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Silicon Carbide Reticulated Porous Ceramics (SiC RPCs) with multi-layered struts were designed via poly-

mer sponge replica technique together with vacuum infiltration of alumina slurry containing kyanite.
The effects of vacuum infiltration and the addition of kyanite in infiltration slurry on the strut structure,
mechanical properties and thermal shock resistance of SiC RPCs were investigated. During vacuum infiltration process, the triangular voids within SiC struts were filled up and strut surface was coated by
infiltration slurry. After sintering, the multi-layered struts were designed in SiC RPCs, which were characterised as the outer layer of aluminosilicate, middle layer of mullite bonded SiC skeleton and inner layer of
mullite-bonded corundum. SiC RPCs with three-layered struts possessed excellent mechanical properties
and thermal shock resistance in association with the reaction-boned inner layer and the optimised strut
structure.
1 Introduction
Reticulated Porous Ceramics (RPCs) with an
open, three-dimensional network structure
are widely applied in the field of porous media combustion due to their high permea
bility, thermal stable ability and resistance
to chemical attack [1]. However, the scour
of flue gas and large thermal stress from
the sharp temperature gradients in service
made porous burners easily damaged, thus
it was necessary to improve the mechanic
al properties and thermal shock resistance
of RPCs for the longevity of burners [2, 3].
Silicon carbide RPCs (SiC RPCs) was considered as the best candidate material for
porous components of PMC because of its
lower thermal expansion coefficient, high
thermal conductivity and high strength [4].
One of the most popular methods of RPC
production was polymer sponge replica
technique [5]. Generally, the polymer template within the RPCs struts would burn out
during the sintering process, which formed
large surface cracks on the strut and left
triangular tips within hollow struts. These
large flaws led to a low strength and fracture toughness of RPCs, thus making them
sensitive to structural stresses and limiting
their service life [6]. Some approaches had
been applied to enhance the RPCs, such as
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the pretreatment of polymeric sponge, second slurry coating or ceramic fibre strengthening [7–10]. Yao et al. [7] improved the
wetting ability of polymer sponge by the
treatment of alkali or polycarbosilane,
meanwhile increasing the surface roughness of sponge. The modified sponge could
significantly thicken the ceramic skeleton,
thereby strengthening the RPCs. In addition,
the rheological properties of the ceramic
slurry were optimised and the higher viscosity was obtained to increase the coated slurry on the sponge [8, 9]. Hargus et al. [10]
introduced the fibres and whiskers into the
RPCs skeleton, both the bridge effect and
pull out effect within the struts improved
the mechanical properties of RPCs.
In this work, mutil-layered struts were designed to strengthen SiC RPCs using polymer replica technique together with vac
uum infiltration of alumina slurry containing
kyanite. The SiC RPCs were first pre-fired to
prepare SiC preforms with hollow struts.
Subsequently, the triangular voids within
the hollow struts were filled up by the infiltration slurry and the strut surface was coated during the vacuum infiltration process.
Meanwhile, the added kyanite in the infiltration slurry could in situ form mullite via
reaction sintering and optimise the struts
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of SiC RPCs. The effect of vacuum infiltration as well as kyanite addition in alumina
slurry on the microstructure of the prepared
struts were investigated. Furthermore, the
relationship between optimised struts and
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was evaluated after water quenching tests
for three times. Six specimens were measured for the average strength in the experiment. The phase compositions of infiltration
slurry and SiC RPCs were investigated by
X-ray diffraction (XRD, X’pert Pro, Philips/
NL). The microstructure of the ruptured
struts etched by hydrofluoric acid as well
as the cross section of fracture struts were
observed using scanning electron microscope (SEM, Quanta 400, FEI Company/US)
equipped with energy dispersive X-ray spectroscopy (EDS, Noran 623 M-3SUT, Thermo
Electron Corporation/JP).

3 Results and discussion

3.1 Phase composition of
infiltration slurry and SiC RPCs
Fig. 1 XRD pattern of infiltration slurry of alumina containing kyanite
fired at 1300–1450 °C

mechanical properties of SiC RPCs was also
discussed in details.

2. Experimental procedure

2.1. Preparation of SiC RPCs
Commercial available SiC powder (<45 μm,
98 %, China), α-Al2O3 (~1,2 μm, Henan
Special Refractories Co., Ltd./CN) and micro
silica powder (~0,5 μm, 951 UL, Elkem/NO)
were used as raw materials. Polycarboxylate
(FS, BASF Group/DE), ammonium lignosulfonate (Tianjin institute of fines chemicals/
CN, referred to as AL hereafter), sodium
carboxymethyl-cellulose (CMC, Sinopharm
chemical reagent Co., Ltd/CN) were used
as additives. Firstly, deionized water was
mixed with the additives by mechanical stirring for about 10 min. The mixture powders
containing 80 mass-% SiC, 14,16 mass-%
α-Al2O3 and 5,84 mass-% microsilica were
subsequently added to the above solution
and stirring for 30 min, and the silicon carbide slurry with 77,4 mass-% solid content
was prepared.
Polyurethane open-cell sponge template
(10 pores/inch, 25 mm × 25 mm × 20 mm,
F.M Co. Ltd./DE) was immersed into the asprepared silicon carbide slurry, compressed
to fill up the void space and passed through
a preset roller to remove excess slurry, followed by blowing carefully compressed air
to eliminate the remaining closed pores.
After being dried at room temperature for
78

24 h, the coated sponges were pre-treated
at 850 °C to produce SiC preforms. The infiltration slurry with 71 mass-% solid content (77 mass-% alumina and 23 mass‑%
kyanite) were prepared without binder.
Then SiC preforms were totally immersed
in the as-prepared infiltration slurries and
a vacuum of 0,5 Pa applied for 20 min. All
the infiltrated SiC preforms were sintered at
1300 °C, 1400 °C and 1450 °C for 3 h at a
heating rate of 5 °C/min. The infiltrated preforms with vacuum infiltration were labelled
as SAK. For comparison, SiC-preforms without vacuum infiltration (labelled as S0) were
also fired at the same temperatures for 3 h.

2.2. Characterisation
Bulk density of sintered sample (ρb) was
calculated by the mass and volume of RPC.
The macrostructure of SiC RPCs was characterised by digital camera and the diameter of struts were analysed by Image-Pro
Plus software (Media Cybernetics, Inc./NL).
The cold compressive strength (CCS) was
measured by universal testing machine
(ETM, Wance/CN) with a loading rate of
0,5 mm/min, and the cardboard between
loading plates and RPCs was used to make
the loading uniform. Thermal shock resistance of RPCs was tested by water quenching technique. The sintered SiC RPCs were
heated at 1100 °C in air for 20 min, then
immersed into the flowing water of 25 °C.
Following that the residual strength ratio

The phases compositions of infiltration
slurries containing kyanite fired at 1300–
1450 °C are given in Fig. 1. At 1300 °C,
the kyanite phase disappeared together
with the formation of mullite phase, which
meant the mullization of kyanite was completed. With further increasing the temperature to 1400 °C, kyanite decompositionderived amorphous silica continuously
transformed into cristobalite because the
diffraction peak intensity of cristobalite
phase increased. Meanwhile, diffraction
peak intensity of corundum slightly decreased. At 1450 °C, mullite phase with
higher peak intensity was detected, but the
peak intensity of corundum decreased. It indicated that the secondary mullization process was performed, which resulted from
the reaction between added corundum and
silica decomposed from kyanite.
In order to analyse the phase composition
of SiC RPCs after infiltrated the above slurry,
XRD patterns of SiC RPCs specimens SAK
fired at various temperatures are conducted, which are shown in Fig. 2. Wirth regard
to SiC RPCs with alumina and kyanite infiltration, cristobalite phase together with
SiC and corundum phases were detected
after fired at 1300 °C. Meanwhile, kyanite
phase disappeared together with the formation of mullite phase, which showed that
the primary mullitization of kyanite was
completed. At 1400 °C, the peak intensity
of SiC decreased slightly while cristobalite
one increased correspondingly. With the
temperature increased to 1450 °C, the secondary mullitization occurred and the peak
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intensity of mullite phase was much higher
than that at 1400 °C.

3.2 Microstructure of SiC RPCs
The cross section of the fractured struts in
SiC RPCs fired at 1450 °C are presented in
Fig. 3. The obvious triangular void inside the
strut was observed in specimen SC0 owing
to the burnout of polymeric sponge during
sintering. Furthermore, the triangular tips
containing sharp apices were left within
SiC struts (Fig. 3 a), which easily led to the
large stress concentration and significantly
reduced the mechanical properties of SiC
RPC [11]. Besides, amounts of cracks and
large flaws formed on the strut surface. As
for the SiC RPCs with alumina and kyanite
infiltration, the triangular void inside the SiC
skeleton was completely filled up and the
strut surface was coated by a continuous
coating after vacuum infiltration in specimen SAK, thereby the obvious three-layered
strut formed (Fig. 3 b). It was worth noting
that the outer layer of the three-layered
strut was completely sintered to form a
dense layer and the crack-free on the strut
surface of specimen SAK.
In order to reveal the effect of vacuum infiltration on the strut microstructure, SEM
micrographs of the etched struts in specimen SAK after firing at 1450 °C are observed, showed in Fig. 4. It is clearly seen
that the obvious three-layered strut was
observed in specimen SAK (Fig. 4 a). In
the higher magnification micrograph of
zone 1 in Fig. 4 a, a transition layer located
in the interface between outer layer and

Fig. 2 XRD pattern of SiC RPCs after vacuum infiltration fired at 1300–1450 °C

SiC skeleton in specimen SAK. Combined
with EDS analysis, it was confirmed to be
aluminosilicate. Meantime, both of the primary mullitization of kyanite and secondary
mullitization process resulted in a relatively
loose outer layer (Fig. 4 b). For the SiC skeleton, amounts of needle and long columnlike mullite are embedded around SiC par
ticles. Furthermore, most of SiC particles in
the struts were much smaller than the size,
45 mm, of raw materials, indicating that
SiC particles were oxidized during heatingup (Fig. 4 c). In the triangular area of strut
(inner layer), the sintering behaviour of infiltrated slurry occurred. The alumina and
kyanite in the infiltrated slurry was reaction-

bonded, the inner layer was enhanced by
the mullite bonded corundum (Fig. 4 d).
Therefore, based on the SEM micrographs
of SiC RPCs struts, the obvious three-layer
silicon carbide-based dense strut with aluminosilicate as outer layer, mullite bonded
SiC as skeleton and mullite bonded corundum as the inner layer could be obtained
by vacuum infiltration of alumina slurries
containing kyanite.

3.3 Physical and mechanical
properties of SiC RPCs
The physical properties of SiC RPCs with
and without vacuum infiltration are shown
in Tab. 1. The bulk density of specimen S0

Fig. 3 a–b The microstructure of fractured struts of SiC RPCs after sintering at 1450 °C: (a) S0, (b) SAK

Fig. 3 The microstructure of fractured struts of SiC RPCs after sintering at 1450 °C
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(a) S0, (b) SAK
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Fig. 3 The microstructure of fractured struts of SiC RPCs after sintering at 1450 °C
(a) S0, (b) SAK

Fig. 4 a–d SEM micrographs of the etched strut in specimen SAK after firing at 1450 °C; (b), (c) and (d) were the higher magnification
Fig. 4of SEM
micrographs
the etched strut in specimen SAK after firing at 1450°C. (b), (c) and
graphs
zone 1, 2
and 3 in Fig. 4 a,of
respectively

higher
magnification
graphs
zone
and
was about (d)
0,24were
g/cm3, the
but the
bulk dens
cause the hollow
strutofwas
filled1,up2 and
ity of specimen SAK was exhibited larger
its surface was coated by infiltration slurry
value, which were 0,24 g/cm3. It is easily
(Fig. 3 b). Correspondingly, the diameter
of struts in specimen SAK was larger than
understood that specimen SAK exhibited
that of S0. Besides, the formation of threelarger bulk density than specimen S0, beTab. 1 Physical properties of SiC RPCs with and without vacuum infiltration
Specimen

S0

SAK

80

Temperature
[°C]

Weight of
Infiltrated
Slurry [g]

Bulk Density
ρRPC
[g/cm3]

Diameter of
the Struts
[mm]

SiC Oxidization Ratio
[%]

1300

–

0,24 ± 0,01

0,47 ± 0,07

15,5 ± 0,5

1400

–

0,26 ± 0,01

0,48 ± 0,03

20,9 ± 1,9

1450

–

0,23 ± 0,01

0,47 ± 0,05

29,9 ± 0,3

1300

13,67 ± 0,76

0,52 ± 0,01

0,62 ± 0,08

11,8 ± 1,3

1400

13,95 ± 0,36

0,52 ± 0,01

0,62 ± 0,09

20,0 ± 2,8

1450

13,57 ± 1,10

0,50 ± 0,01

0,63 ± 0,09

29,5 ± 1,3

3layered
in Fig.
a, inrespectively
struts
SiC RPCs was benefited to
the oxidation resistance of SiC in the struts
of SiC RPCs, especially for the RPCs fired at
1300 °C. The value of SiC oxidization ratio
was 15,5 in specimen S0, while its value reduced to 11,8 in specimen SAK.
Mechanical properties and thermal shock
resistance of SiC RPCs were evaluated by
the CCS and its residual ratio before and
after three thermal shock cycles, their results are presented in Tab. 2. It is clearly
seen that the CCS and its residual ratio of
sample S0 increased simultaneously with
the increasement of sintering temperature
from 1300 °C to 1450 °C. The CCS and
CCSTS/CCS of specimen S0 at 1300 °C
were 0,16 MPa and 31,2 %, respectively.
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As increasing the temperature to 1450 °C,
their values reached the maximum of
0,14 MPa and 50,0 %. With regard to the
specimen SAK with infiltrating alumina
and kyanite, the CCS and CCSTS/CCS were
much larger than that of specimen S0. It
was worth noting that the strength of SAK
was not sensitive to the sintering temperature. The CCS of specimen SAK was around
0,90 MPa ~ 0,97 MPa when the temperature from 1300 °C to 1450 °C. However,
the addition of kyanite in the infiltration
slurry could significantly improve the thermal shock resistance of SiC RPCs, especially
for the firing temperature was 1300 °C,
whose residual strength retention ratio exhibited the maximum value of 74,8 %.
The differences in mechanical properties
and thermal shock resistance of SiC RPCs
were greatly associated with the optimised
strut structure as well as the reaction sintering of infiltration slurry. In specimen
S0, the hollow struts containing large surface cracks and triangular tips generated
(Fig. 3 a). These defects seriously reduced
the strength of SiC RPCs because they could
easily led to the stress concentration under
the applied loading [12]. As the vacuum infiltration of alumina and kyanite, the hollow
strut was completely filled up and the strut
surface was coated by infiltration slurry.
After firing at elevated temperature, the

three-layered struts formed and the strut
defects including triangular void and surface cracks were eliminated. In addition, the
outer layer and inner layer of three-layered
struts was strengthened by the reaction sintering of mullite-bonded corundum. Therefore, the mechanical properties and thermal
shock resistance of specimen SAK were
obviously improved in comparison with S0.
Besides the microstructure of the strut affected the thermal shock resistance of SiC
RPCs with three-layered struts, the content
of residual SiC within SiC skeleton decided
the strength after thermal shock.
With increasing the temperature from
1300 °C to 1450 °C, the residual strength
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Tab. 2 Mechanical properties of SiC RPCs with and without vacuum infiltration
Sample

Temperature [°C]

CCS [MPa]

CCSTS [MPa]

CCSTS/CCS [%]

1300

0,16 ± 0,03

0,05 ± 0,03

31,2

S0

SAK

1400

0,26 ± 0,03

0,12 ± 0,02

46,2

1450

0,28 ± 0,04

0,14 ± 0,03

50,0

1300

0,90 ± 0,06

0,68 ± 0,03

74,8

1400

0,97 ± 0,01

0,60 ± 0,19

62,0

1450

0,92 ± 0,09

0,62 ± 0,29

68,0

retention ratio of specimen SAK reduced.
The results of XRD pattern of infiltration
slurry showed that the mullitization of
kyanite was completed at 1300 °C (Fig. 1),
which meant that the inner layer of the
three-layered struts was bonded by reaction
sintering. It was noteworthy that the SiC
oxidization ratio increased with the sintering temperature (Tab. 1), and the content of
residual SiC correspondingly reduced. Thus,
the reduced content of residual SiC led to
the poor thermal shock resistance of SiC
RPCs.

4 Conclusions
• The three-layered struts in SiC-RPCs were
successfully prepared via polymer replica
together with vacuum infiltration of alumina slurries containing kyanite, which
were characterised as the outer layer of
aluminosilicate, middle layer of mullite
bonded SiC skeleton and inner layer of
mullite-bonded corundum.
• SiC RPCs with three-layered struts possessed excellent mechanical properties
and thermal shock resistance in associ
ation with the reaction-boned triangular
area and outer layer as well as the optimised strut structure.
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