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A multiphase reticulated porous ceramic (RPC) as Si3N4–Al2O3–SiO2 was fabricated by replication tech-
niques. Proper volumes of additives and twice sinter- twice immerse process endow the RPC an excellent
crack healing and submerging property. The compressive strength and fracture toughness improved owing
to the crack bridging behavior. The existence of pores in struts in RPC blunt the crack tip and increased the
external force needed to propagate the crack. The mechanisms play a beneficial role in enhancing the
compressive strength and fracture strength. Si3N4 RPC with additives of 5%Al and 5% Al2O3 yielded the
compressive strength of 9.8 MPa and fracture toughness of 0.3 MPa m1/2.

Keywords compressive strength, crack bridging, crack healing,
crack tip blunting, fracture toughness, reticulated
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1. Introduction

Due to their unique properties such as low density, high
thermal shock resistance, low thermal and electrical conduc-
tivity, high permeability, high temperature stability and high
resistance to chemical attack (Ref 1-4), reticulated porous
ceramics (RPC) have found increasing applications in the fields
of molten metal processing, diesel engine exhaust filters,
catalyst supports and reinforcement of metal matrix composites
as well as lightweight structural components.

RPC can be fabricated by a variety of methods, the most
common of which is the replication technique (Ref 5) and is
also called the ‘‘polymeric sponge’’ process (Ref 6). However,
some drawbacks of RPC made by this method were low
compressive strength, low inter density of the cells, hollow
struts, and residual cracking in struts of foam after burnout of
the polymer substrate, which has not been wholly overcome.
Particularly, the cracks in the struts are lethal to the mechanical
properties of RPC. Therefore, investigation of crack mecha-
nisms such as crack resistance, crack bridging, and crack arrest
as well intrinsic crack growth and closure behavior is very
important for the development and application of RPC.

In this article, a reticulated porous multiphase ceramic
(Si3N4–Al2O3–SiO2) was fabricated through a double sintering
and immersion process. The process, different from the once
sintering and immersion process, was found to be the most
effective method to improve the mechanical properties. Silicon

nitride was used as a candidate material to make RPC with high
strength, excellent oxidation resistance, low thermal expansion
coefficient, and high fracture toughness. (Ref 7-10) As a low
temperature-sintering additive, Al would melt and be oxidize
into Al2O3 in the course of sintering. The oxide decreases the
driving force of crack extension. As high temperature sintering
additives, Al2O3 would improve the density of struts and
increase the crack closure stresses. In-situ SiO2 phase would
form at high temperature and in an oxidizing atmosphere, so
Al2O3 (oxidation + addition) and SiO2 (oxidation + in-situ)
will emerge as second and third ceramic phases in RPC. The
above fabrication technique not only improved the compressive
strength and fracture toughness, and increased the density of
struts and removed the crack in struts, but also arrested and
bridged cracks and blunted the crack-tip in struts of RPC.

2. Experimental Procedure

2.1 Materials

A commercial b-Si3N4 powder (Si3N4 ‡ 97%, diameter
£ 100 lm, Shanghai Silicon Materials Plant, China) was used
as starting material. Aluminum fine powder (Al ‡ 99.26%,
D50 = 4 ± 1.5 lm, Shandong Aluminum Industry Company,
China) as sintering additive was mixed with the starting
material and ball-milled for 4 h using Al2O3 balls. Silica sol as
a cohesive agent was added in the powder mixture. The mixed
slurry was stirred for 2 h. A commercial silica sol (SiO2, 30.0–
31.0%; pH, 8.5–10.0, Shanghai Kenning Silica Sol Company,
China) was used as a binder and a surfactant carboxymethyl
cellulose was added to serve as a wetting agent. Kaolin (Sino
Surplus International Limited, Beijing, China) and bentonite
(Nanhua Hongshan Bentonite Company, Liaoning, China) were
added to improve the rheology of the slurry (contents shown in
Table 1).

Commercial polyurethane sponges (PUS, Shanghai Nanjia
Sponges Production Company, China) with reticulated struc-
ture, interconnected struts and open porosity of approximately
10 pores per inch were chosen in this study. The PUS was
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cleaned with de-ionized water before impregnation and cut into
approximately 100· 30 · 30 mm samples. The PUS was then
immersed into the homogeneous ceramic slurry for about
10 min and compressed continually. The impregnated sponges
passed through a preset roller to remove excess slurry. The
optimum roller separation corresponds to about 20% of the
thickness of the sponges and two passages are specially
determined to remove the excess slurry (Ref 11). Subsequently,
the samples were put into a rotating cylinder to obtain
uniformity of struts attached by the slurry and avoid jamming
the mesh of reticulated PUS by the action of centrifugal force.
The rotation process is an important procedure to obtain high-
open porous ceramic reinforcement. The samples were then
placed in a drying oven at 160 �C for at least 20 h.

Firing of the specimen was conducted in a programmable
box furnace. First, the samples were heated to 660 �C at a rate
of 50 �C/h to burn away the PUS framework; second, the
samples were heated to 1000 �C at 200 �C/h and maintained at
the temperature for 60 min. Third, the samples were immersed
into a suspending liquid (contents of which are shown in
Table 2) for 2 h and put into the rotating cylinder and then
dried for 20 h at 160 �C. To prevent the samples� mesh of
ceramic foam from being jammed, the suspending liquid used
in the second immersion should have lower concentration than
that of the slurry used in the first immersion. Subsequently, the
samples were heated to 1400 �C at 200 �C/h and held for
60 min at 1400 �C for sintering of the ceramic powder.

2.2 Characterization

The morphologies and fracture surface characteristics of
RPC were characterized by a scanning electron microscope
(SEM, Hitachi, No.S-2500). The density and porosity were
measured using Archimedes measurements (ASTM C373). The
phase composition of RPC was observed by standard powder X-
ray diffraction (XRD, Bruker D8, Germany). The chemical
compositions were determined by the energy spectrum analyses
(ESA, OXFOED INCA). The compressive strength and fracture
toughness were measured using an Instron 1195 universal
testing machine with a cross-head speed of 0.5 mm min)1.
Fracture toughness was measured by a single-notched-beam
technique. The pore size and effective grain width at the crack
tip were measured by a line intercept method (Ref 12).

3. Results

During the entire sintering process, some cavities, which
were earlier occupied by PUS occurred in the center of the
struts. Lower heating rate should be adopted to avoid cracking
of the struts during the volatilization of PUS framework. The
strength of RPC is affected more by the presence of cracks in
the struts than by the presence of a central void. The samples
sintered by twice sinter- twice immerse process have better
microstructure than that sintered by the once sinter- once
immerse process. Figure 1 shows the cross-section micrographs
of samples A1, A2 and B1 (SEM).

In the first stage of the adopted twice sinter-twice immerse
process, Al powder would be oxidized with increasing of
sintering temperature. The liquid Al will diffuse in the solid
phases and heal the initial cracks. With the increases of Al
content, the crack arrest ability increased gradually. During the
second sintering stage, the additives of Al2O3 and SiO2 (some
from silica sol and some from in-situ oxidation of Si3N4)
produce a glass phase at temperatures above 1200 �C (Ref 13).
The glass phase has a good effect on the densification of RPC
(Ref 14). Figure 1(a) shows the surface micrograph of RPC
with no additives and no twice sinter-twice immerse process.
From Fig. 1, the surface of strut was rough and has no shine.
Large cracks (arrowed) on the strut surface were observed.
Moreover, a larger amount of micro-cracks were also observed
at higher magnification (Fig. 1a). With more sintering addi-
tives, the cracks in the struts decrease in number owing to the
driving power from liquid glass phase at high sintering
temperatures(Fig. 1b), but still there are some large cracks in
the struts(arrowed). With the twice sinter-twice immerse
process and with Al 5 % , Al2O3 5% sintering additives added,
as shown in Fig. 1(c), more glass phases formed and covered
the Si3N4 grains, so the surface of struts was bright and slick.
Figure 2 shows the cross-section micrograph of strut of sample
A2. The surface of the strut was covered by an Al2O3 + SiO2

boundary layer that was examined by the energy spectrum
analyses (ESA, OXFOED INCA) (Point-3). While in the
interior of the struts, there are mainly Si3N4 grains (Point-1),
with the increase of distance from center to the surface of the
strut, there is more Al than less Si (Point-2).

The compressive strength of sample A1, A2, B1 and B2

are 4 MPa, 6.2 MPa, 9.8 MPa and 6.1 MPa, respectively
(Fig. 3). The fracture toughness of sample A1, A2, B1

and B2 are 0.1 MPa m1/2, 0.15 MPa m1/2, 0.3 MPa m1/2 and
0.18 MPa m1/2, respectively (Fig. 4). From Figs. 3 and 4, it is
seen that whereas appropriate additives increase the fracture
toughness and ensure enough the compressive strength of RPC,
excessive amounts of additives have adverse influence on the
properties.

Table 1 The contents of sintering additives

Sample
Aluminium,

wt.%
Alumina,
wt.%

Silica sol,
wt.%

Kaolin,
wt.%

Bentonite,
wt.%

Carboxymethyl
cellulose, wt.%

Silicon nitride,
wt.%

Sintering
process

A1 – – 14.5 3.5 1 1 80 OSOIa

A2 5 5 14.5 3.5 1 1 70 OSOI
B1 5 5 14.5 3.5 1 1 70 TSTIb

B2 10 10 14.5 3.5 1 1 60 TSTI

aonce sinter - once immerse process btwice sinter - twice immerse process

Table 2 The contents of suspending liquid

Sodium
oxide, wt.%

Sodium
Metasilicate,

wt.%
Silica sol,
wt.%

Silicon oxide,
wt.%, D50 = 10 lm

2 2 26 70
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Fig. 2 The cross-section micrographs of struts of RPCs (A2) and its chemical composition

Fig. 1 SEM views of surface of samples (a, sample A1; b, sample A2; c, sample B1)

Journal of Materials Engineering and Performance Volume 16(1) February 2007—115



4. Discussion

4.1 Crack Bridging and Closure Mechanism

Many factors such as porosity, sintering temperature,
topology and geometry of structure of porous ceramic frame-
work, cracks in the struts, uniformity of cell window, and
particle sizes are decisive for the compressive strength and
fracture strength of RPC. Higher compressive strength and
fracture toughness can be achieved by removing the cracks in
struts, decreasing the porosity, raising the sintering temperature
properly, fabricating mean ceramic framework, and choosing
pure precursor powders with fine particle sizes.

During the sintering process, PUS is burnt away and there
occur some cavities in the struts of RPC. Some cavities were
jammed by glassy phase that formed by delivering sintering,
but still there were some cavities remaining in the struts
(Fig. 2). These cavities have both positive and negative
influences. The positive influence is that cavities become the
tension releaser due to the stress dispersion and transfer. (crack-
tip blunt mechanism). The negative influence is that the relative

density of the strut would decrease owing to the existence of
the cavities. The relative density parameter is one of the
predominant factors for the improvement of the compressive
strength and fracture toughness as shown by the following
equations (Ref 15).

rcs ¼ C1rfsð
q�

qs

Þ3=2 ðEq 1Þ

KIC ¼ C2rfs

ffiffiffiffiffi

pl
p
ðq
�

qs

Þ3=2 ðEq 2Þ

where rcs is the compressive strength, KIC is the fracture
toughness, rfs is the fracture module of solid material, q�

qs
is the

relative density, l is the length of strut, C1 and C2 are constants.
Green (Ref 16, 17) had measured the fracture toughness of
brittle polymer foam, indicating that fracture toughness of
reticulated porous materials follow Weibull distribution. Maiti
and Ashby (Ref 18) used a polyhedral cell model to develop an
analytical expression for the fracture toughness of RPC. The
line shown in Fig. 5 is based on Maiti-Ashby model with
rfs ¼ 591 Mpa. The experimental data of the present work
shown in Fig. 5 describe the variation of KIC=rfs

ffiffiffiffiffi

pl
p

with
increasing q�=qs and different volume additions of Al aznd
alumina. With an increase of relative density, the fracture
toughness was improved, and the numerical values of
KIC=rfs

ffiffiffiffiffi

pl
p

of sample B1 were closest to the Maiti-Ashby
model. The additives and twice sinter-twice immerse process
endow the RPC an excellent crack healing and submerging
property. The crack submerging mechanism including crack
bridging and crack trapping help in removing the cracks which
is Schematically shown in Fig. 6. With the increase of test
temperature, the additive Al diffused inside the struts and on the
strut surface melted were and oxidized. At the same time, Si3N4

powders were oxidized to SiO2. Oxide nucleation occurred
continually and so did grain growth (Fig. 6a). A SEM view of
oxide growth in the crack is shown in Fig. 7. Especially the
oxide grains distributed in crack tip reduce the critical crack
opening displacement and prevent cracks from expanding
(crack trapping). Crack trapping in crack fronts could improve
the resistance to crack extending. Simultaneously, oxides begin
to enter the channels of cracks, nails up and down connect each
other eventually, forming a bridge (Fig. 6b). With more
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oxidation taking place, the bridges turn wider so that the
channels of cracks become narrower (Fig. 6c). This is the crack
bridging mechanism for large cracks. The bridging unit
improved lateral constraints on two sides of cracks. Finally,
the channels of cracks and hollow struts were jammed
completely (Fig. 6d). Especially, large amounts of micro-cracks
were healed by this mechanism during high temperature
process in fabricating RPC.

4.2 Crack-Tip Blunting Behavior

The above crack healing process usually occurs in the
fabrication stage. Once cracks appear under external
stresses, it is of importance to increase the crack growth
resistance. Equations (1) and (2) did not deal with the

positive influence of cavities in struts of RPC. Theses
cavities, to an extent, can make the crack blunt and increase
the compressive strength and fracture toughness of RPC.
The larger the pore size at the crack front, the higher the
fracture toughness of RPC relative to their fracture strength
(Ref 19). A crack-tip blunting model of RPC is proposed as
follows (Ref 20, 21)

ryb ¼
KIb
ffiffiffi

2
p 1þ q0

r

ð1þ q0

2rÞ
3
2

ðEq 3Þ

where q0 is the root radius of the blunt crack, which is half
of the pore width at the crack tip, r is the distance away
from the crack tip, ryb is the solution of the stress on the r-
axis (shown in Fig. 8) around a crack tip under a uniform
tensile stress and KIb is the stress intensity factor at the blunt
crack tip. It is expressed in Fig. 8, which is a schematic
representation of a crack propagated and a blunt crack-tip in
RPC. When a crack meets a cavity, the root radius value (q0)
increases, the tensile stress in the crack tip decreases,
therefore, the crack tip becomes blunt and the stress-
concentration is decreased at the crack tip. The external
load to propagate the crack increases, therefore, the fracture
toughness of RPC was enhanced. Deng (Ref 19) has also

Fig. 7 SEM view showing oxide growth in cracks

Fig. 6 Schematic representation of a bridged crack in struts of
RPCs

Fig. 8 Schematic representation of a crack propagated and a blunt
crack-tip in RPCs
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investigated the crack-tip blunting mechanism of RPC and
revised the above crack blunting model as

KIb

KIC
¼ ð1þ q0

2r0
Þ1=2 ðEq 4Þ

where r0 is the characteristic zone corresponds to a maximum
deviated grain arrangement at the crack front. This model
indicated that the crack-tip blunting obviously increases the
fracture toughness of porous ceramics and that the larger the
pore size at the crack front, the higher the fracture toughness of
the porous ceramics. The experimental data of present work
prove the validity of this theoretical prediction.

5. Conclusions

1. As a low temperature sintering additive, Al melted and
oxidized into Al2O3 in the course of sintering and
jammed the hollow struts. Al2O3 as a high temperature
sintering additive improved the density of struts. In-situ
SiO2 phase was formed at high temperature and in an
oxidizing atmosphere. Multiphase RPC as Si3N4–Al2O3–
SiO2 were fabricated.

2. Appropriate volumes of Al and Al2O3 additives in Si3N4

RPC increase the density of struts and arrest the initiation
of cracks. The twice sinter-twice immerse process was
carried out in order to ensure the improvement of the
compressive strength and fracture toughness. Si3N4 RPC
with additives of 5%Al and 5%Al2O3 respectively
yielded the compressive strength of 9.8 MPa and a frac-
ture toughness of 0.3 MPa m1/2.

3. The additives and the TWICE SINTER-TWICE IM-
MERSE process endow the RPC excellent crack healing
and submerging properties including crack bridging and
crack trapping. The existence of some pores in struts of
RPC blunted the crack tip. These mechanisms play a
beneficial role in enhancing the compressive strength and
fracture strength.
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