—strain curves of porous
ceramic, elastomer and ceramic—elastomer composites

ceramic skeleton starts to collapse. From that point there is
no more increase in transmitted stresses. In the last stage,
unstable microcracking occurs with the structure collapsing
rapidly and a significant drop of stresses. The above-
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described stages can overlap and the borders between them
are “diffuse”.

It was revealed that over 98% of open pores in the
ceramic preforms are fully filed with an elastomer. Since
the open porosity and the Vv parameter for all types of
composites are similar (within the tolerance interval), the
Sv parameter varied significantly from value 4.6 for “C”
up to 64.5 for “A” type microstructure. It is expected that
the specific area of interface boundary (Sv) might impact
the mechanical properties of the composite.

Microstructure—properties relationship and strain rate
dependence

Typical stress—strain response for the three types of com-
posites at different strain rates are presented in Fig. 4. All
curves show typical behaviours, as discussed in the further
text.

The properties of composites were estimated from the
stress—strain curves for both quasistatic and dynamic
tests. Since during dynamic tests, the strain rate is not
constant, the curves were analysed only up to 25% of
strain. For this value of strain the hammer decelerates by
about 50%.

In Fig. 5, the strain rate effect on the maximum
compressive stress is presented in semi-logarithmic scale.

The maximum compressive strength depends on the
composite microstructure and also on applied strain rate.
The response of the composite samples to straining rate is
not linear. As the straining rate increases, critical amount of
defects in ceramic matrix are achieved faster. Also, the
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elastomer modulus is strain rate dependent. The composite
type “A” is the most sensitive to strain rate with the
highest Sv value. This can be due to the fact that for high
Sv value the elastomer within the microstructure is highly
constrained and high strain gradients occur in it. High
strain gradients and high interface area between the cera-
mic and elastomer increase the maximum compressive
stress transmitted in the composites with percolated
structure.

The effect of the relative interface area (Sv) on maxi-
mum compressive stress is presented in Fig. 6.

The differences in the maximum compressive strength for
composites loaded with the same straining rate are affected
mainly by differences in the initial compressive strength of
porous ceramic. The composite type “A”, made of ceramic
with the finest grains and pores, has the highest compressive
strength. This might be because of the fine porous structure,
which has a higher density of ceramic necks per unit volume.
As a result, the critical accumulation of defect occurs at
higher stresses. For the same processing conditions of por-
ous ceramic, small particles tend to sinter better and as a
result the probability of defects formation is lower.
Regarding the sample size, stresses in fine microstructure
may be distributed more uniformly. As it is shown in Fig. 6,
the dependence between Sv and maximum compressive
stress is logarithmic.

As expected, the absorbed energy increases for high
strain rates. This effect is primarily caused by the

JI_
=0
cLas=4q MoLas=5

40
MLCLAS = B
Time [5]

Time [s] o
viscoelastic properties of the elastomer, and to a less
degree by the microstructure of the ceramic skeleton. Since
strain energy is stored in the elastomeric components as
well, samples were loaded and unloaded in order to esti-
mate the dissipated energy.

For the investigated composites and the strain rates
employed, the relationship between the absorbed energy
and the strain rate can be approximated by a logarithmic
function (Fig. 7). Beyond a certain level of the strain rate,
the absorbed energy for composite type “A” and “B” is
similar. The correlation of the microstructure parameter Sv
with energy is revealed in Fig. 8.

This suggests that there is an upper limit of the energy
that can be absorbed by the composite with a given value of
Sv. In other words, the absorbed energy depends on the
strain rate up to a certain level, which is correlated with the
value of Sv parameter.

Conclusions

It has been shown in this study that infiltration with elas-
tomer significantly increases compressive strength of
porous ceramics and prevents from rapid decohesion. By
combining the porous ceramics and elastomer, one can
obtain composites that effectively absorb the energy in the
way comparable to some aluminium foams or energy-
absorbing structures.
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Fig. 4 Typical stress—strain curves for the composites loaded at
different strain rates (0.001 s~!, 2 s71, 235 s71)

Since the investigated composites have a nonlinear
characteristic during compression, distinct loading stages
can be identified during their straining. The acoustic emis-
sion helps to identify these stages on the stress—strain curves.

The compression tests reveal a significant difference in
the maximum compressive strength and absorbed energy
depending on the composite microstructure and straining
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Fig. 5 The relationship between maximum compressive stresses and
strain rate for different composites
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parameter

rate. It was found that the maximum compressive stress in
compression correlates with the specific interface area (Sv)
following a logarithmic dependence. Composite type “A”
(Sv = 65.5) exhibits about 300% higher maximum com-
pressive strength than composite type “C” (Sv = 4.6) at a
given strain rate.

For the investigated composites and applied strain rates,
the relationship between the absorbed energy and the strain
rate can be approximated by logarithmic function. At high
strain rates, the relative interface area does not affect the
amount of absorbed energy.

It has been shown in this study that infiltrated porous
ceramic—elastomer composites are a potential energy-
absorbing material with the possibility of tailoring their
microstructure and properties.
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