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Abstract: Mechanical and thermal properties of SiC—porcelain ceramics were studied in the wide SiC
content range of 0-95%. Microstructure evolution, shrinkage at sintering, porosity, mechanical
strength, elastic modulus, coefficient of thermal expansion (CTE) and thermal conductivity were
studied depending on SiC content. The optimal sintering temperature was 1200 C, and the maximum
mechanical strength corresponded to SiC content of 90%. Parametric evaluation of the ceramic
thermal shock resistance revealed its great potential for thermal cycling applications. It was
demonstrated that the open-cell foam catalyst supports can be manufactured from SiC—porcelain
ceramics by the polyurethane foam replication process.
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1 Introduction

Efficiency of catalytic process with strong heat flux
(e.g., hydrocarbon steam reforming) is strongly
dependent on the catalyst thermal conductivity.
Catalysts supported on the metal alloy monolithic
supports ensure effective heat transfer in reactors thus
providing a uniform temperature distribution (both
axial and radial), and this affects overall catalyst
performance [1-3]. Low robustness of metallic catalyst
supports due to corrosive degradation in the reaction
media (600-900 ‘C, water vapor,
products of hydrocarbon, aggressive admixtures) limits
their practical application [1,4]. This problem does not
arise when the catalyst supports are made from various
oxide ceramics exhibiting excellent
resistance [5-7]. Conventional oxide

decomposition

corrosive
ceramics,
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however, have low thermal conductivity which can be
the cause of strong temperature gradients within
catalytic reactor, and local hot zones can appear
resulting in the catalyst sintering and its fast
deactivation [8]. The use of the silicon carbide catalyst
supports in the hydrocarbon steam reforming and other
strongly endothermic or exothermic process [9] looks
promising taking into account their attractive
combination of high thermal conductivity and excellent
corrosive resistance. The data in Ref. [10] demonstrated
that the substitution of the alumina foam catalyst
supports by the silicon carbide ones results in the
increase of the cobalt based catalyst selectivity from
54% to 80% due to more uniform temperature
distribution in the reactor.

Extensive application of SiC catalyst supports is
restrained by the considerable manufacturing cost
resulting from high sintering temperature of above
2100 °C [11]. Ceramic materials with high SiC content
(up to 90%—95%) and high mechanical strength
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(450-500 MPa) as well as SiC foam catalyst supports
can be synthesized via liquid phase sintering with
sintering aids like Al,03—Y,0; [12,13]. This process is
often classified as “low temperature sintering”, but
actually the sintering occurs at rather high temperatures
of 1700-1800 ‘C. Besides, the process implies
protective sintering atmospheres in order to prevent SiC
oxidation, which also contributes to the product
manufacturing cost. That is why many efforts were
undertaken during the last decade to develop
compositions ensuring SiC based ceramics at much
lower sintering temperatures. It was found that ceramic
materials with high SiC content and reasonable
mechanical properties can be synthesized by sintering in
air with alkali or alkali-earth silicate sintering aids at
temperatures as low as 1100-1200 ‘C [14—19]. Various
sintering aids containing alkali oxides were successfully
applied in these researches: porcelain and its polishing
residues, bentonite, and art glass. Potentially, if a
reasonable combination of mechanical and thermal
properties can be attained, this type of ceramics can
have a great commercial potential as the material for
monolithic catalyst supports: its low manufacturing cost
is predetermined by cheap initial materials and low
sintering  temperature without special protective
atmosphere. However, no study performed complex
analysis of mechanical and thermal properties of this
type of ceramics before, and no study estimated this
type of ceramics as the material for monolithic catalyst
supports. Besides, the referred papers presented
experimental data on different and rather narrow SiC
content ranges, and hence the authors did not report on
the evolution of microstructure and properties in the
whole SiC content range.

In this paper, we studied sintering regimes,
microstructure evolution, and mechanical and thermal
properties of SiC—porcelain ceramics in the wide SiC
content range of 0-95%. Complex analysis of
properties that influence the performance in thermal
cycling applications was performed, and SiC—porcelain
ceramics’ potential as the catalyst support material was
analyzed via parametric evaluation. It was
demonstrated that open-cell ceramic foam catalyst
supports can be manufactured from this type of
ceramics by the polyurethane foam replication process.

2 Experimental procedures

Industrial porcelain slip and technical-grade silicon

carbide powder (dso=10.5 pm, purity>98%) were
used in this study. The slip was received from PJSC
“Dobrush Porcelain Factory”, Belarus; its chemical
composition is given in Table 1. The compositions
were prepared as follows. The porcelain slip was dried
at 110 'C and then mixed with the silicon carbide
powder in aqueous media using a high-velocity stirrer
(250 rpm, 1 h). Then the mixture was dried at 110 ‘C,
and 10% polyvinyl alcohol (PVA) aqueous solution
(10 wt%) was added. Ceramics and PVA solution were
mixed in porcelain mortar, and after rubbing through
the sieve with the opening size of 100 pm,
experimental samples were prepared by uniaxial die
pressing (100 MPa). SiC content in the mixture varied
within 0-95 wt% (related to the porcelain’s solid) in
this study. Dimensions of the samples were dependent
on the characterization procedure; the details will be
given below. After drying at room temperature for 24 h
and at 110 C for 4 h, the samples were heated in an
electric furnace to the sintering temperature (1100-
1250 °C, 10 C/min) and sintered in air atmosphere for
1 h.

Mechanical properties (three-point bending strength
and elastic modulus) were studied using Tinius Olsen
HI150KU testing machine, and the sample dimensions
were 55 mm X 10 mm x 5 mm. The same samples were
used for measuring open porosity by hydrostatic
weighing in ethanol. Scanning electron microscope
(SEM) Mira, Tescan, with energy dispersive X-ray
(EDX) analyzer INCA-350, Oxford Instruments, was
used for the fracture surface and microstructure
examinations. Prior to the microstructure examination,
the samples were mounted with the epoxy resin,
ground following usual metallographic routines and
finally etched at room temperature in 5% HF aqueous
solution for 30s. Coefficient of thermal expansion
(CTE) was measured in vacuum within the temperature
range of 20-500 ‘C using Netzsch 402-E horizontal
pushrod dilatometer; the samples with diameter of
7 mm and length of 25 mm were examined. Thermal
conductivity coefficient was measured at room
temperature under the steady-state thermal conditions
using IT-2 thermal conductivity meter, RIAPP, Belarus;

Table 1 Chemical composition of porcelain and
its loss of ignition (LOT) at 1200 'C
Chemical composition (wt%) LOI
ALO; Si0, K,O Na,O Fe,03 CaO TiO, (wt%)
25.07 70.59 2.04 090 052 046 0.42 7.1
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the sample dimensions 15 mm x 15 mm x
0.5 mm.

Open-cell foam catalyst supports were manufactured
from SiC—porcelain composition with optimal
combination of mechanical and thermal properties via
the polyurethane foam replication route. Details of the

process applied in this study are described in Ref. [20].

were

3 Results and discussion

3.1 Processes during the sintering

The sintering regimes of SiC—porcelain ceramics are
pre-defined by interactions that occur at temperatures
of above 1000 ‘C; major interactions and the
accompanying microstructure changes in this system
were described before in Refs. [21-23]. In brief, SiC
particles are protected by a thin vitreous silica film at
normal conditions, which ensures excellent corrosive
resistance of SiC ceramics in air. However, when
temperature exceeds the melting point of the alkaline
salts in porcelain, the silica film reacts with the molten
salt, and it results in the formation of the alkaline
silicate liquid. Thus, silica film is broken due to
corrosion; oxygen diffuses easily to SiC and reacts
with it. Silica and gaseous carbon oxides are the
products of this reaction. If outward release of the
gaseous products is hindered, they are entrapped by the
silicate melt (liquid phase), and intensive generation of
the secondary porosity occurs. The increase of
sintering temperature favors accelerated corrosion of
the protective layer, and it results in the increased final
porosity and coarser pores. If the temperature is too
high, the surface swelling and even formation of a
highly-porous cellular structure in the sample’s volume
can be observed. Hence, optimization of sintering
conditions for the studied compositions implies the
compromise between maximum possible densification
due to the liquid phase sintering, on one hand, and the
absence of bubbling due to the gaseous product
releasing, on the other hand. Different authors who
studied SiC interaction with the alkali silicate melt
sintering aids stated rather close optimal sintering
temperatures; some non-principal deviations can
be referred to differences in the sintering aid
compositions and different targeted SiC content ranges
in the ceramics. The reported sintering aids and
corresponding optimal temperatures are as follows:
Li,0-AlLO5-Si0,, 1150 ‘C [17]; bentonite, 1100 ‘C [14];

porcelain tile residues, 1200 ‘C [23]; porcelain, 1180 C
[22].

In order to determine preferable sintering
temperature for the studied SiC—porcelain system,
samples with SiC content of 85% were sintered in air
for 1h at temperatures ranging from 1100 C to
1250 'C. Dependence of the linear shrinkage on
sintering temperature is demonstrated in Fig. 1. The
shrinkage is not strongly dependent on temperature and
just slightly decreased from 1.65% to 1.2% with the
sintering temperature increase. SiC is the reactive filler
towards porcelain, and hence the ceramic shrinkage is
the resultant of the following phenomena: (I)
densification due to the liquid phase formation; (II)
formation of less dense phase due to SiC oxidation to
Si0, during sintering (p=3.21 g/crn3 and p=2.2 g/crn3
for SiC and vitreous silica, respectively); (III)
expansion due to the gas generation and consequent
bubbling the liquid phase (resulting from SiC reaction
with the alkali silicate melt). For the studied system,
the driving forces of the volumetric expansion
compensate the driving forces of the ceramic shrinkage:
higher sintering temperatures result in more intensive
SiC oxidation, and hence more intensive SiO,
formation and gas generation. That is why obvious
increase of the shrinkage with the sintering
temperature increase is not observed. Furthermore,
some shrinkage decrease is stated. Visible surface glass
swelling and large bubbles at the sample surface are
observed after sintering at 1250 C (Fig. 2). Besides,
coarse and isolated round pores are detected inside the
samples, which is resulted evidently from the gas
generation and its entrapment during the sintering.
Samples sintered at 1200 °C retain their original shape
without any change of the surface condition, and this
sintering temperature is used in all further studies.
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Fig. 1 Effect of sintering temperature on linear
shrinkage (85% SiC).
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Fig. 2 SEM images of the SiC—porcelain sample
with the surface glass swelling (85% SiC, 1250 C):

(a) fracture surface; (b) bubbles on the top surface;
(c) bulk microstructure.

Microstructures of the porcelain and SiC—porcelain
ceramics sintered at 1200 “C are presented in Fig. 3. As
it is expected, remarkable residual porosity with the
pooled glass inclusions can be observed in the
porcelain sample; regular sintering temperature of this
porcelain is 1340—1360 C according to the supplier. At
low and medium SiC contents, both SiC grains and
pooled glass inclusions are observed, and the intergrain

phase has evidently higher residual porosity compared
to pure porcelain. At the highest SiC content, SiC
grains are bound by a highly porous glassy phase.
Compositional ~ and  resultant  microstructural
differences among the different ceramics in this study
affect their properties, which will be discussed in the
following.

Fig. 3 SEM images of the microstructure of
SiC—porcelain ceramics at different SiC contents: (a)
porcelain; (b) 40% SiC; (c) 85% SiC. Pooled glass is
marked with “+”; SiC grains are marked with “ * .
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Figures 4, 5 and 6 enable to analyze the evolutions
of ceramic shrinkage at sintering, apparent density and
open porosity depending on SiC content, respectively.
Linear shrinkage decreases from 6.8% to 0.8% with
SiC content increase. At the same time, there is no
strict correlating dependence for the sample apparent
density that decreases from 2.27 g/em® to 2.01 g/cm’
only in the same SiC content range. Taking into
account large difference among densities of the ceramic
constituents (p=2.27 g/em’ and p=3.21 g/em’ for the

Linear shrinkage (%)

0 20 40 60 80 100
SiC content (%)
Fig. 4 Effect of SiC content on linear shrinkage at
sintering.
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Fig. 6 Effect of SiC content on open porosity.

studied porcelain and SiC, respectively), one can state
that the expected density increase is compensated by
the residual porosity increase. The comparative
analysis of Figs.5 and 6 reveals that the apparent
density decrease by 11.5% is accompanied by the open
porosity increase from 15% to 46%, which is
equivalent to 1.5-fold relative density decrease.
Gradual elimination of closed porosity that is not
measurable by the applied method and simultaneous
formation of open porosity at higher SiC contents are
the most evident reasons of this mismatch.

Formation of the predominantly open porosity is
stated to favor faster SiC oxidation during the sintering
in air. The effect of SiC content on SiC oxidation rate
during the sintering can be understood from Figs. 7
and 8. The weight loss after sintering of compositions
with the lowest SiC contents changes to the weight
gain at its higher contents. In Fig. 7, the solid line
is the measured weight change after sintering at
1200 ‘C for 1h. This dependence results from two
simultaneous phenomena: the porcelain weight loss of
ignition (LOI) and the weight gain due to SiC
oxidation. Contribution of the porcelain weight loss
can be easily estimated from its portion in the initial
mixture and the measured LOI is 7.1%; the dashed
line in the graph corresponds to this dependence.
Subtraction of the dashed line from the solid line gives
the dashed-dot line demonstrating the weight gain due
to SiC oxidation. Assuming that all the oxidized SiC is
transformed to SiO,, one can estimate the rate of the
oxidized SiC in the ceramics depending on its
composition (Fig. 8). Larger open porosity seems to be
the only reason of the more intensive SiC oxidation:
the open porosity favors easier oxygen supply to the
non-protected SiC particle surfaces as well as much
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Fig. 7 Effect of SiC content on the ceramic weight
change after sintering.
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Fig. 8 Effect of SiC content on estimated rate of
oxidized SiC.

easier release of the gaseous SiC oxidation products.
According to this estimation, up to 9% of total SiC
amount oxidizes during the sintering. This fact must be
taken into account when monolithic catalyst supports
with high surface-to-volume ratio are manufactured.
The surface-to-volume ratio of the bar-type samples
used in this study is ~640 m*/m’. Specific surface area
of the open-cell foam catalyst supports with typical
10-30 ppi cell size grades (this corresponds to the cell
diameter range of ~2—6 mm) and open porosity of 0.85
is roughly equal to ~330-1000 m*/m’ [24]. This is very
close to the same parameters of the experimental
samples, and similar oxidation rate can be expected.

3.2 Mechanical properties

As it can be seen in Fig. 9, the bending strength is
almost independent on SiC content until 60% of SiC
(55-59 MPa). Further SiC content increase results
in the fast strength increase that attains the
maximum value at 90% of SiC (77 MPa). Hypothetic
continuation of experimental curve is given as the
dashed line in the graph. Thus, direct correlation
between the ceramic residual porosity and its
mechanical strength is not stated. Similar strength
maxima are observed in the SiC—art glass system at
90% of SiC [18] and SiC—bentonite system at 90%—
95% of SiC [14]. In Ref. [18], such maximum is
referred to the best dispersion of the binding glass
phase throughout the composite; at higher glass
loadings it forms continuous phase with low toughness
and significant pooling, which facilitates the crack
initiation and propagation. Fracture surface images of
different compositions synthesized in this research are
demonstrated in Fig. 10. The fracture surface views are
similar in porcelain and SiC—porcelain ceramics at low
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Fig. 9 Effect of SiC content on bending strength.

Fig. 10 SEM images of the SiC—porcelain ceramic
fracture surfaces at different SiC contents: (a)
porcelain; (b) 20% SiC; (c) 85% SiC.
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and medium SiC contents, because the fracture runs
through the porcelain phase in all cases. That is why
SiC grains can not be differentiated in Figs. 10(a) and
10(b). The presence of SiC in the ceramics could be
only detected indirectly due to much higher residual
porosity generated because of SiC oxidation. At the
highest SiC content, the fracture occurs predominantly
along the SiC—porcelain interface, which presumably
must be responsible for the sharp mechanical strength
increase.

Thus, strength and
microstructure investigations, one can distinguish three
characteristic SiC content areas with different fracture

based on the mechanical

behaviors. At low and medium SiC contents (less than
50%—-60%), the measured strength values are very
close (i.e., the deviations are within the experimental
error). In this content range, SiC grains are distributed
loosely in the binding porcelain phase. That is why the
crack runs through this phase, the crack path is linear,
and the bending strength is controlled by this phase.
Sharp strength increase with the SiC content increase
from 60% to 90% can be explained by gradual
microstructure changes. In this range, the space among
SiC particles is still filled by the porcelain phase, but
the crack path becomes tortuous, and deflection of the
crack path becomes more and more significant since
the packing density of strong SiC grains is increasing
[25]. Further SiC content increase results in the
strength decrease because the porcelain binding phase
does not fill the intergranular space, and, according to
the minimum solid area model for porous materials
[26], mechanical strength of porous ceramics o is
related to its porosity ¢ by the equation o=
strength of the
corresponding fully dense material and b is a constant
depending on the pore shape and alignment. Finally,
the curve on Fig. 9 must tend to zero as far as SiC
content approaches 100% since direct sintering of SiC
is impossible at such low temperatures [27].

Similar but not so pronounced dependence is stated
for elastic modulus (Fig. 11): it is initially invariable,
but increases at the highest SiC contents. Unfortunately,
exact location of the modulus maximum is not stated in
this study; hypothetical continuation of the curve is
given as the dashed line in the graph. It should be
emphasized that the elastic modulus values are rather
low in all the studied range due to high residual
porosity (~9-11 GPa). It also should be noted that,

o,exp(-be), where o, is the
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Fig. 11 Effect of SiC content on elastic modulus.

according to the additivity law [28], elastic modulus
value is expected to increase smoothly with the SiC
fraction increase in all the SiC content range that
ensures continuous filling of the intergranular space
between SiC grains with the porcelain phase (i.e., until
85%—-90% of SiC). However, the expected increase of
the modulus seems to be compensated by the
increasing residual porosity. The increase of the
modulus value in Fig. 11 at SiC content of 90%—-95%
presumably results from the tightest packing of SiC
grains within the porcelain matrix. Further sharp drop
of elastic modulus value to zero can be expected taking
into account the minimum solid area model [26] and
the fact that SiC grains cannot be sintered directly at
1200 C.

3.3 Thermal properties

Evolutions of the ceramic thermal properties (CTE and
thermal conductivity) depending on SiC content
are illustrated in Figs. 12 and 13. As it is expected,
CTE gradually decreases and thermal conductivity
increases with the SiC content increase; near-linear
dependencies are observed in both cases in the studied
range. Thermal conductivity coefficient is equal to
~10-12 W/(m'K) at the highest SiC contents, which
to the
and nickel-

is comparable by value of magnitude
same parameter of stainless
chromium alloys. The measured thermal properties in

steels

combination with mechanical properties provide the
necessary data to estimate thermal shock resistance of
the synthesized ceramics. The strength controlled
thermal fracture resistance of the engineering ceramics
can be roughly estimated using statistical parameters
R =o0;/(aE) (high heat transfer) and R = Ao,/(aE)
(low heat transfer) [29], where A is the thermal
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conductivity coefficient; o, is the stress to failure; o
is the CTE; and E is the elastic modulus. Dependencies
calculated from experimental data are presented in Fig.
14; both R and R’ values increase with the SiC
content increase. Analysis of these experimental curves
and the data on many usual engineering ceramics [29]
reveals superior R and R’ values of the studied
SiC—porcelain ceramics with SiC content of 85%—-90%
compared to conventional cordierite, mullite and
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Fig. 12 Effect of SiC content on coefficient of
thermal expansion.
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Fig. 14 Effect of SiC content on statistical
parameters R and R'.

Y-PSZ. This makes the alkali silicate bound SiC
ceramics a rather attractive object of detailed studies in
the thermal cycling and thermal shock applications
(e.g., as catalyst supports), because the production cost
benefits can be expected due to comparatively low
sintering temperature, simple sintering regimes and
cheap raw materials. However, practical operating
temperature range, durability and thermal shock
behavior of this type of ceramics should be studied in
more detail in further researches.

3.4 Ceramic foam manufacture

Samples of open-cell ceramic foam that can be used as
the catalyst support were manufactured from
SiC—porcelain ceramics by the polyurethane foam
replication process. Details of the process applied in
this study are described in Ref. [20]. In brief,
reticulated polyurethane foam samples with the
nominal cell density of 30 ppi were subjected to
multiple impregnation with aqueous suspensions
comprising SiC powder and industrial porcelain at the
solid residue ratio of 85/15, and carboxymethyl
cellulose as the rheological additive (0.1 wt%). After
each impregnation using suspensions with the
controlled moisture content [20], the samples were
subjected to centrifuging to remove excess suspension
and drying at 110 ‘C. When the targeted porosity of
83%—85% was attained, the samples were sintered in
air at 1200 C for 1 h. No visible surface flaw on the
foam strut surfaces is observed. Porcelain contains clay
and bentonite, which is essential for the sample green
density after the start of the polyurethane
decomposition. Pore structure of the SiC—porcelain
foam synthesized in this study is shown in Fig. 15.
Thermal and mechanical properties of the foam were

Fig. 15 Pore structure of the SiC—porcelain
ceramic foam.
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not studied in this research, but they can be estimated
from the experimental data on SiC—porcelain ceramic
properties using the extensively recognized Ashby’s
equations [30].

4 Conclusions

Mechanical and thermal properties of SiC—porcelain
ceramics were studied in the wide SiC content range of
0-95%. Microstructure evolution, shrinkage at
sintering, porosity, mechanical strength, elastic
modulus, CTE and thermal conductivity were studied
depending on SiC content. The optimal sintering
1200 'C, and the
three-point bending strength (77 MPa) corresponded to
SiC content of 90%. This strength was attained at
rather low linear shrinkage at sintering of ~1%.
Introducing SiC resulted in the residual porosity
increase, including formation of secondary pores due
to SiC oxidation and gaseous carbon oxide generation.
Higher residual porosity resulted in the more intensive
SiC oxidation during the sintering; up to 9% of the
introduced SiC oxidized during the sintering.
Compared to porcelain ceramics, CTE of this
composite ceramics decreased from 5.6x10° K™ to
5x10°K™", and its thermal conductivity increased
from 3 W/(m'K) to 12 W/(m'K). Parametric evaluation
of the ceramic thermal shock resistance revealed its
great potential as the material for thermal cycling
applications: higher values of statistical parameters
compared to the most conventional engineering
ceramics were stated. It was demonstrated that the
open-cell foam catalyst supports can be manufactured
from SiC—porcelain ceramics by polyurethane foam
replication process.

temperature  was maximum
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