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Abstract

Slip casting process combined with reaction bonded silicon nitride (RBSN) was used to prepare porous SizN,4 ceramic with near-net and
complex shape. A butyl stearate (BS) coated process was introduced to restrain the hydrolysis of Si, and ammonium polyacrylate (NH,PAA) was
used to enhance the dispersion of coated Si. The measured oxygen content showed that the hydrolysis of Si was strongly prohibited by BS coating,
and relatively low viscosity was obtained with the addition of 0.25-1.5 wt% NH4PAA to the 60 wt% solid load slurry. 40-60 wt% solid load
slurries were used for slip casting in the experiment. After vacuum degassing, slip casting, debindering and nitridation, a density of 1.57-1.92 g/
cm® (porosity 50.9-40%) and a flexural strength of 47-108 MPa were obtained. The samples without vacuum degassing showed a large number of

nanowires grown in the large pores.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Porous silicon nitride (SizN,) ceramics has attracted
significant attention for a number of industrial applications
such as catalyst carriers, molten metal filters, and lightweight
structural parts for elevated temperature applications [1-3].
Compared with sintered SizN4 (SSN), reaction bonded SizNy
(RBSN) showed advantages for its low cost of Si and the near-
net shape capability [4]. Moreover, due to the small pore size,
extensive internal oxidation can be avoided [5] and the
flexural strengths appeared slightly improved at 1200-1400 °C
in air [6].

The formation of Si powder compacts can be accomplished
by a number of methods, including die pressing, isostatic
pressing, slip casting [7-10], or gel casting [11,12]. Die
pressing and isostatic pressing are usually used to fabricate
simple shaped green body. Slip casting can be used to form a
duplicate of the porous mould with complex shape. The
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consolidation of the slurries inside the mould takes place
through the removal of the liquid phase of the slurries by
capillary forces of the porous mould which absorbs the
dispersing media to leave a shaped solid green body.

The characterizations of Si aqueous slurries have been
reported by several authors [9,13-15]. Similar to SiC and
Si3Ny, the native SiO, on Si surface has a tendency to hydrolyze
in water to form acidic silanol (Si—~OH) surface groups. It would
promote particle dispersion through the development of an
electrical double-layer. However, the reaction between Si and
H,O was much serious as the following reaction (1), explosive
evolution of gas can be observed.

Si + 2H,0 — SiO; +2H; (1)

The newly formed SiO, acted as a protective layer against
further reaction that is relatively stable under acidic or neutral
pH conditions. But under alkaline conditions above pH value of
10, the passive SiO, layer can be destroyed according to
reaction (2), and expose more new Si surface for reaction with
H,O as reaction (1).

SiO; +20H™ — Si032~ + H,0 )
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Hence, the condition of Si slip preparation was proposed to
operate in acidic or weakly alkaline solution [10]. Ezis [16]
indicated that stable slurry can be obtained after aging for 6
days when pH values were constant. However, the formation of
thick SiO, layer would hinder the reaction between Si and N,
and may lead to a low extent of nitridation. Glycerol trioleate
(GTO) coated Si/BN powder was prepared and introduced by
Liu et al. [17], and RBSN combined with slip-casting was used
to fabricate porous Si3Ny/BN ceramic composites.

In this paper, a butyl stearate (BS) coated process was
introduced to restrain the hydrolysis of Si. The zeta potential,
oxygen content and rheological properties of Si slips were
measured, and the mechanical properties of the nitrided
specimens were also characterized.

2. Experimental procedure
2.1. Materials

Commercially available Si powder (purity >99.9 wt%;
dso=1.8 pm; 1.22 wt% oxygen; Peixian Tiannayuan Silicon
Materials Co., Ltd., Xuzhou, Jiangsu province, China), butyl
stearate (BS, SCRC, Shanghai, China), and ammonium
polyacrylate (NH4PAA, Lopon 885, BK Guilini, Siegburg,
Germany) were selected as starting powder, coating agent and
dispersant respectively. For the preparation of 4 wt% BS coated
Si, 4 g of BS was firstly dissolved in anhydrous alcohol, then
ball milled with 96 g Si and Si3N,4 balls as media for 24 h in a
plastic bottle. Finally, the mixture was dried at 60 °C to obtain
4 wt% BS coated Si powder.

2.2. Slip casting and nitriding program

4 wt% BS coated Si was firstly prepared, the slurries with
different solid content were prepared by dispersing them in
deionised water. The dispersant content was 1 wt% based on the
weight of Si. The slurries were ball milled for 48 h and vacuum
degassed to remove air bubble, then casted into plaster moulds
with different shapes to obtain green bodies. The binder was
removed from the green body by heating in vacuum to 900 °C at
a heating rate of 2 °C/min. Compacts were then nitrided in the
temperature range of 1100-1450 °C at heating rate of 10 °C/h
in flowing N, atmosphere.

2.3. Characterization

The zeta potential was determined with a Zetaplus Analyzer
(Zetaplus, Brookhaven Instruments, Holtsville, NY) by
measuring the electrophoretic mobility of the particles using
0.001l M KCIl as the electrolyte. The suspensions were
ultrasonicated for 10 min before measurement. The pH values
of the suspensions was adjusted manually by the addition of
0.25M NaOH and 0.25M HCI. Rheological behavior
evaluation of the prepared slurry was carried out using a
rotary viscometer (Rheometric Scientific SRS5; Rheometric
Scientific, Piscataway, NJ). Samples that had the binder
removed were used for the oxygen content measurement. The

oxygen content was measured with a Nitrogen/Oxygen
Determinator TC600 (LECO Corporation, Michigan, USA).
Nitrided specimens were machined into a rectangle bar with
a dimension of 3.0 x 4.0 x 36.0 mm to measure the flexural
strength via the three point bending test (Instron 5566; Instron
Company, Norwood, USA), the support distance of 30.0 mm
and a cross-head speed of 0.5 mm/min were used. Four
specimens were used to the get the average result. The bulk
densities were determined by the Archimedes method using
distilled water as medium. The phase compositions were
determined by X-ray diffractometry (XRD; D/MAX-RBX,
Rigaku, Osaka, Japan) with CuKa radiation. Scanning
electronic microscopy (SEM; JEOL, JSM-6390, Japan) was
used to observe the morphologies of the fracture surfaces.

3. Results and discussion
3.1. Zeta potential measurement

Zeta potentials of raw Si, 2 wt% BS coated Si, and 4 wt% BS
coated Si suspensions with 1 wt% (dry weight basis) and
without NH4PAA addition as a function of pH value are shown
in Fig. 1. It can be seen that iso-electrical point (IEP) of raw Si
is about pH = 2.8. Si powder exposure to water leads to surface
hydroxylation, enabling acid or base reactions to take place as
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Fig. 1. Zeta potentials of raw Si, 2 wt% BS coated Si, and 4 wt% BS coated Si
suspensions with 1 wt% (dry weight basis) and without NH,PAA addition as a
function of pH.



D. Yao et al./Ceramics International 37 (2011) 3071-3076 3073

shown by reactions (3) and (4),
Si—OH + H,0" — SiOH," 4+ H,0 3)

Si—OH + OH™ — Si0O™ +H,0 “)

The net surface charge is positive at pH values below IEP
and change to negative at pH values beyond IEP. The zeta
potential of Si powder is similar to that of the previous report by
Rao et al. [9], which indicated that the optimum pH values of Si
dispersion were 4 and 8. The decrease of zeta potential at higher
pH values of 911 is attributed to the higher ionic strength of
the base electrolyte, resulting in the compression of electrical
double layer [18].

In Fig. 1(a), raw Si, 2 wt% BS coated Si, and 4 wt% BS
coated Si showed a similar zeta potential at the pH range of 2—
6.8, but the coated samples showed low absolute zeta potential
value compared with raw Si at the pH range of 7.4—11. As zeta
potential arises out of net effective surface charge on the
particles in the suspension, it directly reflects the dispensability
of Si particles in a medium. At the pH range of 7.4-9, the low
absolute zeta potential is difficult to obtain high solid load
slurry with low viscosity. Although it seems to have a well
dispersed slurry at the pH range of 5-6.8, actually it is hard to
obtain fluid slurry for the 60 wt% solid load sample with coated
Si in this experiment. With the addition of 1 wt% NH4PAA, the
absolute zeta potential was increased at pH >6. The well-
dispersed slurry can be obtained at the pH range of 6-8.

3.2. The effect of NH,PAA on oxygen content and
rheological properties of Si slurry

Some authors [10] evaluated the hydrolysis of Si powder by
measuring the amount of H,. In this study, the oxygen content
was measured to evaluate the hydrolysis of Si, as shown in
Fig. 2. At first, the oxygen content was measured on 40 wt%
solid content slurries coated with varied SB contents, NH,PAA
was not added in this stage. The oxygen content of raw Si was
1.22 wt%. When the slurry was ball milled for 48 h without
coating treatment, the oxygen content increased into 2.96 wt%.
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Fig. 2. Oxygen content of Si powder at various BS coated contents.

As Si was coated with SB content of 1-3 wt%, the oxygen
content was limited at around 1.6 wt%. The oxygen content of
Si powder coated with 4 wt% SB was 1.24 wt%, which was
almost the same as that of the raw Si. This means that the 4 wt%
SB coated Si was effective against hydrolyzation.

The 60 wt% solid load Si slurry with 4 wt% SB coating can
hardly form a fluid phase without dispersant. With NH,PAA
addition ranging from 0.25 to 1.5 wt%, a fluid slurry was
obtained. The viscosity of the slurry versus shear rate is shown
in Fig. 3(a). The slurries exhibit shear-thinning character, which
is useful to operate in slip casting. Further addition of dispersant
has no beneficial effect on the dispersion of the slurry. The
addition of dispersant caused a slight increase in oxygen
content. The highest oxygen content was 1.63 wt% with
0.5 wt% NH4PAA; however, the viscosity was 0.21 Pa S~ at
shear rate of 100 s~'. The viscosity at shear rate of 100s "'
seems to have an opposite trend with the oxygen content, as
shown in Fig. 3(b). Based on the above result, a stable,
hydrophobic slurry for slip casting could be obtained by the
following steps: (a) coating Si particles with 4 wt% BS; (b)
using 0.25-1.5 wt% NH4PAA to improve the dispensability of
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Fig. 3. (a) The shear rate—viscosity curve of 60 wt% solid content slurry with
4 wt% SB coated Si at different NH,PAA contents; (b) the oxygen content and
viscosity at shear rate of 100 s~ at different NH,PAA contents.
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Fig. 4. X-ray diffraction pattern of the raw Si and nitrided specimens.

the slurry; (c) controlling the pH of the suspension between 6
and 8.

3.3. Slip casting of Si slurry and the properties of RBSN

Fig. 4 shows XRD results of the raw Si and the sample after
nitridation. After nitridation, the main phases consist of a-
SizNy, B-SizNy, the peaks of residual Si are too weak to identify.
Small peaks of SiC and Si,N,O also appear in the XRD pattern.
Fig. 5 shows the green crucible bodies prepared by 40 wt%
solid load slurries. The inner surfaces were very smooth without
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Fig. 5. Photo of green crucible bodies prepared by 40 wt% solid load slurries.

any apparent defects. A homogeneous packing of the particles
can be observed by the scanning electron micrograph shown in
Fig. 6(a).

The formation of Siz;N, nanowires or whiskers in RBSN was
reported by several authors [19-23]. According to their studies,
vapor-liquid—solid (VLS) and vapor—solid (VS) mechanisms
are the main explanations for the growth of Si;N, nanowires.
The impurities in Si powder, such as Fe, can form a eutectic
FeSi, which was lower than the Si melting point as much as
200 °C [19]. So the formation of liquid phase combined with Fe
impurity in the beads supported the VLS mechanism [20]. In
the VS mechanism, the key is the formation of SiO gas phase as

Fig. 6. Scanning electronic microscope (SEM) of the specimens. (a) The fracture surface of the green body; (b) the fracture surface of the nitrided specimen; (c) the
fracture surface of the nitrided specimen with large pore; (d) nanowires grew in the large pore of the nitrided specimen.
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Fig. 7. The flexural strength—density curve as a function of solid load.

reaction (5) [21] and (6) [22], and the formation of Siz;Ny4
nanowires as reactions (7) and (8) [22]:

SiOx(s) + Hz(g) — SiO(g) + H20(g) (5)
SiOy(s) + C(s) — SiO(g) + CO(g) (6)
3Si0(g) + 3C(s) + 2Na(g) — SizN4(s) + 3CO(g) (7

3810(g) + 3CO(s) + 2N (g) — SiaNy(s) + 3CO2(g)  (8)

In this experiment, some residual carbon must exist after
debindering, which may lead to the formation of SiO phase.
The nanowire morphology was hard to determine in the nitrided
samples with vacuum degassing process under low-magnifica-
tion SEM. The fracture surface of the nitrided sample was
typical morphology of RBSN, as shown in Fig. 6(b). The
stacked Si particles transformed into a strong bonded matrix.
Nanowires can be observed in the interparticle voids. But in the
samples without vacuum degassing process, large pores around
100 wm were observed, as shown in Fig. 6(c). A main source of
the large pores was air bubbles introduced during the
preparation of the slurry, as shown in Fig. 6(d). The pores
filled with a large quantity of nanowires, the large pore offers
enough space for nanowires to grow which was in coincidence
with the result by Hu et al. [23], who used benzoic acid balls
(0.8 mm) as pore-forming agent. The nanowires in the large
pores can hardly make up for this critical defect. Its flexural
strength was inferior to the specimens without large pores.

In early research on the mechanism of nitridation,
considerable attention was paid to the nitridation of high
purity single phase Si with gettered N, to minimize the
influence of impurity [24-27]. The observation of large pores
between the Si—Si3;Ny layers confirmed the hypothesis that the
growth of SisNy was controlled by Si vapor transportation to the
Si3Ny nuclei site. Although SiO is seen as an impurity gas phase
in the nitriding process, it may also play a role in developing
high flexural strength materials. At the early stages of nitriding
process, the main reaction was elimination of the necks
between Si particles, followed by the development of a
continuous skeletal network of Siz;N, within the pore space of
the original compact [28]. For SiO acted as the transport
medium instead of Si vapor, the microstructure turned to be like

a fine network rather than coarse SizN, surface. The higher the
partial pressure of SiO, the finer the nitrided network and the
better the development of a continuous skeletal network of
SizN4 [21]. This network contributed to the flexural strength of
the final nitrided specimens. The various density and flexural
strength of nitrided specimens as a function of the solid content
are presented in Fig. 7. Densities of 1.57-1.92 g/cm’ (porosities
of 50.9-40%), flexural strengths of 47-108 MPa were obtained,
the flexural strength decreased with decreasing density. As solid
load was lower than 40 wt%, the nitrided density (1.57 g/cm?)
was similar to that of the 45 wt% solid load (1.59 g/cm3). Itis
difficult to get much lower density compact due to the drive of
capillary force during slip casting.

4. Conclusions

Slip casting process combined with reaction bonded silicon
nitride (RBSN) was used to prepare porous SizN, ceramic in a
low cost way with near-net and complex shape. The following
conclusions were obtained:

(1) The results showed that the hydrolysis of Si was strongly
prohibited by coated with 4 wt% BS as the oxygen content
was reduced from 2.96 wt% to 1.24 wt%. Low viscosity
was obtained with the addition of 0.25-1.5 wt% NH,PAA
to the 60 wt% solid load slurry.

(2) The main phases of the nitrided specimens consist of «-
Si3Ny, B-Si3N4. Small amounts of SiC and Si,N,O also
appear in the XRD pattern, the peaks of residual Si are too
weak to identify.

(3) The specimens without vacuum degassing process, large
pores were left in the green body, during nitridation, a large
quantity of nanowires were grown in the pores for providing
growth space. In the specimens with vacuum degassing
process, nanowires can be observed in the interparticle
voids.

(4) By controlling the solid load content, nitrided densities of
1.57-1.92 g/em® (porosities of 50.9-40%), and flexural
strengths of 47-108 MPa were obtained, the flexural
strength decreased with decreasing density.
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