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Abstract

Silicon carbide particle reinforced mullite composite foams were produced by the polymer replica method using alumina and kaolin to
form in situ mullite matrix. Up to 20 wt.% silicon carbide particles (SiCp) were added to aqueous ceramic slurry to explore its effect on
the rheological behaviour of ceramic slurries and also properties of as sintered products. By means of solid loading optimisation and
sintering enhancement by silicon carbide, mullite based ceramic composite foams of higher strength were obtained. The strength of the
as sintered foams was found to depend greatly on the phase composition, relative density of the structures and the amount of SiCp
addition. By studying the effect of the additive concentration, on the mechanical properties of the ceramic matrix, it is found that the

optimal silicon carbide addition is 20 wt.%.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ceramic foams are porous materials that consist of a
three dimensional array of polyhedral cells, with large
voids of the size ranging from 10 um to several millimetres.
The actual cell shape of the foam however is affected by
several factors, including the fabrication process [l1].
Depending on their morphology the foams can be used
as filters of molten metals and exhaust gases, radiant
burners, catalyst supports, biomedical devices, kiln furni-
ture, bioreactors, fibre-free thermal management compo-
nents, supports for space mirrors, components in solid
oxide fuel cells, lightweight sandwich structures, heat sinks
and heat exchangers [1,2].

The most common route for producing reticulated
porous ceramics is the replication method [3]. This method
is based on the impregnation of a polymer sponge with a
ceramic suspension or precursor solution in order to produce
a macro porous ceramic having the same morphology as the
original porous material. In the polymer replica approach, a
highly porous polymeric sponge is initially soaked into a
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ceramic suspension until internal pores are filled in with
ceramic material. The impregnated sponge is then passed
through rollers to remove the excess suspension and enable
the formation of a thin ceramic coating over the struts of the
original cellular structure of polymer sponge. At this stage,
the slurry has to be sufficiently fluid to be partially removed
under the shearing conditions applied by the rollers, but the
remaining ceramic wet coating should be viscous enough to
avoid dripping. Therefore, ceramic suspensions exhibiting
shear-thinning behaviour are needed to efficiently coat the
polymeric template. The ceramic coated polymeric template
is subsequently dried and pyrolysed through careful heating
between 300 and 800 °C. Heating rates usually lower than
1 °C/min are required in this step to allow the gradual
decomposition and diffusion of the polymeric material,
avoiding the buildup of pressure within the coated struts.
After removal of the polymeric template, the ceramic coating
is finally densified by sintering at temperatures ranging from
1100 to 1700 °C depending on the material [4].

However, these materials have relatively low strength,
since only thin webs of the ceramic structure remain after
the pyrolysis of the template, a process which also
frequently generates longitudinal strut cracks [5]. The
major processing problem arises from difficulty in coating
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the sharp edges of the struts. After coating, the thickness
of slurry in these regions is much lower than in other areas.
The flaws that lead to cracks in struts are probably regions
where the cast ceramic coating is very thin over the
protruding triangular edges of the struts [6]. Therefore,
several methods have been proposed to improve the
mechanical properties of reticulated porous ceramics, by
either increasing the strength of the struts or reducing the
defects associated with the sharp apices of the triangular
voids within the struts. For example, the addition of fibres
and whiskers to the ceramic structure was found to
effectively strengthen the ceramic struts. Also, a recoating
process was used to eliminate the large flaws in the struts,
such as cracks and triangular voids [5]. Clearly an
approach to overcome the cracking problem would be to
increase the coating thickness relative to the polymer strut
radius, or to reduce the severity of thin areas at the strut
edges, where the coating is most susceptible to cracking. A
second coating of slurry may be applied to fill in any flaws
or thin areas in the first coating. This second coating will
be more difficult to apply since the foam cannot be
compressed because this would fracture the original coat-
ing. Also, recoating may produce higher density materials
that may be less desirable for the intended application of
the foam [6]. Therefore, the coating thickness of green
ceramic scaffold can be increased by using slurry having
favourable rheological behaviour facilitated by high solid
loading instead of recoating process.

Mullite is the only intermediate stable compound in the
Si0,~A1,05 system. Its properties such as high melting
point (> 1800 °C), low thermal expansion (4.5—5.6x
10-6°C™h, good thermal shock fracture resistance, low
true density (3.16-3.22 g/em®), high creep resistence and
good chemical stability can be compared with the proper-
ties of SizNy and SiC in terms of being a candidate for high
temperature structural materials applications [7]. Using low
cost raw materials such as kaolinite, kaolinite-alumina and
sillimanite minerals, it is possible to produce high purity
mullite [8]. The sintering of mullite powders require high
temperature and long thermal treatment as mullite particles
have poor solid state sinterability due to the low interdiffu-
sion rates of Si** and AI’* within the mullite lattice [8.9].
On the other hand, mass production of porous filters
requires pressureless, low-temperature, and short-time sin-
tering steps. For this reason it is necessary to use an
appropriate sintering aid in amount so as to decrease the
high activation energy for ion diffusion through the mullite
lattice. There are many possible additives, which act as
sintering aids and grain growth inhibitors. Among these
additives, magnesia (MgO) is the most consumed and
effective one in obtaining mullite products with high
density using relatively low temperatures and shorter
sintering periods. Addition of 1 wt% magnesia improves
the densification of mullite powder, giving rise to more
compact and well developed microstructures [9]. However
the application of mullite has been limited because it has
low fracture stress and fracture toughness at room

temperature, as compared with nonoxide ceramics such as
silicon carbide and silicon nitride. For this reason, research
on mullite matrix composites has been conducted to
improve both fracture stress and fracture toughness. For
example, SiC whisker, B-Si3sN4 and both SiC whisker and
ZrO, particle reinforced mullite composites have been
reported. The use of whiskers, however, is expensive and
has difficulty in processing. In contrast, research on ceramic
particle reinforced mullite has been rare and its character-
istics are not well understood [10]. A suitable way to
prepare mullite ceramics with low dimensional changes is
the reaction bonding process, using SiC and «-Al,O3 as the
starting materials, because the sintering-induced shrinkage
is compensated by the SiC oxidation induced volume
expansion. At high temperatures, the surface of SiC is
oxidised to SiO, and then the latter with high reactivity
reacts with a-Al,O5 to produce mullite. SiC particles are
bonded by in situ formed mullite, to obtain mullite bonded
SiC ceramics [11].

Effects of SiC addition on the structure and properties
of reticulated porous mullite ceramics were studied in our
previous work, where a second coating (recoating) by
spray technique was applied to improve the mechanical
properties of porous mullite ceramics [12]. The present
work aims to improve the mechanical properties of the
foam by obtaining a thicker single coating by using
ceramic slurry of optimum reological properties prepared
by means of SiC addition and appropriate solid loading.

2. Experimental work

As porous template starting material, a commercial
polyurethane sponge having a cell size of 20 ppi (pores
per inch) was used to produce mullite foams. In order to
quantify thermal behaviour of polyurethane sponge, simul-
tanecous thermal analyses (differential thermal analysis,
DTA and thermo-gravimetric analysis, TG) were per-
formed in air at a heating rate of 10 °C/min (DTG-60 H,
Shimadzu Corporation). Particle size distribution analyses
of raw materials were done by using Malvern Mastersizer-
2000 model analyser. Specific surface area analyses were
done by using Quantachrome Nova-2200¢ model BET
equipment. The results are given in Table 1 for particle size
distribution and specific surface area.

As starting raw materials 41.6 wt.% «-AlLO; and
51.4 wt.% kaolin were used for the formation of mullite
phase. Gibbsite and MgO were added as sintering aids to
the mixtures in amounts of 5 and 1 wt.% respectively.
A total amount of 1 wt.% Carboxymethyl cellulose (CMC)
and bentonite were added to the mixtures for thickening
and improving the rheological behaviour of the slurry.
The major additive to the mixtures was SiC powder where
the added amounts were 0, 5, 10, 15 and 20 wt.%. The
prepared powder mixtures are encoded as My, Ms, M,
M5 and M5y where, ‘M’ stands for mullite while 0, 5, 10,
15 and 20’ stand for wt.% SiC. The chemical compositions
of the raw materials are listed in Table 2. The compositions
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Table 1
Particle sizes and specific surface areas of raw materials.

Raw materials Particle size (um) Spesific surface

area (m2/g)

doo dos do.q
Gibbsite - - - 300
Magnesia 120.40 23.79 2.70 1.98
Kaolin 31.17 9.82 3.19 11.80
Alumina 32.78 6.51 2.24 1.43
SiC 75.32 40.41 20.21 0.17
Table 2

Chemical compositions of raw materials.

Composition (wt %) Kaolin Alumina Magnesia Gibbsite Bentonite

SiO, 48.34 0.02 0.97 0.01 67.52
ALO; 36.83  98.98 0.33 64.65 12.78
Fe,0; 0.70 0.02 0.48 0.02 0.83
TiO, 0.04 0.08 0.00 0.00 0.06
CaO 0.08 0.00 1.46 0.00 1.96
K,O 1.86 0.00 0.00 0.00 2.39
Na,O 0.04 0.42 0.00 0.30 0.79
MgO 0.28 0.00 96.47 0.00 1.40
Ignition loss 12.14 0.41 0.29 35.02 12.27
Table 3

Compositions of powder mixtures.

Composition (wt.%) M, M; My M;s M,
Kaolin 51.40 48.83 46.26 43. 69 41.12
Alumina 41.60 39.52 37.44 35.36 33.28
Magnesia 1.00 0.95 0.90 0.85 0.80
Bentonite 0.75 0.71 0.68 0.64 0.60
Gibbsite 5.00 4.75 4.50 4.25 4.00
CMC 0.25 0.24 0.22 0.21 0.20
SiC 0 5 10 15 20

of powder mixtures are given in Table 3. The slurries of M,
Mo, M5 and M, were prepared so that each solution had
solid loading levels given in Table 3, and 0.8 wt.%
commercial deflocculant Dolapix CE-64 (Zschimmer and
Schwarz, Germany) was added to achieve a good disper-
sion of ceramic particles in aqueous solution.

The slurry was prepared in distilled water. At first,
distilled water was mixed with CMC and Dolapix CE-64
by stirring for 5 min. Then, kaolin and bentonite were
added into solution and mixed for 30 min. The other
ceramic powders were subsequently added to the solution
and ground for 15 min using alumina balls.

A rheological study has been carried out in order to
optimise the processing of the porous mullite foams by
using a rotational stress-controlled rheometer (Bohlin-
CVO model rheometer). The measurements were per-
formed at constant temperature (20 °C) using a cone and
plate configuration. A pre-shearing was performed at high

shear rate (1000s~') for 1 min before the measurement
was followed by an equilibrium time for 30 s to transmit
the same rheological history to all tested suspensions.
Sweep measurements were then conducted in the shear
rates ranging from about 0.1-1000 s .

The polyurethane sponge pieces were firstly immersed in
the slurry. Then the impregnated sponge pieces were
passed through a set of rotating rollers to remove excess
slurry. The distance between the preset rollers was 20% of
the sponge thickness. Ceramic coated sponge pieces were
dried at room temperature for 24 h. Dried samples were
heated to 600 °C at a heating rate of 1 °C/min in order to
burn out the sponge material according to the results of
DTA-TG analysis. Subsequently, the samples were heated
to 1600 °C at a rate of 5 °C/min and sintered in air for 4 h.
The linear shrinkage of samples during the course of
sintering was determined using the following equation
below

Shrinkage = lgl;lp x 100%
9

where /g is the height of green sample and /p is the height
of fired product. The height was measured by sliding
gauge. Bulk density of the sintered foam samples (pb)
was calculated from dimensional measurements and mass
of the sintered samples. Solid density (ps) of the samples
was determined using Micromeritics Accu pyc II 1340
model gas (helium) pycnometer on crushed sintered foams
consisted of the single struts and the broken cell walls.

The microstructures were observed by scanning electron
microscopy (SEM) (Model JSM-6060 JEOL, Japan).
Phase analysis of the sintered samples was conducted by
standard powder X-ray diffractometer (RIGAKU, Japan).
Compressive strength (o) of the sintered samples having
dimensions of 50 mm x 50 mm x 10 mm was measured using
a Shimadzu (Japan) universal testing machine fitted with
compression plates, at a cross-head speed of 0.5 mm/min.
Five samples were tested for each type of material while
determining properties of the foams.

3. Results and discussion

As seen in Fig. 1, the decomposition of polyurethane
sponge takes place in three stages in air. The first stage, which
starts at approximately 220 °C and continues up to 350 °C
showing a small endothermic signal at about 300 °C which is
probably the beginning of decomposition. In the second stage
(350450 °C), a higher intensity exothermic signal is observed
at about 400 °C, where weight loss is almost complete due to
burn out of the carbon produced by decomposition of the
polymer sponge and the generation of gas during the polymer
oxidation. There is no significant weight loss in the third
stage (450-600 °C), so the major fraction of polymer is burnt
out between 220 and 600 °C. These observations are compar-
able with those of Dressler et.al. [13]. The decomposition step
is very important to prevent the ceramic structure from
destruction, due to the high pressure of the generated gas,
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Fig. 1. Differential thermal (DTA) and thermal gravity (TG) curves of the green polyurethane sponge at a heating rate of 10 °C/min.
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Fig. 2. Effect of SiC content on the reological properties of mullite solutions.

which detoriates mechanical properties of ceramic foam. For
that reason, a slow heating rate of 1 °C/min was used up to
600 °C for damage free removal of the organics from the
ceramic foam bodies.

Fig. 2 shows the effect of SiC content on the reological
properties of mullite solutions. In order to achieve a
ceramic coating of acceptable characteristics on a polyur-
ethane foam scaffold, the slurry should have the appro-
priate thixotropic or shear-thinning behaviour [14]. The
thixotropic behaviour of slurry is characterised generally
by measuring the thixotropic loop between the ascending
and descending parts of the flow curve. In descending part
of the curve, the shear stress is lower due to the breaking

down the bond chain through the suspension and defloc-
culating phenomenon. This means when polymeric sponge
is impregnated with ceramic slurry, suspension is fluid
enough to enter, fill and uniformly coat sponge web and
subsequently regain enough viscosity under static condi-
tions to remain on sponge [15].

The flow curves in Fig. 2 labelled as State I show the
effect of SiC content on the thixotropic behaviour of
slurries with the same level of solid loading (with 67%
solid content), as shown in Table 4. The distance between
ascending and descending parts and shear stress values
decrease with increasing SiC content in State I curves. The
two samples which include 15 and 20% SiC have nearly
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Table 4
Solid contents of solutions used to coat the sponge.

Table 5
Properties of the foams.

Code Solid content of solutions (%) Sample Shrinkage (%) py (g/cm®) ¢ (g/em®) o, (g/cm®) 6. (MPa)
State 1 State 11 Mo 17.52 0.48 2.89 0.16 0.50 +0.11
M5 12.50 0.42 2.83 0.15 0.42 4+ 0.08
My 67.00 67.00 M10 9.01 0.41 2.74 0.15 0.63 4+ 0.09
M; 67.00 69.86 M15 5.77 0.43 2.67 0.16 0.71 4+ 0.05
M, 67.00 70.10 M20 5.18 0.44 2.62 0.17 1.1140.23
M5 67.00 70.70
Mo 67.00 71.10

lost their thixotropic behaviour and exhibit almost Newtonian
flow behaviour.

In order to obtain the same favourable thixotropic
behaviour of slurries of different amount of SiC additions,
the solid contents of the slurries have been optimised. In
Table 4 the optimum solid loading ratios of SiC containing
slurries are given. As the added amount of SiC is increased
the slurries of slightly higher solid contents are needed in
order to obtain acceptable and similar thixotropic beha-
viour to the slurry without SiC addition. In Fig. 2 State 1I
shows the flow curves of SiC containing slurries with
optimised solid contents.

The polymer sponges were firstly dipped in suspensions
having thixotropic behaviours given as state II, then
passed through the rollers. Then as coated sponges rotated
90° and passed again through the rollers. After keeping for
few minutes at static condition the coated sponges passed
through the rollers again to have fractional and aniso-
tropic forming. Here, percentage of compression changes
the volume of slurry squeezed out of the foam on the first
pass. Additional passes remove less slurry but often
redistribute the retained slurry, improving large-scale uni-
formity. However, filled cells and cell faces often remain at
or near the surfaces of the sample that are perpendicular to
the roller surfaces during compression. These surfaces
often retain filled cells even after repeated compression.
This probably occurs because much of the slurry that is
squeezed out exits through these perpendicular surfaces,
but there is not enough force to expel the last of the
material from the foam structure. Therefore, it was helpful
to rotate the samples between passes so that the faces
which were in contact with the roller surfaces during the
first pass were perpendicular during the second pass. This
also helps to improve the large-scale uniformity [6].

After driying, sponge burn out and sintering, the
samples have been characterised and mechanical properties
have been determined. The properties of as sintered foams
are given in Table 5.

It is seen in Table 5 that shrinkage values in sintered
samples without SiC addition are approximately 17.5%
and decreases to 5% with increasing SiC content. This is
mainly due to the decrease in kaolin content used for
mullite phase synthesis and volume expansion effect of SiC
upon oxidation. The bulk density of the sample without
SiC addition is 0.48 g/cm® and it decreases to 0.41 g/cm®

with the addition of 10 wt.% SiC then increases to 0.44 g/cm?
when 20 wt.% SiC is added. True densities of the samples are
between 2.62 and 2.89 g/em®. In the literature, the density of
mullite phase is stated to be 3.16 g/cm? [16]. It is obvious that
the theoretical density values are not reached in the produced
samples, and the true density values decrease with increasing
SiC content. The decrease in true density values is attributed
to the decrease in corundum content while SiC content is
increased, as SiC having lower density (3.20 g/em®) than
corundum phase (3.95 g/cm?).

The XRD patterns of sintered samples and as received
SiC powder are given in Fig. 3. The phase composition of
the sample without SiC (M) consists of mullite and
corundum. With 5wt.% SiC addition (Ms) intensity of
corundum peaks decreased and some of them disseapered.
Mullite phase and some SiC peaks with low intensity has
been observed in the specimens with 10% SiC addition
(Mjp). Phase compositions of M;s and M,, samples are
similar to that of Mj, with higher SiC intensities. It is
indicated that in the specimen Ms the added SiC is
oxidised and has contributed to mullite phase formation.
In the specimen Mo some unoxidised SiC is left producing
a low intensity peak in the pattern in the products
containing 15 and 20 wt.% SiC higher amounts of unox-
idised SiC phase is determined. The role of silicon carbide
in the mullization is mainly due to its oxidation which
provides glassy phase of SiO, to activate a-Al,O3. Here,
active a-Al,O5; is more effective for the formation of
secondary mullite by addition of SiC.

It is seen in Table 5 that compressive strength values of
the products are in the range 0.42—1.11 MPa. Maximum
value in strength is reached by the samples containing
20 wt.% SiC. As seen in Table 5, the mean compressive
strength of the 5% SiC reinforced mullite foams was
0.42 MPa, lower than that of the samples without silicon
carbide addition. This is mainly due to the fact that
corundum has higher compressive strength than mullite
[17], and SiC addition of up to 10 wt.% has contributed to
mullite phase formation in the foam structure. The
strengthening mechanism of silicon carbide addition in
the Mo, M5 and M, series mainly lies on the composite
structure occurred by its dispersion in the aluminium-
silicate solid solution between mullite grains and its higher
compressive strength than mullite.

The most significant property describing the behaviour
of porous ceramics is the relative density (p,), which is the
ratio of the sample bulk density (pp) to the solid density
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Fig. 4. SEM pictures of the samples with (a) 0, (b) 5, (c) 10, (d) 15 and (e) 20 wt. % SiC content. (Pys: primer mullite, Sy: seconder mullite, C: corundum,
AS: alumina-silicate, G: glassy phase).
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(ps). There are micromechanical models that relate the
solid properties and the foam properties such as the
relative density, the cell size and the geometry to mechan-
ical behaviour. The most applicable method to predict the
mechanical behaviour of cellular ceramics is the model that
has been published by Gibson and Ashby. They used a
simple unit cell and described the failure in structure by the
failure of cell struts. Maiti et al. applied the Gibson and
Ashby (GA) model to describe the compressive strength of
brittle porous materials. The crushing strength of the
cellular body (o) via the strut strength and relative density
is been expressed by the following equation:[15].

Ocr = Cjafs(p/ps)w2 (1)

According to this equation, the samples with 5 wt.% SiC
addition have the lowest mean compressive strength
(0.42 MPa) as they possess the lowest relative density
(0.15) as given in Table 5. Experimental results confirm
this prediction; the samples with 20 wt.% SiC have
higher relative density values (0.17) and some SiC reinfor-
cement, as expected, exhibit higher compressive strength
(1.11 MPa).

The SEM pictures of the sintered samples are given in
Fig. 4. EDX analysis has been carried out in some matrix
and grain zones and evaluated in relation to macro and
microstructures. The microstructure of the sample without
SiC (My) consists of primary and secondary mullite grains,
unreacted corundum grains and porosity. With the addi-
tion of 5wt.% SiC (Ms), porosity level is decreased and
glassy phase is formed by the oxidation of SiC particles
which is solidified around corundum grains without com-
plete mullitization. With 10 wt.% SiC addition (M),
silicon carbide containing aluminosilicate phase thought
to be existent in between the mullite grains so there is no
corundum grains and porosity observed. With 15 and
20 wt.% SiC addition (M5 and M), mullite grains are
well dispersed within increased SiC containing alumina-
silicate phase.

4. Conclusions

The main conclusions can be deduced from the results
presented in this work are that the addition of silicon
carbide particle to mullite mixtures affects the flow curves
of the slurries, the shrinkage after firing, the phases that
form during sintering and the properties of the products.

With SiC addition to mullite slurries, the viscosity
decreases, and the rheological behaviour is altered.
Favourable rheological behaviour can be established by
increasing the solid loadings to adequate levels in the
silicon carbide containing slurries.

The shrinkage of a sample without silicon carbide
addition is approximately 17.5%. With the addition of
SiC the shrinkage decreases gradually to about 5%. The
decrease in shrinkage is attributed to decrease in kaolin
content in the base composition by the addition of SiC and

volume expansion effect of glassy SiO, phase during the
oxidation of SiC.

The sintered samples with up to 10 wt.% particulate silicon
carbide (SiCp) consist of mullite and corundum phases. The
samples with 10, 15 and 20 wt.% SiC addition (Mo, M5 and
M) consist of Mullite phase and SiC particles in increasing
amounts with increasing SiC addition.

The strength of the sintered samples is affected by the
phases present in the structure. The samples which contain
mullite and silicon carbide (M) exhibit higher strength
than the samples containing mullite and corundum (My).
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