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bstract

he influences of molding pressures, bonding phase contents, and SiC particle sizes on the flexural strength of SiC-based porous ceramics were
nvestigated based on their microstructure of fracture surface. The SEM morphologies and EDS element analysis results of fracture surface showed
hat there were two different kinds of fracture points: SiC particle fracture points and bonding phase fracture points. It is found that molding

ressures, bonding phase contents, and SiC particle sizes affect the SiC particle fracture point area in the fracture surface, and the fraction of the
iC particle fracture point area in the minimum solid area of fracture surface is a determined influence factor for the flexural strength of SiC-based
orous ceramics used for hot gas filter support.

2010 Elsevier Ltd. All rights reserved.

m
i
p
c

c
p
t
s
c

t
l

σ

eywords: Sintering; Porosity; Fracture; SiC; Structural applications

. Introduction

Hot gas particulate ceramic filter is widely used in advanced
oal-based power generation systems such as pressurized
uidized-bed combustion (PFBC) and integrated gasification
ombined cycle (IGCC).1–3

Silicon carbide (SiC) ceramic, which has high tempera-
ure stability, low thermal expansion coefficient, high corrosion
esistance, high thermal conductivity and excellent mechanical
roperties, is suitable material as porous ceramic supports for
ot gas cleaning.4–8 However, it is difficult to sinter pure SiC
eramics below 2100 ◦C due to its strong covalent nature.9 One
ffective way of fabricating porous SiC ceramics at low tem-
eratures is to add a small amount of bonding phases to bond
iC particles together. Several researchers have done such work.
hji and coworkers added a little alumina to SiC powder and
abricated porous SiC ceramics by an oxidation-bonding pro-
ess, and investigated the flexural strength and thermal shock
ehavior of the porous SiC ceramics.10–12 Jiang et al. prepared
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E-mail address: hong-lin@tsinghua.edu.cn (H. Lin).

fl
s
i
c
t
s
c

955-2219/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2010.11.033
ullite-bonded and cordierite-bonded SiC porous ceramics, and
nvestigated the effects of sintering temperatures and molding
ressures on the flexural strength and porosity of the porous
eramics.13–17

The flexural strength of bonding phases, such as mullite,
ordierite, and glass, is different from that of SiC particle skeletal
hase, and generally lower. However, previous studies ignored
o consider how SiC particle skeletal phase and bonding phase
eparately affected the flexural strength of SiC-based porous
eramics.

According to the minimum solid area models by Rice,18–20

he strength–porosity dependence can be approximated as fol-
ows:

= σ0 exp(−bP) (1)

Here, σ is the flexural strength of porous structure, σ0 is the
exural strength of corresponding nonporous structure at the
ame composition, P is the porosity of porous structure, and b
s a parameter determined by pore characteristics. When porous

eramics are formed by particles stacking, b mainly depends on
he particle stacking types. When the values of b are 9 and 5 for
olid spheres in rhombic stacking and cubic stacking, the particle
oordination numbers are 12 and 6, corresponding to a tight

dx.doi.org/10.1016/j.jeurceramsoc.2010.11.033
mailto:hong-lin@tsinghua.edu.cn
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ig. 1. XRD pattern of bonding phase (12 wt% kaolinite, 65 wt% potassium
eldspar, and 23 wt% silica) sintered at 1300 ◦C for 3 h.

tacking and a loose stacking, respectively. The flexural strength
s primarily determined by the minimum solid area fraction of the
racture surface when the other aspects of porous ceramics, such
s the composition and the pore characteristics that may affect
he flexural strength of porous ceramics, are not dominant. The

inimum solid area for SiC-based porous ceramics formed by
tacking SiC particles is the whole cumulative area of all fracture
oints on the fracture surface.

The purpose of this paper is to investigate how molding pres-
ures, bonding phase contents, and SiC particle sizes affect the
exural strength of SiC-based porous ceramics. In addition, the

nfluence of the microstructure of SiC-based porous ceramics
n their flexural strength was discussed in detail.

. Experimental procedure

The volume average diameters of SiC particles used in the

xperiment were 87 �m, 123 �m, 239 �m, and 300 �m, mea-
ured by a laser particle size analyzer (Model mastor 2000,

alvern Instruments Ltd., British). The bonding phase was a
ixture of kaolinite (12 wt%), potassium feldspar (65 wt%), sil-

ig. 2. Changes of porosity and flexural strength versus the molding pressure
or the group M10 containing 10 wt% bonding phase.
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ig. 3. Changes of porosity and flexural strength versus the molding pressure
or the group M15 containing 15 wt% bonding phase.

ca (23 wt%), which were mixed together by ball milling for
6 h. Four groups of samples, which will be referred to as M10,
15, B15, and P87, were prepared and each group included

our samples. The samples of the group M10 contained 10 wt%
onding phase, the samples of the group M15 contained 15 wt%
onding phase, the bonding phase contents of the samples of the
roup B15 changed from 15 wt% to 25 wt%, and the SiC parti-
le sizes of the samples of the group P87 changed from 87 �m
o 300 �m. The SiC particles and bonding phase were homo-
eneously mixed together firstly by ball milling, and then extra
wt% graphite was added as a pore former. The mixed pow-
er was uniaxially pressed into disks with 50 mm diameter and
bout 10 mm thickness at different pressures (6–91 MPa), and
hese samples were sintered at 1300 ◦C for 3 h at a heating rate
f 5 ◦C/min. The sintered disks were machined into the rectan-
ular specimens with dimensions of ∼5 mm × 6 mm × 36 mm,
nd five such specimens for each sample were tested to obtain
n average flexural strength.

Open porosity was determined by the Achimedes method
sing distilled water as the immersion medium. Flexural
trengths were characterized via the three-point bending test
Model EHF-10L, Shimadzu, Japan) with a support distance
f 30 mm, and a cross-head speed of 0.5 mm/min. The phase
omposition of bonding phase heated at 1300 ◦C was identi-
ed using an X-ray diffractometer (XRD; D/max-2550, Rigaku,
apan), operated at 200 kV, 45 mA, with experimental condi-
ions as follows: a step width 0.02◦ and a scanning range
f 10–80◦. Fracture morphologies of porous specimens were
bserved by a scanning electron microscopy (SEM; SS-550,
himadzu, Japan). The fracture point composition of porous
pecimens was measured by Energy Dispersive X-ray Spec-
roscopy (EDS) attached in the SEM instrument.

. Results and discussion
Fig. 1 shows the XRD pattern of bonding phase sintered at
300 ◦C, which indicated that the bonding phase, initially com-
osed of kaolinite, feldspar, and silica, became a glassy phase
ith a small amount of mullite after being sintered. A glassy
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Fig. 4. Fracture surface morphologies of th

onding phase was beneficial to forming SiC-based porous
eramics with homogeneous structure.

The porosity and flexural strength of SiC-based porous
eramics formed at different molding pressures are shown in
igs. 2 and 3. The four samples of the group M10 in Fig. 2,
hich contained 10 wt% bonding phase, were compressed into

he green bodies at 13 MPa, 26 MPa, 51 MPa, and 91 MPa. The

our samples of the group M15 in Fig. 3, which contained
5 wt% bonding phase, were compressed into the green bod-
es at 6 MPa, 13 MPa, 18 MPa, and 26 MPa. The porosity of
iC-based porous ceramics in Figs. 2 and 3 decreased with

f
M
i
s

Fig. 5. Fracture surface morphologies of the grou
p M10 containing 10 wt% bonding phase.

ncreasing the molding pressures, while the flexural strength
f SiC-based porous ceramics correspondingly increased. The
rend of the flexural strength change versus the porosity is con-
istent with the relationship in Eq. (1), and the porosity affected
he flexural strength of SiC-based porous ceramics by changing
he minimum solid area of fracture surface that increased with
ecreasing the porosity of SiC-based porous ceramics.18 The

racture surface morphologies of the group M10 and the group

15 are shown in Figs. 4 and 5. It shows that the glassy bond-
ng phase was homogeneously distributed on the SiC particle
urface, which suggested a homogeneous porous structure was

p M15 containing 15 wt% bonding phase.
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area of fracture surface. The SiC particle stacking types in SiC-
based porous ceramics can be obtained from the values of b by
fitting the data of porosity and corresponding flexural strength
according to equation 1 (Fig. 6). The values of b for the group
ig. 6. Flexural strength as a function of porosity for the group M10 containing
0 wt% bonding phase (a) and the group M15 containing 15 wt% bonding phase
b).

ormed, and the whole fracture point area (minimum solid area)
ncreased with increasing the flexural strength in Figs. 4 and 5.
hae et al. also found that the homogenous microstructure of
orous ceramics is conductive to a strength increase of porous
eramics.21

The relationships of the porosity to the flexural strength in
igs. 2 and 3 were well fitted by Eq. (1), as shown in Fig. 6a and
. The results suggested that the flexural strength was mainly
etermined by the minimum solid area fraction of the fracture
urface when the composition of SiC-based porous ceramics was
onstant. The flexural strengths of the composite composed of
iC and bonding phase without porosity, σ0, were obtained as
78 MPa for the group M10 and 167 MPa for the group M15,
hich showed that the values of σ0 had a large decrease when
onding phase contents increased from 10 wt% to 15 wt%.

The fracture-point morphologies of SiC-based porous ceram-
cs are shown in Fig. 7, in which there were two kinds of fracture
oints. One was the bonding phase fracture point, as shown in
he folded part enclosed by the ellipse in Fig. 7b, and its element
omposition was shown in Fig. 7a. The other one was the SiC

article fracture point, as shown in the smooth part enclosed by
he pane in Fig. 7b, and its element composition was shown in
ig. 7c. Comparing the element intensities in Fig. 7a with that

n Fig. 7c, it is found that the ratios of the element intensities

F
e
b
c

ramic Society 31 (2011) 825–831

f Si and C were close to 3 in Fig. 7a, and approximately 1 in
ig. 7c. Meanwhile, there was more O element in Fig. 7a than
ig. 7c, and all above results supported that the division on the
racture-point types was reasonable.

The large decrease in σ0 from the group M10 to the group
15 was attributed to that the SiC particle stacking types in the

iC-based porous ceramics approximately changed from rhom-
ic type to cubic type. Moreover, the changes of SiC particle
tacking types from rhombic type to cubic type reduced the frac-
ion of the SiC particle fracture point area in the minimum solid
ig. 7. Two different kinds of fracture points on the fracture surface (a) the
lements composition of bonding phase fracture point, (b) the morphologies of
onding phase fracture point and SiC particle fracture point, and (c) the elements
omposition of SiC particle fracture point.
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ig. 8. Changes of porosity and flexural strength versus the bonding phase
ontents in the group B15 formed at a fixed molding pressure of 6 MPa.

10 and the group M15 were 8.53 and 4.89, respectively, which
ere close to 9 and 5 and suggested that the particle stacking

ypes were close to rhombic type and cubic type.18 Above all, the
exural strength of the composite composed of SiC and bonding
hase without porosity, σ0, depends on not only the composition
f SiC-based porous ceramics but also the fraction of the SiC
article fracture point area in the minimum solid area of fracture
urface.

Fig. 8 shows the effects of bonding phase contents on poros-
ty and corresponding flexural strength of SiC-based porous
eramics. The four samples in Fig. 8 were all formed at 6 MPa
nd contained 15 wt%, 18 wt%, 20 wt%, and 25 wt% bonding

hase, respectively. The porosity of the four samples decreased
ith increasing the bonding phase contents from 15 wt% to
5 wt%, having a similar changing tendency as that with increas-
ng the molding pressures, while the flexural strength of the

b
2
s
h

Fig. 9. Morphologies of the samples in the group B15 containing different bond
ig. 10. Changes of porosity and flexural strength versus the SiC particle size
n the group P87 with bonding phase of 20 wt% and molding pressure of 6 MPa,
a) 87 �m, (b) 123 �m, (c) 239 �m, and (d) 300 �m.

our samples firstly increased with increasing the bonding phase
ontent to 20 wt%, followed by a decrease with further increas-
ng the bonding phase content to 25 wt%. The morphologies
f SiC-based porous ceramics containing different bonding
hase contents are shown in Fig. 9. More SiC particle fracture
oints were included in the sample with 20 wt% bonding phase
Fig. 9c), and much more bonding phase fracture points were
ncluded in the sample with 25 wt% bonding phase (Fig. 9d), all
f which supported that the two kinds of fracture points definitely
xisted in the SiC-based porous ceramics.

This variation of the flexural strength with increasing the
orosity in Fig. 8 is inconsistent with the relationship given

y Eq. (1), and the flexural strength of the sample containing
5 wt% bonding phase should have been higher than that of the
ample containing 20 wt% bonding phase, because the former
ad lower porosity. The samples in Fig. 8 were formed at the

ing phase contents, (a) 15 wt%, (b) 18 wt%, (c) 20 wt%, and (d) 25 wt%.
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ig. 11. Morphologies of the samples with different SiC particle sizes in the gr
b) 123 �m (c) 239 �m, and (d) 300 �m.

ame molding pressure, and thus their SiC particle stacking types
ere similar. Therefore, the phenomenon was mainly attributed

o that the fraction of the SiC particle fracture point area in the
inimum solid area of fracture surface first increased and then

ecreased with increasing the bonding phase contents, which
an be indirectly verified by that there were more smooth SiC
article fracture points in the sample containing 20 wt% bonding
hase (Fig. 9c) than the other three samples.

Fig. 10 shows the effects of SiC particle sizes on the porosity
nd the flexural strength of the group P87 with 20 wt% bond-
ng phase. It is known that the flexural strength of SiC-based
orous ceramics increased with decreasing the SiC particle sizes
rom 300 �m to 87 �m, although the porosity of the SiC-based
orous ceramics also increased from 35.5% to 42.4%. The rela-
ionship of the flexural strength to the porosity in Fig. 10 was
ompletely contrary to the relationship given by Eq. (1). This
esult suggested that SiC particle sizes had much more effects on
he flexural strength than the porosity, which was attributed to the
raction of the SiC particle fracture point area in the minimum
olid area of fracture surface quickly increased with decreas-
ng SiC particle sizes. The increase in the fraction of the SiC
article fracture point area in the minimum solid area of frac-
ure surface was due to that there were more fracture points on
he fracture surface of SiC-based porous ceramics composed
f small SiC particles than that composed of big SiC particles.
he fracture surface morphologies of SiC-based porous ceram-
cs prepared by different sizes of SiC particles are shown in
ig. 11. It was shown that the number of the fracture points
n the fracture surface increased with decreasing the SiC parti-
le size, and the fraction of the SiC particle fracture point area

t
m
h
s

87 with bonding phase of 20 wt% and molding pressure of 6 MPa, (a) 87 �m,

n the minimum solid area of fracture surface correspondingly
ncreased.

. Conclusions

The effects of molding pressures, bonding phase contents,
nd SiC particle sizes on the flexural strength of SiC-based
orous ceramics have been investigated. It is found that the flex-
ral strength of SiC-based porous ceramics increases not only
ith increasing the fraction of the minimum solid area on the

racture surface, but also with increasing the fraction of the SiC
article fracture point area in the minimum solid area of frac-
ure surface. Molding pressures of SiC-based porous ceramics
ffect the SiC particles stacking types, and further affect the
raction of the SiC particle fracture point area in the minimum
olid area of fracture surface. The fraction of the SiC particle
racture point area in the minimum solid area of fracture surface
as a peak value with increasing the bonding phase contents, and
hus there is a peak value for the flexural strength of SiC-based
orous ceramics. The SiC-based porous ceramic composed of
mall SiC particles has a bigger fraction of the SiC particle frac-
ure point area in the minimum solid area of fracture surface
han that composed of big SiC particles, and the SiC particle
ize has more significant effects on the flexural strength than
he porosity. In a word, the proper control of molding pres-
ures, bonding phase contents and SiC particle sizes to increase

he fraction of the SiC particle fracture point area in the mini-

um solid area of fracture surface is the key point for preparing
igh strength SiC-based porous ceramics used for hot gas filter
upport.
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