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bstract

ordierite-bonded porous SiC ceramics were fabricated with and without CeO2 addition in air by an in situ reaction bonding technique. The effects
f CeO2 addition on the phase composition, microstructure and properties of porous SiC ceramics were investigated. It was found that the CeO2

ddition strongly promotes the phase transformation towards cordierite while inhibits the formation of spinel. With CeO2 addition, the neck growth
as enhanced, and the mechanical properties of porous SiC ceramics were improved. When 2.0 wt.% CeO2 was added, a flexural strength of
5.3 MPa was achieved at an open porosity of 42.1%. Pore size distribution characterization by mercury porosimetry indicated that 2.0 wt.% CeO2
ddition enlarged the average pore size of porous SiC ceramics and introduced a bigger homogeneity in pore size. In addition, it was found that
igher permeability was obtained after adding 2.0 wt.% CeO2. Moreover, the thermal shock resistance of cordierite-bonded porous SiC ceramics
as also improved by the addition of CeO2.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Porous ceramics attract increasing attention in the application
or hot gas filtration in recent years.1–6 For such application, the
eramic filters must be able not only to resist the chemical attack
t high temperatures by the aggressive process environments
ontaining steam, dust and gaseous sulfide, but also to with-
tand the mechanical strength decrease in the pulse-jet cleaning
rocess. Due to the low thermal expansion coefficient, good
hermal shock resistance, as well as excellent mechanical and
hemical stability at elevated temperatures, porous SiC ceramics
re thought to be the most promising filter material for hot gas
ltration. However, it is hard to sinter SiC ceramics at moder-
te temperatures because of the strong covalent nature of Si–C
ond.7,8 A lot of works have been done to realize the fabri-

ation of porous SiC ceramics at low temperature. She et al.
eveloped an oxidation-bonding technique for the fabrication
f porous SiC ceramics at low temperature.9,10 In their works,
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iC powder compacts were heated in air, SiC particles were
hen bonded by the oxidation-derived SiO2 glass and the oxida-
ion bonded porous SiC ceramics exhibit high fracture strength
nd good oxidation resistance. Furthermore, Ding et al. fabri-
ated mullite-bonded porous SiC ceramics at 1450–1550 ◦C in
ir by an in situ reaction bonding technique.11 Compared with
he oxidation bonded porous SiC ceramics, the mullite-bonded
orous SiC ceramics possess better high temperature stability
nd oxidation resistance.

Recently, we have fabricated cordierite (2MgO·2Al2O3·
SiO2)-bonded porous SiC ceramics from SiC, Al2O3, MgO
nd graphite in air by the reaction bonding process at a rela-
ively low temperature of 1350 ◦C.12 The as-fabricated porous
iC ceramics possess high mechanical strength. In addition, the
orous SiC ceramics are expected to exhibit good thermal shock
esistance owing to the low thermal expansion coefficient of
ordierite. Unfortunately, the cordierite phase is accompanied
y the phase of spinel (MgO·Al2O3), which impairs the thermal

hock resistance of porous SiC ceramics due to the high thermal
xpansion coefficient of spinel. The positive influence of adding
eO2 on promoting the phase transformation towards cordierite
as been reported in the previous works.13–17 Therefore, CeO2 is

mailto:yuping-zeng@mail.sic.ac.cn
dx.doi.org/10.1016/j.jeurceramsoc.2008.11.002
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Moreover, it can be seen from Fig. 2 that the amount of �-
cordierite increases continuously with the increase of the CeO2
content. As expected, spinel phase decreases with the content
of CeO2. Only a trace of spinel was detected in the XRD pat-
796 S. Liu et al. / Journal of the Europea

hosen as the sintering additive in the present work to improve
he properties of cordierite-bonded porous SiC ceramics. The
ffects of CeO2 addition on the fabrication and properties of
ordierite-bonded porous SiC ceramics were investigated.

. Experimental procedure

Commercially available �-SiC powder (99.4% purity,
0.0 �m, Weifang Kaihua Silicon Carbide Micro-powder Co.
td., Weifang, China), �-Al2O3 (99.9% purity, 0.6 �m, Wusong
hemical Fertilizer Factory, Shanghai, China) and MgO (>98%
urity, Shanghai Tongya Chemical Technology Co. Ltd., Shang-
ai, China) were used as the starting materials. Graphite powder
99.4% purity, 10.0 �m, Qingdao Huatai Lubricant Sealing Sci-
nce and Technology Co. Ltd., Qingdao, China) was employed
s the pore-forming agent. The weight ratio of SiC, Al2O3, MgO
nd graphite is 56.0:17.2:6.8:20.0, respectively (where the ratio
f Al2O3 to MgO is equal to that in the stoichiometric composi-
ion of cordierite). CeO2 (99.99% purity, Sinopharm Chemical
eagent Co. Ltd., Shanghai, China) was added into the mixture

n nominal compositions as listed in Table 1. The powder mix-
ures were ball-milled in ethanol for 24 h to obtain homogeneous
lurries, adding a small amount of PVB (polyvinyl butyral) as
inder. After being dried in an oven at 80 ◦C and sieved through a
5-mesh (0.20 mm) screen, the mixed powders were bidirection-
lly pressed into the rectangular specimens with dimensions of
5.0 mm × 10.0 mm × 50.0 mm under a 56 MPa pressure using
steel die. The specimens were sintered in air at 1150–1400 ◦C

or 2 h with a heating and cooling rate of 5 ◦C/min.
All specimens were weighted before and after sintering to

stimate the oxidation degree of SiC particles. Phase analysis
as conducted by X-ray diffraction (XRD) (Model RAX-
0, Rigaku, Japan) with Cu K� radiation. Microstructures
ere observed by scanning electron microscopy (SEM) (Model

SM-5600LV, JEOL, Japan). Open porosity was determined
y the Archimedes method with distilled water as the liq-
id medium. Pore size distribution was characterized by the
ercury porosimetry (Model Pore-Sizer 9320, Micromeritics,
SA). The gas permeability behaviour of porous SiC ceram-

cs was evaluated by a home-made apparatus with nitrogen
as as a permeation medium. Flexural strength was measured
ia the three-point bending test (Model AUTO-GRAPH AG-
, Shimadzu, Japan) with a support distance of 30 mm and a

ross-head speed of 0.5 mm/min, four specimens were tested
o obtain the average strength and standard deviation. Thermal
hock test was conducted by the conventional water-quenching
echnique.18 The specimens were heated to the preset tempera-

able 1
he weight percent of CeO2 in the various specimens.

pecimen code CeO2 content (wt.%)

0 0
1 1.0
2 2.0
3 3.0
4 4.0 F

�

amic Society 29 (2009) 1795–1802

ure at a rate of 5 ◦C/min and held for 0.5 h. Then, the specimens
ere quenched into a water bath, where the temperature was
aintained at 20 ◦C. The residual strength of the specimens

ubjected to the water-quenching was determined at room tem-
erature by the three-point bending test with a support distance
f 30 mm and a cross-head speed of 0.5 mm/min.

. Results and discussion

.1. Effects of CeO2 addition on the phase compositions of
ordierite-bonded porous SiC ceramics

Fig. 1 shows the XRD patterns of the CeO2-free specimens
S0) sintered at different temperatures. At 1200 ◦C, a large
mount of metastable phase spinel forms as the result of the
iffusive reaction between MgO and Al2O3 in solid state. Weak
-cordierite peaks appear at 1250 ◦C attributed to the dissolution
f MgO and Al2O3 into SiO2 and the subsequent turning into
-cordierite from the solid solution at its limit of solubility.12

s the sintering temperature is increased to 1300 ◦C, more
-cordierite forms due to the higher temperature accelerates

he solid diffusion. Above 1350 ◦C, the formation process of
-cordierite turns into crystallization directly from the liquid
ue to the liquid phase forms.14 As a result, the formation
f �-cordierite is further accelerated. On the other hand, the
mount of spinel decreases gradually with the increase of the
intering temperature owing to the reaction between spinel and
ristobalite.19,20

Fig. 2(a) and (b) shows the XRD patterns of the specimens
ith different CeO2 contents sintered at 1200 and 1250 ◦C,

espectively. CeO2 addition strongly promotes the phase trans-
ormation towards �-cordierite. The �-cordierite peaks can be
bviously observed in the XRD patterns of S1 to S4 at 1200 ◦C,
nd the �-cordierite peaks of S2 sintered at 1250 ◦C are even
uch more intensive than those of S0 sintered at 1350 ◦C.
ig. 1. XRD patterns of S0 sintered at different temperatures (S is SiC, C is
-cordierite, A is �-Al2O3, Cr is cristobalite and Sp is spinel).
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ig. 2. XRD patterns of the specimens with different CeO2 contents sintered at
a) 1200 ◦C and (b) 1250 ◦C (S is SiC, C is �-cordierite, A is �-Al2O3, Cr is
ristobalite, Sp is spinel and Ce is CeO2).

erns of S2 to S4 sintered at 1250 ◦C. These observations are
ell in agreement with the results reported by Shi et al. about

he effects of CeO2 on phase transformation towards cordierite
n MgO–Al2O3–SiO2 system.14,17 Based on their works,14,17

e4+ can weaken the bonds of Mg–O and Al–O by attaching
2− from MgO and Al2O3 crystals. As a result, the addition of
eO2 inhibits the combination of MgO and Al2O3 into spinel
hile promotes the dissolution of MgO and Al2O3 into cristo-
alite and so, accelerates the reaction to form �-cordierite. In the
resent work, the enhancement of phase transformation towards
ordierite at 1200–1250 ◦C by the addition of CeO2 can be asso-
iated with the alteration of solid ion diffusion. In addition, it
s worth noting that a proper amount of CeO2 addition can not
nly lower the formation temperature of liquid to about 1280 ◦C
n MgO–Al2O3–SiO2 system, but also make ionic diffusion
asier in liquid.14 Therefore, CeO2 addition can also facilitate
ordierite crystallization.

According to the work by Montanaro,21 the solid solubility
f Ce4+ in cordierite is very low. Moreover, there is no reac-

4+
ion between CeO2 and cordierite. Fig. 2 proves that Ce is
ainly existed in the forms of CeO2 at 1200–1250 ◦C. It can be

een from Fig. 2 that the obvious CeO2 peaks exist in the XRD
atterns of S2 to S4.

o
t
A

ig. 3. Plots of oxidation degree of SiC vs. sintering temperature for the speci-
ens with different CeO2 contents.

CeO2 addition also promotes the oxidation of SiC. Fig. 3
hows the plots of oxidation degree of SiC vs. sintering tem-
erature for the specimens with different CeO2 contents. Both
he elevation of sintering temperature and the addition of CeO2
romote the oxidation of SiC at 1200–1350 ◦C. Based on pre-
ious works,22,23 the oxidation-derived silica forms a protective
lm and the rate of oxidation is diffusion controlled. It is gen-
rally accepted that the mobile species is oxygen, not silicon.
he transport of oxygen through SiO2 can occur by diffusion of
olecular oxygen as interstitials or by network exchange of ionic

xygen.24–26 According to the work by Costello and Tressler,25

he activation energy for oxidation of SiC is low (120 kJ/mol)
elow 1400 ◦C, and is similar to that for oxidation of pure silicon
nd molecular oxygen diffusion through amorphous SiO2, which
ndicated that oxidation in this temperature regime is controlled
y the permeation of molecular oxygen through the growing
xide film. Considering the relatively low sintering tempera-
ures in the present work, molecular oxygen diffusion inward
hould be the rate-controlling step for the oxidation of SiC.

olecular oxygen diffusion through silica film becomes faster
t higher temperature and so, the oxidation of SiC is speeded up.
n the other hand, CeO2 addition may also promote the oxida-

ion of SiC owing to the fact that the CeO2 addition accelerates
he dissolution of MgO and Al2O3 into SiO2. However, it is
nteresting to find that the specimen with a high CeO2 addition
S4) exhibits a slightly lower SiC oxidation degree than CeO2-
ree specimen (S0) at 1400 ◦C. It is known CeO2 addition can
ecrease the viscosity of liquid and facilitate densification and
ordierite crystallization in MgO–Al2O3–SiO2 system.27 So, a
igh CeO2 addition may cause a rapid densification to occur in
he region near the surface of the specimen at a relatively high
emperature (1400 ◦C), which inhibits the inward diffusion of
xygen. As a result, too much CeO2 addition induces a decrease
f SiC oxidation degree at a relatively high temperature.

It is noteworthy that proper CeO addition reduces the amount
2
f cristobalite in the cordierite-bonded porous SiC ceramics due
o the promotion of the phase transformation towards cordierite.
s shown in Figs. 1 and 2(b), the XRD pattern of S2 sintered at
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ig. 4. SEM micrographs of fracture surfaces of (a) S0 sintered at 1250 ◦C, (b)
0 sintered at 1350 ◦C and (c) S2 sintered at 1250 ◦C.

250 ◦C exhibits more intensive �-cordierite peaks while weaker
ristobalite peaks than that of S0 sintered at 1350 ◦C.

.2. Effects of CeO2 addition on the microstructure of
ordierite-bonded porous SiC ceramics
Fig. 4(a) shows the typical microstructures of S0 sintered at
250 ◦C. The SEM micrograph exhibits a loose structure with
onnected pores. In addition, there are many agglomerates on

s
1
A
s

ig. 5. Typical bonding necks in (a) S0 sintered at 1350 ◦C and (b) S2 sintered
t 1250 ◦C.

he surface of SiC particles, which are mainly the unreacted alu-
ina based on the XRD results in Fig. 1. When the sintering

emperature is increased to 1350 ◦C, the well-developed bond-
ng necks are formed between SiC particles in S0 as shown in
ig. 4(b). This should be attributed to the formation of a large
mount of cordierite. Fig. 4(c) shows the typical microstructure
f S2 sintered at 1250 ◦C. The SEM micrograph of S2 exhibits a
icrostructure with compacted bonding between SiC particles.
ig. 5 indicates that the bonding necks of S2 sintered at 1250 ◦C
re even much thicker than those of S0 sintered at 1350 ◦C. This
eason is that there is much more cordierite in S2 sintered at
250 ◦C than that of S0 sintered at 1350 ◦C.

It is worth noting that there are two types of pores with dif-
erent pore sizes in S0 sintered at 1250 or 1350 ◦C, as shown
n Fig. 4(a) and (b). Due to 10.0 �m SiC and 10.0 �m graphite
articles were used as the starting materials, the small pores are
erived from stacking of SiC particles while the big pores are
aused by graphite burnout. On the other hand, it can be seen
rom Fig. 4(c) that the pores derived from stacking of SiC parti-
les almost disappear in S2 after sintered at 1250 ◦C. The pore

ize distribution of S0 sintered at 1350 ◦C and S2 sintered at
250 ◦C are agreement with the above SEM results very well.
s shown in Fig. 6, S0 sintered at 1350 ◦C exhibits bimodal pore

ize distribution, while S2 sintered at 1250 ◦C shows unimodal
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ig. 6. Pore size distribution in S0 sintered at 1350 ◦C and S2 sintered at 1250 ◦C.

ore size distribution. It is often observed that small pores are
ended to be merged into big pores as sintering proceeds. With
eO2 addition, ion diffusion is accelerated, which promotes the

intering process. As a result, the small pores almost disappear
n S2 after sintering at 1250 ◦C. Evidently, the bigger homo-
eneity in pore size after CeO2 addition is in favor of particulate
ltration efficiency in the application for hot gas filtration. More-
ver, S2 sintered at 1250 ◦C possesses higher permeability than
0 sintered at 1350 ◦C, though the open porosity of S2 sintered
t 1250 ◦C (42.1%) is lower than that of S0 sintered at 1350 ◦C
49.6%). The permeability of porous SiC ceramics was evalu-
ted using Forchheimer’s equation for the compressible gas as
ollows28,29:

P2
i − P2

o

2PL
= η

K1
Vs + ρ

K2
V 2

s (1)

here Pi is the fluid pressure at the entrance of the sam-
le, Po is the fluid pressure at the exit of the sample, Vs is
he fluid velocity, P is the fluid pressure at which Vs is mea-
ured, L is the sample thickness, η is the viscosity of the fluid,

is the density of the fluid, K1 is the Darcian or viscous
ermeability and K2 is the non-Darcian or inertial permeabil-
ty. The first term (ηVs/K1) represents viscous energy losses,
hile the second term (ρV 2

s /K2) represents inertia energy
osses. The fit of this equation to the results in Fig. 7 gave
/K1 = 250.7 (MPa s)/m2 and ρ/K2 = 77.57 (MPa s2)/m3, with a
orrelation factor R2 = 0.99997 for S0 sintered at 1350 ◦C, while
ave η/K1 = 203.1 (MPa s)/m2 and ρ/K2 = 51.75 (MPa s2)/m3,
ith a correlation factor R2 = 0.99999 for S2 sintered at 1250 ◦C.
uch high R2 values indicate that the permeability of porous
iC ceramics can be well evaluated by Eq. (1). Darcian perme-
bility K1 and non-Darcian permeability K2 can be calculated
rom the values of η/K1 and ρ/K2 (at room temperature, viscos-
ty η and density ρ of N2 are 1.78 × 10−5 Pa s and 1.16 kg/m3,
espectively). It is obtained that K1 and K2 of S2 sintered
t 1250 ◦C (0.710 × 10−13 m2 and 0.0150 × 10−6 m, respec-

ively) were both higher than those of S0 sintered at 1350 ◦C
0.876 × 10−13 m2 and 0.0224 × 10−6 m, respectively). The
arcian permeability K1 of porous ceramics can be estimated

p
p

ig. 7. Relationship between pressure gradient and N2 velocity for (a) S0 sin-
ered at 1350 ◦C and (b) S2 sintered at 1250 ◦C, where experimental data are
tted to Eq. (1).

y the Carman–Kozeny’s relation30:

1 = pd2

16fCKτ2 (2)

here p is the efficient porosity contributing to the permeability,
is the average pore diameter, fCK is Carman–Kozeny coeffi-

ient, and τ is the tortuosity of pore channels. Based on the results
f investigation on pore size distribution, the average pore diam-
ter of S0 sintered at 1350 ◦C and S2 sintered at 1250 ◦C are 2.42
nd 3.16 �m, respectively. According to Eq. (2), it is not surprise
hat S2 sintered at 1250 ◦C exhibits a high Darcian permeabil-
ty than S0 sintered at 1350 ◦C though the open porosity of S2
intered at 1250 ◦C is slightly lower than that of S0 sintered at
350 ◦C. On the other hand, the bigger homogeneity in pore size
fter CeO2 addition causes less tortuous flow paths to be gener-
ted. Then, the inertia interaction between gas and porous walls
s weakened. Therefore, S2 sintered at 1250 ◦C also exhibits a
igh non-Darcian permeability than S0 sintered at 1350 ◦C.

.3. Effects of CeO2 addition on the properties of
ordierite-bonded porous SiC ceramics
Fig. 8 shows the plots of open porosity vs. sintering tem-
erature for the specimens with different CeO2 contents. Open
orosity decreases with sintering temperature for all specimens.
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ig. 8. Plots of open porosity vs. sintering temperature for porous SiC ceramics
ith different CeO2 contents.

n addition, open porosity of the porous SiC ceramics with CeO2
ddition (S1 to S4) is smaller than the one without CeO2 addi-
ion. According to the theoretic calculation, the oxidation of
iC to cristobalite is accompanied with acute volume expan-
ion (108%). Part of this expanded volume will be extended
nto the voids among SiC particles and leads to the decrease
f open porosity. In addition, the sintering densification also
eads to the decrease of open porosity. In the sintering temper-
ture range of 1200–1350 ◦C, both the increase of the sintering
emperature and the addition of CeO2 promote the oxidation of
iC and the sintering densification behaviour, resulting in the
ecreases of the open porosity. At a relatively high temperature
f 1400 ◦C, specimen with a high CeO2 addition (S4) exhibits
slightly lower SiC oxidation degree than CeO2-free specimen

S0), however, the open porosity of S4 was much lower than that
f S0. This should be attributed to the fact the sintering densifi-
ation behaviour was strongly promoted by the CeO2 addition
hen the sintering temperature was relatively high.

Fig. 9 shows the flexural strength of porous ceramics as a

unction of sintering temperature for the specimens with differ-
nt CeO2 contents. When the sintering temperature is 1200 ◦C,
he flexural strength is notably improved by the addition of CeO2

ig. 9. Plots of flexural strength vs. sintering temperature for porous SiC ceram-
cs with different CeO2 contents.
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nd S4 exhibits the highest flexural strength of 36.9 MPa. As
he sintering temperature is increased to 1250 ◦C, the flexural
trength is improved for S0 to S3, but is impaired for S4. The
exural strength of S2 is 35.3 MPa, which is almost equal to that
f S4 (35.4 MPa). At 1300 and 1350 ◦C, the flexural strength
hows a decrease for all specimens except S0. As the sintering
emperature is further increased to 1400 ◦C, the flexural strength
f S0, S3 and S4 increases, while the flexural strength of S1 and
2 almost has not changed.

The mechanical strength of porous ceramics depends strongly
n porosity. The strength–porosity dependence can be approxi-
ated as follows31,32:

= σ0 exp(−bp) (3)

here σ is the strength of the porous structure at a poros-
ty p, σ0 is the strength of a nonporous structure and b is
n empirical constant that is dependent on the pore charac-
eristics. From the literature,9 the closed porosity of OBSCs
as very less (about 0.3–0.4%). Thus, the closed porosity of
orous SiC ceramics in the present work can be neglected. It
an be seen from Fig. 9 that the flexural strength was notably
mproved by CeO2 addition at 1200–1250 ◦C. Obviously, the
ecrease of porosity with CeO2 addition has contribution to the
mprovement of the flexural strength. Moreover, CeO2 addition
romotes the phase transformation towards cordierite, which
nduces the enhancement of neck growth and improves the flex-
ral strength. However, the flexural strength of S2 to S4 exhibits
bvious decreases at 1300 and 1350 ◦C, though their porosities
ecrease. This should be attributed to the high SiC oxidation
egree of these specimens at 1300 and 1350 ◦C, which causes
uch cristobalite to be existed in the specimens and impairs the
exural strength of porous SiC ceramics. With the temperature

ncreases to 1400 ◦C, the SiC oxidation degree and porosity of S4
oth decrease. As a result, the flexural strength of S4 increases
harply.

Combining the results in Figs. 8 and 9, it is obvious that S2
intered at 1250 ◦C exhibits better mechanical properties than
0 sintered at 1400 ◦C. The flexural strength and open porosity
f S2 sintered at 1250 ◦C (35.3 MPa and 42.1%, respectively)
ere both higher than those of S0 sintered at 1400 ◦C (25.3 MPa

nd 39.8%, respectively). However, it cannot be identified if the
igher flexural strength of S2 sintered at 1250 ◦C relative to
0 sintered at 1350 ◦C is not due only to the lower porosity.
o achieve a better understanding of the effect of CeO2 addi-

ion on the mechanical properties of cordierite-bonded porous
iC ceramics, plots of flexural strength vs. porosity for the
pecimens without and with CeO2 addition were compared.
orosity was changed by varying the amount of graphite addi-

ion. For the specimens with CeO2 addition, the weight ratio of
eO2 to SiC + MgO + Al2O3 was fixed to the value of 0.0255

n the starting materials, which is equal to the weight ratio of
eO2 to SiC + MgO + Al2O3 in S2. The specimens without and

ith CeO2 addition were sintered at 1350 and 1250 ◦C for 2 h,

espectively. The plots of flexural strength vs. porosity for the
pecimens without and with CeO2 addition were constructed
s shown in Fig. 10. The fit of Eq. (3) to the results in Fig. 10



S. Liu et al. / Journal of the European Ceramic Society 29 (2009) 1795–1802 1801

Fig. 10. Flexural strength as a function of porosity for the porous SiC ceram-
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cs without and with CeO2 addition. Specimens without CeO2 addition and
ith CeO2/(SiC + MgO + Al2O3) = 0.0255 were sintered at 1350 and 1250 ◦C,

espectively. S1, S3 and S4 were sintered at 1200–1400 ◦C.

hows that the flexural strength of the specimen with CeO2 addi-
ion was higher than that of the specimen without CeO2 addition
t a same porosity. This indicates that CeO2 addition has a good
ffect on the mechanical properties of cordierite-bonded porous
iC ceramics. As mentioned earlier, CeO2 addition enhances

he growth of the necks among SiC particles. According to the
ork by Rice,31,33 the fracture strength of porous ceramics is
etermined by the actual load-bearing area or the minimum
olid area. Therefore, the strength of porous SiC ceramics was
mproved by the enhancement of the neck growth. Relation-
hips between flexural strength and porosity of S1, S3 and S4
intered at 1200–1400 ◦C were also shown in Fig. 10. It is
oteworthy that the exponential relationship between strength
nd porosity is not applicable to these specimens which sin-
ered at different temperatures. This is due to the fact that the
hase compositions of specimens are changed with sintering
emperature, which strongly affects the strength of the spec-
mens. It can be seen from Fig. 10 that all points except S1
intered at 1250 ◦C, S3 sintered at 1200 ◦C and S4 sintered at
200 ◦C were in the region beneath the fitted curve of CeO2-free
pecimen sintered at 1350 ◦C, while these three points were in
he region above the fitted curve of CeO2-free specimen sin-
ered at 1350 ◦C but beneath the fitted curve of the specimen
ith CeO2/(SiC + MgO + Al2O3) = 0.0255 sintered at 1250 ◦C.
hese results indicate that proper amount of CeO2 addition aids

n improving the mechanical properties of cordierite-bonded
orous SiC ceramics.

CeO2-free specimen sintered at 1350 ◦C and CeO2-added
pecimen (the weight ratio of CeO2 to SiC + MgO + Al2O3 is
.0255) sintered at 1250 ◦C with nearly same open porosities
49.6% and 50.2%, respectively) were selected to investigate
he effect of the CeO2 addition on the thermal shock resistance
f porous SiC ceramics. Fig. 11 shows the residual strength
f the quenched specimens as a function of quenching tem-

erature difference. Both specimens did not show an abrupt
trength decrease, but exhibited a gradual strength reduction.
he same phenomena were previously observed in the oxida-

ion bonded porous SiC ceramics and mullite-bonded porous

o
n
C
w

ig. 11. Residual flexural strength and normalized residual strength as a function
f quenching temperature difference for the specimens without and with CeO2

ddition.

iC ceramics.34,35 It is known that the bulk temperature gradi-
nt may give rise to a maximum tensile stress in the surface of the
uenched specimens.36 Some weak necks in the surface region
ould be cracked during the quenching temperature. However,

he crack propagation is difficult in porous ceramics due to
he crack–pore interactions.34 Thus, the residual strength only
ecreases gradually with the increase of quenching temperature
ifference.

As expected, CeO2 addition improves the thermal shock
esistance of cordierite-bonded porous SiC ceramics. Fig. 11
hows that the residual flexural strengths of CeO2-added spec-
men were higher than those of CeO2-free specimen at all
emperature differences. Moreover, the effect of CeO2 addition
n the normalized residual strength for various thermal shock
emperature differences is shown in Fig. 11. The residual flexural
trength values of the specimens after thermal shock are normal-
zed with those before thermal shock. As can be seen, the thermal
hock resistance of cordierite-bonded porous SiC ceramics was
mproved by CeO2 addition. This should be attributed to the
ffect of CeO2 addition on the phase compositions of cordierite-
onded porous SiC ceramics. CeO2 addition promotes the phase
ransformation towards cordierite, while inhibits the formation
f spinel and reduces the amount of residual cristobalite, which
ffectively lowers the thermal expansion coefficient of porous
iC ceramics. Hence, the thermal shock resistance of cordierite-
onded porous SiC ceramics is improved by the addition of
eO2.

. Conclusions

Cordierite-bonded porous SiC ceramics were fabricated with
nd without CeO2 addition from SiC, �-Al2O3, MgO and
raphite in air by the in situ reaction bonding process. CeO2
ddition strongly promotes the phase transformation towards
ordierite, while inhibits the formation of spinel. When 2.0 wt.%
eO2 was added, a large amount of cordierite but only a trace

f spinel was formed at 1250 ◦C. Due to the enhancement of
eck growth by the addition of CeO2, porous SiC ceramics with
eO2 addition exhibit better mechanical properties than the one
ithout CeO2 addition. When 2.0 wt.% CeO2 was added, a high
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exural strength of 35.3 MPa is achieved at an open porosity of
2.1%. In addition, it was found that the addition of 2.0 wt.%
eO2 introduced a bigger homogeneity in pore size and enlarged

he average pore size of porous SiC ceramics. In the meantime,
igher permeability was obtained after adding 2.0 wt.% CeO2.
oreover, CeO2 addition improves the thermal shock resistance

f cordierite-bonded porous SiC ceramics.
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