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bstract

orous sintered reaction-bonded silicon nitrides (SRBSNs) with comparable permeability to SiC were fabricated using presintered Si-additive
ixture granules. By increasing the granule strength through the adjustment of the presintering conditions, the strengthened sturdiness of the
ranules led to an increase in the pore channel size. Porous SRBSNs with ≥60% porosity were achieved without employing a pore former due to
he formation of intragranular narrow pore channels as well as intergranular wide pore channels. As the specific pore area of the developed SRBSN
s nearly 26 times that of SiC with similar permeability, superior filtering efficiency for nano-sized particulate matter is expected.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Enhancing the efficiency of machines is seen as an impor-
ant means of saving energy. Hence, the working environment
f machines is becoming more severe. However, there are a lim-
ted number of ceramic filters for high-temperature applications.
t is common sense that the filtration of particulate matter (PM)
s crucial for the health of human beings and for the perfor-

ance of machines. At present, SiC is the only option for a hot
as filters in PFBC (pressurized fluidized bed combustion) and
GCC (integrated gasification combined cycle) applications.1,2

ordierite and SiC are two typical DPF (diesel particulate filter)
aterials.3–6 These materials meet strict requirements that allow

hem to survive harsh conditions such as high temperatures and
igh gas pressures. In addition to excellent thermomechanical
roperties, structural aspects should be optimized to exert the
est filtering performance. That is, the filtering efficiency of PM
nd the permeability of a clean gas need be balanced in a trade-
ff relationship. Trial and error efforts have shown that the size of
he pore channels in a commercial hot gas filter and a DPF must

1,4,6
e at least 10 �m. With a preferred microstructure such as
complex pore channel path and a high specific pore area pro-
ided by their rod-like grain morphology, Si3N4 ceramics are
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xcellent candidates for filtering media.7–14 However, the diam-
ter (dp) of the pore channels in Si3N4 ceramics is usually
estricted to ∼1 �m owing to the small grain size. Generally,
he size of the pore channels running through the porous struc-
ures is determined by the size of grains. The grain size in
he short direction of rod-like Si3N4 ceramics is only a few

icrometers, whereas that of SiC and cordierite ranges from
everal tens to hundreds of micrometers. Given that narrow
ore channels (dp < 1 �m) produce a large pressure drop across
i3N4 filters, the widening of their pore channels to the size
f those in commercial filters (dp ≥ 10 �m) is greatly desired.
ecently, the authors suggested a new concept to enhance both

he filtering efficiency and the permeability of SRBSN filters via
ranulation of the starting powders.15,16 Our investigation into
icrostructural control was aimed at forming wide channels

etween the granules and narrow channels within the gran-
les. The authors demonstrated the feasibility of this concept
y realizing a dual-pore-channel structure for SRBSNs.16 In
his research, a processing routine for SRBSN filters that would
llow them to match the permeability of a SiC filter was inves-
igated. It was found that porous SRBSNs could be given better
ltering efficiency that equaled the permeability of SiC.
. Experiment

The commercially available silicon powder used in this
tudy had a purity in excess of 98.6% (Sicomill grade 2,

http://www.sciencedirect.com/science/journal/09552219
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Table 1
Composition of the slurry used for spray drying.
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esta Ceramics, Ljungaverk, Sweden; 0.4 wt.% Fe, 0.2 wt.%
l, 0.2–1.0 wt.% O, d50 = 2 �m). The following commonly

dopted oxide sintering additives were used: Y2O3 (Grade C,
. C. Stark, Goslar, Germany; 99.99%, d50 = 0.7 �m), Al2O3

AKP-30, Sumitomo, Tokyo, Japan; 99.99%, d50 = 0.31 �m),
nd CaCO3 (Sigma–Aldrich, 99+% purity) as the CaO source.
he total amount of sintering additives, Y2O3–Al2O3–CaO, was
xed at 3 wt.%; this amount was based on the Si3N4 content
alculated from the perfect nitridation of Si. Polyacrylic acid
PAA; Wako, Tokyo, Japan) and polyvinyl alcohol (PVA; Jun-
ei, Tokyo, Japan) were blended in the Si-additive mixture as
dispersant and a binder, respectively. The amounts of PAA

nd PVA were 0.5 wt.% and 2 wt.%, respectively, of the sum of
he other solid ingredients (Table 1). Granules were fabricated
y spray drying, the detailed procedure of which is available

n the literature.15 The presintering of the granules was done
sing a tube furnace soaking at 1200 ◦C for 10 min (PG1) and
t 1350 ◦C for 10 min (PG2) under a flowing (150 ml/min) Ar
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ig. 1. Compacting behavior of presintered granules: density vs. pressure rela-
ionship of (a) PG1 and (b) PG2.
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Fig. 2. Measurement of (a) the porosity and (b) the shrinkage of SRBSNs made
of m76.5 granules.
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tmosphere. The green compact was made into a disc shape
diameter ∼30 mm, t ∼2.3 mm) by means of uniaxial pressing
t 3.7 MPa. The specimens were heated under a 95% N2/5%
2 flowing atmosphere to 1450 ◦C in a horizontal tube furnace,
here the reaction-bonding of Si occurred. In the post-sintering
reparation process, the as-nitrided specimens (RBSN) were
laced upon a BN-coated graphite crucible packed to full vol-
me with BN–Si3N4 embedding powder. Post-sintering was
arried out in a graphite resistance furnace at 1700–1900 ◦C
or 2 h under a nitrogen atmosphere. The nitrogen pressure was
.1 MPa for the sintering up to 1800 ◦C, while 0.9 MPa was
mployed for the sintering at 1900 ◦C. A reference SiC sam-
le was fabricated by sintering at 1700 ◦C for 3 h in Ar using
he mixing powders of SiC (∼65 �m, purity >98%, Showa
enko, Tokyo, Japan), silicon, carbon and boron. A scanning

lectron microscope (SEM; JSM-6700F, JEOL, Tokyo, Japan)
as used to observe the specimen surfaces and microstructures.
he pore size distributions and specific pore area values were
easured using a mercury porosimetry (Autopore IV 9510;
icromeritics, Norcross, GA, USA). The flow rate recorded

s the input pressure was gradually increased using a porome-
er (CFP-1200-AEL; Porous Materials Inc., Ithaca, NY, USA).
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Fig. 3. Fracture surfaces of SRBSNs post-sintered at 1800 ◦C using

. Results and discussion

The compacting behavior of the presintered granules is plot-
ed in Fig. 1. Non-classified granules (NCG) were sieved to
roduce four groups of mono-sized granules. They are classi-
ed according to the mean granule size. In the figure legends, the
umbers following the character ‘m’ represent the mean granule
ize in micrometers. The relationship of ‘density vs. compact-
ng pressure’ was derived from ‘load vs. displacement’ data
f a compression test of the granules. In the figure, the com-
acting pressure at the inflection point represents the fracture
trength of the granules beyond which the green body undergoes
ubstantial densification.17 The strength of PG2 presintered at
350 ◦C is higher than that of PG1 presintered at 1200 ◦C. While
he strength of PG2 is independent of the granule size, that of
G1 increases as the granule size decreases. The strength of the
76.5 granule is about 2–3 MPa and 10 MPa for PG1 and PG2,

espectively.
The nitridation rate of the reaction-bonded silicon nitride

RBSN) made from the m76.5 granule was 96.4% and 92.2%
or PG1 and PG2, respectively. XRD analysis confirmed that no
esidual Si could be detected. The porosity of the RBSN was
7.4% and 61.6% for PG1 and PG2, respectively. The higher
orosity of the RBSN made from PG2 is attributed to the higher
turdiness of the presintered granule and the lower nitridation

ate.

Measurements of the porosity and the shrinkage of the SRB-
Ns are plotted in Fig. 2. A decrease in the porosity and

i
g
b

.5 granules: (a) and (c) SRBSN-PG1 and (b) and (d) SRBSN-PG4.

n increase in the shrinkage were noted as the post-sintering
emperature increased from 1700 ◦C to 1900 ◦C. The higher
orosity of SRBSN-PG2 compared to that of SRBSN-PG1 is
scribed to the superior sturdiness of PG2 granules, which is
nalogous to the higher porosity in RBSN-PG2. Furthermore,
onsidering the pore-former-free composition in the present
esearch, it is notable that the porosity of the SRBSNs is
ore than 55% for SRBSN-PG2 and 45% for SRBSN-PG1.
he porosity of SiC used as a reference was approximately
9%, which is similar to that of commercially used SiC
lter.

The sturdiness of the spherical morphology of the granules
n the SRBSNs is clearly observable on the fracture surfaces
Fig. 3). However, the contact configuration between the gran-
les is substantially different depending on the strength of the
resintered granule. Plane contact is dominant for SRBSN-
G1 (Fig. 3(a)), while point contact prevails for SRBSN-PG2
Fig. 3(b)). The difference in the contact morphology can be
nderstood by comparing the shaping pressure and strength of
he presintered granules. The shaping pressure of 3.7 MPa is
igher than that of the granule strength of m76.5-PG1 (about
–3 MPa), while it is lower than that of the strength of m76.5-
G2 (about 10 MPa). It is interesting to note that the wide
hannels between granules are decorated by the intruding rod-
ike grains from the granule surface (Fig. 3(c) and (d)). The

ncreased degree of interlocking by elongated grains between the
ranules leads to higher flexural strength of the current porous
odies.
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ig. 4. Measurement of (a) the pore channel size and (b) the specific pore area.
he SRBSNs were fabricated using m76.5 granules.

The distribution of the pore channel size and specific pore area
f the SRBSNs were measured through mercury porosimetry.
ig. 4(a) reveals the dual-sized nature of the pore structure, con-
isting of both narrow channels (dp < 1 �m, 1st peak) and wide
hannels (dp ≥ 10 �m, 2nd peak). The observation in Fig. 3,
howing that the narrow channels form inside the granules,
xplains the similarity of the narrow channel size regardless of
he granule size. The size of the wide channels decreases with the
intering temperature owing to the increased overall shrinkage.
n contrast, the size of the narrow channels increases with the sin-
ering temperature due to the coalescence of pores induced by the
rain growth. This was possible because both the grain growth
nd the pore coalescence were restricted inside the granules due
o the confinement of the liquid phase inside the granules by cap-
llary forces. The channel size of the SiC is the highest (∼20 �m)
ompared to that of the SRBSNs. The growth (coalescence)
f the narrow channels as the sintering temperature increased
esulted in a decreased pore area (Fig. 4(b)). It is remarkable to

ote that the specific pore area of the materials ranged from 0.91
o 1.77 m2/g, which is more than 23–44 times the specific area
f SiC (0.04 m2/g). It is a well-known phenomenon that larger

M
M

76.5 granules.

articles are trapped in filters by an impact mechanism, while
ne particles, because their movement is dominated by Brown-

an motion owing to their extremely small mass, are trapped by
diffusion mechanism.18 Therefore, for nano-sized particulate
atters, the filtration efficiency increases with the specific pore

rea.
The permeability (κ) is plotted as a function of the

ifferential pressure in Fig. 5. Though the porosity of
RBSN(1800 ◦C)-PG2 is lower than that of SRBSN(1700 ◦C)-
G2, the permeability is higher due to the larger size of the
ide pore channels. Finally, it should be emphasized that the
ermeability of SRBSN-PG2 fabricated at 1800 ◦C is compara-
le to that of reference SiC. The trade-off between the porosity
nd channel size resulted in nearly similar permeability between
RBSN(1800 ◦C)-PG2 and SiC.

. Conclusions

In spite of the many strong points of the porous Si3N4 ceram-
cs provided by their unique rod-like grains, their usage has
een somewhat restricted owing to their low permeability. This
tudy demonstrated that SRBSNs of comparable permeability
o commercial SiC can be fabricated by granulation of the start-
ng powders. Considering the higher specific pore area of the
eveloped SRBSNs compared to that of SiC, superior filtration
fficiency is expected for nano-sized PMs. Moreover, the for-
ation of intragranular pores in addition to intergranular pores

nables high porosity without the blending of fugitives. That is,
RBSNs using granules made of Si-additive mixture enable a

ow-carbon and green growth process.
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