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Abstract Polymeric sponge replication technique is the
most used process to obtain ceramic foams with a cellular
structure for filtration applications. This technique is based
on an impregnation of a polymeric sponge with ceramic
slurry, removal by squeezing, followed by burning out
polymer and high temperature sintering. Ceramic filters
must present high permeability and strength. However,
these parameters are influenced in different ways by the
processing method and the consequent cellular structure. In
this work the relationship between permeability and
strength has been investigated for 10- and 40-ppi (pores per
linear inch) Al,O3-ZrO, filter materials. Characterization
included the evaluation of the permeability and strength as
well as the microstructural analyses of the fracture surface.

Introduction

Porous ceramics have been extensively investigated as
structural materials for flow of fluids in high-temperature
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applications [1-3]. Ceramic porous structures are specially
suitable for filtering molten metals, hot gases, thermal pro-
tection systems, and heat exchangers [4-8]. Materials for
filtration at high temperatures must have special features:
high permeability and mechanical strength at high temper-
atures. Morphology, size of the cell, and the degree of
interconnectedness are fundamental parameters that
strongly influence the application of these classes of mate-
rials [9-14]. Materials used as filters normally require an
open cell structure. Permeability and filter strength are
dependent on pore size and distribution. It is very difficult to
optimize both properties because they are inversely pro-
portional to each other. Mechanical strength generally
decreases with increasing porosity, regardless of the per-
meability [11]. The final properties of these materials are a
function of the processing method and the consequent
microstructure [1-4, 12—-14]. Several processing routes have
been proposed for the production of ceramic porous material
[1, 9-14]. The most widely spread industrial process to
produce closed cell structure for filter application is the
polymeric sponge replication method [13, 14]. This tech-
nique consists in dipping the polymer foam into a slurry
containing an appropriate binder and the necessary ceramic
materials, followed by a heat treatment that leads to the
burning out of the organic elements and to the pressureless
sintering at elevated temperatures of the ceramic skeleton
[6]. Various ceramic materials such a cordierite, alumina,
mullite can be used with this replica method [13, 14].

The objective of this work is to study the relationship
between mechanical strength and permeability and also the
fracture surface after strength tests of a commercial porous
ceramic material (10 and 40 ppi) based on alumina
430 wt% ZrO, in order to classify the material as
acceptable/adequate to be used as filter for hot gases
applications.
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Experimental procedure

Ceramic foams tested in this work were supplied by Min-
erfund Ltd., Ibaté-SP—Brazil, and were produced by
making replicas of open-cell polyurethane foams with 10
and 40 pores per linear inch (ppi). Samples were disks with
a diameter of 30 mm and about 10 mm thick. The total
porosity of the samples (&) Was calculated based on
mass and volume measurements using the expression
goal = 1 — pgo/ps, where p, is the geometric sample den-
sity and p is the apparent density of the struts, obtained by
the immersion method (Archimedes principle). The aver-
age pore size and the pore size distribution were evaluated
through statistical analysis of images acquired with the
help of a camera (Galai CCD Macroviewer) and processed
using the software Image-Pro Plus 3.0 at the Federal
University of Sao Carlos (UFSCar). Permeability parame-
ters were evaluated from airflow rate versus pressure drop
measurements using the apparatus illustrated in Fig. 1.
Permeability constants were fitted from Forchheimer’s
equation, expressed for flow of compressible fluids as:

PP —P, n P >

R, 4P 1
TN T (1)

where P; and P, are, respectively, the absolute air pressures
at the entrance and exit of the sample; vy is the superficial
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Fig. 1 Scheme of experimental rig for permeability evaluation of
ceramic replicas

fluid velocity, determined by vy = Q/A, where Q is the
volumetric flow rate and A is the exposed surface area of the
porous medium perpendicular to flow direction; L is the
sample’s thickness; u is the air viscosity, and p is the air
density, evaluated for P, = 716 mmHg and T = 25-30 °C.
The parameters k; and k, are known as Darcian and non-
Darcian permeabilities, in reference to Darcy’s law. They
incorporate only the structural features of the porous med-
ium and therefore are considered constant even when if the
fluid or the flow conditions are modified. It is important to
note that both parameters are dimensionally distinct: In SI
units, k; is expressed in mz, whereas k, is expressed in m. The
first term of Forchheimer’s equation [pvy/k;] represents
viscous energy losses and prevails at low fluid velocities,
while the quadratic term [pvszlkz] represents the kinetic
energy losses and is more significant at higher velocities.
The relative contribution of each term to the total pressure
drop also depends on the values of k; and k,, which can
change significantly according to processing conditions.
Therefore, the knowledge of the predominant relationship
(linear or quadratic) for the pressure drop curve is critical for
designing the best driving equipment for fluid flow in a given
application. Permeability constants k; and k, were obtained
in this work by fitting the experimental data of [P, — P2]/
2P,L versus vs in Eq. 1, using the least-square method. At
least 10 sets of P;, P,, and v, values were acquired in a
stationary airflow regime for each test.

Samples of ceramic foams were cut into pieces of
approximately 30 mm x 15 m x 10 mm using a diamond
saw and subsequently submitted to mechanical tests. The
mechanical strength of the samples (average of five bodies
for each value) was measured using a universal testing
machine (Zwick-Roell) in four-point bending test mode at a
constant cross-head speed of 0.5 mm/min. The mechanical
tests were performed at room temperature and also at
1,000 °C. Crystalline phases were identified by X-ray dif-
fraction (Shimadzu XRD 600) in the 260 range of 10-90° with
a 20 scanning rate of 2° min~'. The cell geometry and the
macrostructure of the ceramic foams were observed using an
optical camera and the struts and the surface fracture were
observed by a scanning electron microscope (Schimadzu).

Results and discussion

The main physical parameters obtained for 10- and 40-ppi
Zi0; replicas are shown in Table 1. As expected, the sample

Table 1 Physical parameters obtained for ceramic foams tests in this work

Nominal pore counting (ppi) ky (1077 m?) ko (1073 m) p strut (g/cmS) p sample total (g/cm3) Eotal (—) dpores optical (MM)
10 9.41 6.18 3.06 0.52 0.829 2.33 + 1.21
40 2.69 1.92 3.00 0.64 0.787 1.93 + 1.06
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Fig. 2 Pore size distributions for 10- and 40-ppi replicas
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Fig. 3 Typical pressure drop curves obtained for 10- and 40-ppi
replicas for airflow at room temperature

with lower pore count displayed slightly higher porosity,
higher pore size, and higher permeability level. Treatment of
data obtained from image analysis (Fig. 2) indicated that
pore size distribution is different for both replicas and
revealed that the 40-ppi sample displays smaller mean
diameter. Figure 3 shows typical pressure drop curves in
which permeability constants k; and k, are fitted. The par-
abolic trend of curves is confirmed by the exceptional
correlation coefficient R? = 0.999, which implies that
pressure drop is mostly ruled by the second term [pvy*/k,] of
Eq. 1. Such correlation agreement was observed for all tes-
ted samples. This behavior is important because it proves
that Darcy’s law is not valid to predict pressure drop for such
highly porous materials. The values for both constants are
coherent with data presented in the literature (Fig. 4) and
prove that ceramic replicas are among the most permeable
rigid porous structures. The importance of parameters k; and
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Fig. 5 Example of temperature effect on the pressure drop curve of a
40-ppi ZiO; replica. In this simulation, no correction was carried out
on values of k; and k, constants obtained at room temperature
(Table 1)
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Fig. 6 Simulation of pressure drop curves with airflow at 800 °C and
atmospheric pressure for 10- and 40-ppi ceramic replicas
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k, is that they do not depend on the type of fluid or velocity
range used for flow. Therefore, they are useful to predict the
pressure drop for other applications, including those with
flow at high temperatures, such as hot aerosol filtration and
gas burning in boilers, incinerators, and power plants. In this
situation, a variation in fluid properties (viscosity and den-
sity) is expected, which in turn affects the pressure drop
curve in opposite ways. The increase in temperature causes
an increase in gas viscosity but a decrease in gas density.
Since inertial effects (the second term of Forchheimer’s
equation, [pv*/k,]) are dominant for replicas in typical
operational velocities, then the prevailing effect will be a
decrease in pressure drop (Fig. 5), i.e., less energy is lost
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Fig. 7 X-ray diffraction pattern of the cellular cell investigated in
this work
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during airflow and therefore savings in electric power with
fans and blowers are possible. Nevertheless, it is worth
noting that permeability constants k; and &, are also affected
by temperature increase, since the structure is reversibly
changed by thermal expansion effects. The literature has
shown that in general, permeability constants increase with
temperature [2—4], which implies that for high temperatures
applications with gas flow, an even more pronounced
decrease in pressure drop is expected for ceramic replicas.
Figure 6 shows how the increase in gas velocity at high
temperatures affects the contribution of inertial and viscous
effects to pressure drop. The values of k; and k, for both
10- and 40-ppi samples were used to predict the pressure
drop behavior during airflow at 800 °C and atmospheric
pressure. It is clear according to this simulation that for
higher velocity, the contribution of viscous effects is
reduced. In practice, this also means higher turbulence inside
the porous structure, which favors applications that involve
mixing of fluids, such as in gas burners (oxygen and fuel).
Figure 7 shows the X-ray diffraction pattern of the
ceramic foam. It can be noted that the ceramic foam is
composed basically of alumina and zirconium oxide.
Figure 8 shows the morphology of the ceramic foam with 10
and 40 ppi. Both ceramic foams have similar microstructure
with the presence of some closed cells that are responsible
for the degradation of the permeability behavior. It can be
noted that an increase in porous density causes an increase in
number of connections. The cell diameter decreases as the
linear pore density increases from 10 to 40 ppi, as expected.
The effect of cell size of the ceramic foam and the test
temperature on the mechanical behavior is showed in Fig. 9.
The low strength values observed for both materials are
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Fig. 8 Morphology of the ceramic foam with (a) 10 and (b) 40 ppi
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Fig. 9 Mechanical behavior of the ceramic foams

associated with the presence of macro- and microdefects in
the material such as triangular voids inside struts, internal
microcracks between the filaments, and the fracture of the
struts surface (Fig. 10). The high density of these macro-
and microdefects facilitates crack propagation. Particle
decohesions in the ceramic foam (Fig. 11), caused by an
incomplete sintering of the ceramic grains that form the
struts, are also responsible for the low mechanical perfor-
mance. The results indicated that the material with 10 ppi
did not present any significant influence on the resistance by
increasing the test temperature. Strength values remain
practically constant, ranging from 0.7 to 0.8 MPa. Contrary

Fig. 10 SEM micrograph
showing the presence of a
microcrack between the
filament and fracture surface of
the filaments

@ Springer

Fig. 11 Particle decohesion in the ceramic foam

to that, the ceramic foam with 40 ppi shows a decrease in
strength values from approximately 1.4-1.1 MPa. The
higher flexural strength observed in the 40-ppi cell size can
be attributed to the degree of compaction and the micro-
cracks present in the filaments (struts). The number of the
microcracks is proportional to the thickness of the struts. An
increase in strut thickness, which occurs by decreasing the
cell size from 40 to 10 ppi, causes probably an increase in
microcracks, thus density, reducing the strength of the
ceramic foam. Gibson and Ashby [14] have proposed a
theoretical model for open-celled materials. This model
consists of an array of cell struts and has shown that the
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mechanical behavior of the ceramic foam is determined
mainly by the bending strength of the cell struts [13—15].
Based on this model it may be concluded that the strength of
the ceramic foams investigated in this work can be improved
by decreasing the macro- and microdefects found in the
material (Fig. 8) and by densification of the cell walls.

Literature in the field of high temperature is still scarce.
It is essential to understand this behavior especially in the
case of hot filtration.

It must be pointed out that the permeability behavior and
strength are two of the most important parameters to
characterize ceramic foams. A compromise between these
two parameters must be found to allow the use of porous
ceramics as gas filters.

Studies are still underway to investigate the dependence
of the mechanical behavior of the cellular ceramic mate-
rials on test temperatures and to determine the best relation
between strength and permeability.

Conclusions

Two commercial ceramic foams with 10 and 40 ppi were
analyzed. The results obtained in this work show that the
main crystalline phases identified were alumina and zirco-
nium oxide. The morphology of both materials is quite
similar. The 10- and 40-ppi cell sizes have showed the
presence of macrodefects (triangular voids) and microde-
fects (cracks and microspores). Strength and permeability
have shown an inverse dependence, as expected. The
40- and 10-ppi cell sizes presented higher permeability and
strength values, respectively. The best mechanical perfor-
mance observed in the 40-ppi cell size can be attributed to
the higher thickness of the filaments (struts).
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