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Abstract

TiN coating on b-sialon (z=2) and Si3N4 was performed by depositing TiO2 on their particle surfaces through controlled

hydrolysis of Ti(O–i–C3H7)4, and subsequent nitridation with NH3 gas. TiN particles covering b-sialon and Si3N4 were 10–20 nm in
size. Spark plasma sintering of TiN/b-sialon composite particles produced ceramics with TiN networks of 0.1–0.5 mm wide at
1500 �C, but with TiN grains of 0.1–2.0 mm sizes isolated in the sialon matrix at 1600 �C. SPSed TiN/sialon ceramics at 1500 �C

had >95% density of the theoretical one, irrespective of the TiN amount. TiN/sialon ceramics (25 vol.%) showed a lower electrical
resistivity (�10�3 � cm) making these ceramics suitable for electric discharge machining.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon nitride-based materials such as silicon nitride
(Si3N4)

1 and sialon (Si3�zAIzOzN4�z)
2,3 are high tem-

perature materials with high mechanical strength and
hardness, which make them difficult to mechanically
shape a complex form. Titanium nitride (TiN) shows a
very low electrical resistivity4 and a high hardness.5

Therefore, if highly electroconductive silicon nitride-
based materials with TiN could be fabricated, it would
be possible to make desired shaped ceramics by electric
discharge machining (EDM). For this purpose, the
added TiN amount should be as small as possible,
because TiN is readily oxidized at 600 �C,6 leading to
degradation of the electrical and mechanical properties.
For the TiN addition to be decreased, it is effective to
use Si3N4 and sialon particles coated with TiN. The
present authors have reported that TiN-coating on
Si3N4 surfaces is successfully achieved by thermal
hydrolysis of TiCl4 with urea and subsequent nitrida-
tion with NH3 gas.7 Spark plasma sintering (SPS) of
these particles yielded composite ceramics with a lower
electrical resistivity (�10�4 � cm) at 25 vol.% TiN,8

smaller than the reported amount (30 vol.%) fabricated
from a mechanical mixture.9
Hydrolysis of titanium alkoxide would be useful for
homogeneous TiO2-coating on silicon nitride-based
particles, since the hydrolysis species Ti-OH are expec-
ted to react with Si-OH existing on the silicon nitride-
based particles.10 Since rapid hydrolysis of alkoxide
generally occurs to coat agglomerated particles on
matrix particles surfaces,11,12 the careful control of alk-
oxide hydrolysis is required to achieve homogeneous
coating. The purpose of the present study is to prepare
TiN-coated b-sialon (z=2) and Si3N4 particles by con-
trolled hydrolysis of Ti(O–i–C3H7)4, followed by nitri-
dation with NH3 gas. TiN/Si3N4 and TiN/sialon
composites are densified by SPS, and their relative den-
sity and electrical resistivity are compared.
2. Experimental procedure

2.1. Preparation of silicon nitride-based particles coated
with TiO2 and TiN

Ti(O–i–C3H7)4 (the purity, 5N; Kojundo chemical lab
Co., Ltd. Japan) was used as the starting source of
TiO2. TiO2 precursor (0.1 mol 1�1) was prepared by
adding 2-methoxyethanol (4.8 ml) (Kanto chemicals,
Co., Inc., Japan) and Ti(O–i–C3H7)4 (4.5 ml) at a mole
ratio of 4:1 to dehydrated isopropyl alcohol (IPA 160 ml)
(Wako pure chemical industries, Ltd., Japan) and reflux-
ing the solution at 82 �C for 180 min in flowing N2 gas.
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The experimental procedure for TiO2 coating was
shown in Fig. 1. 0.244 g b-sialon (z=2; mean particle
size, 0.5 mm) or 0.250g Si3N4 particles (a-phase >95%;
mean particle size, 0.5 mm) were ultrasonically dispersed
for 15 min in IPA (l60 ml) containing 1.0 vol.% H2O at
15 �C, to which the TiO2 precursor was dropwise added.
The amount of precursor added was 7.6, 14.5, 22.8, and
37.6 ml, corresponding to 10, 17.5, 25 and 32.5 vol.%
TiN, respectively. When the precursor-containing sus-
pension was gradually heated to 40 �C and held for 60
min in flowing N2 gas, it changed to that containing the
TiO2 colloids, which was then washed, vacuum-filtered,
and dried at 60 �C. The resulting TiO2/sialon and TiO2/
Si3N4 composite particles were nitrided at 800 �C for
180 min in flowing NH3 gas (150 ml min�1).
The coating state of TiO2 and TiN on the sialon and

Si3N4 surfaces was examined by transmission electron
microscopy (TEM) with electron diffraction (ED) and
energy dispersive X-ray analysis (EDX). Phases were
identified by X-ray diffraction (XRD) and the lattice
constant (a0) of the TiN was determined using silicon
powder as an internal standard.

2.2. Densification of TiN/sialon and TiN/Si3N4 composites
by SPS

SPS of the composite particles of 0.250 g was carried
out at 1400–1700 �C in N2 under a uniaxial pressure of
39 MPa according to our previous report.8 The tem-
perature was increased with a controlled electric current
and measured on the graphite die surface with an opti-
cal pyrometer. When the sintering temperature was
reached, the current was immediately switched off. A
typical healing schedule at 1600 �C was current; 740 A,
heating rate; 20 �C min�1, and total time; 14.5 min.
The densities of the sintered TiN/sialon and TiN/

Si3N4 composites were measured by the Archimedes
method using CCI4 at room temperature. Phase identi-
fication of TiN and its lattice constant were determined
by XRD as the described above. The Vickers hardness
of TiN/sialon and TiN/Si3N4 composite ceramics was
measured using a load of 200 g for 15 s. The micro-
structure of the polished sintered composites surface
was observed by scanning electron microscopy (SEM).
The electrical resistivities of the composite ceramics
containing 10–32.5 vol.% TiN were measured by a two-
probe and/or four-probe method at room temperature.
3. Results and discussion

3.1. Preparation of silicon nitride-based particles coated
with TiO2 and TiN

A TEM image of TiO2/sialon composite particles
obtained by heating to 40 �C the TiO2 precursor-con-
taining suspension, corresponding 25 vol.% TiN, is
shown in Fig. 2(a). Amorphous TiO2, which was con-
firmed by EDX and ED (see inserted diffraction figure),
homogeneously covers sialon particles with <50 nm
thick. Similarly Si3N4 coated with TiO2 also was
obtained. Fig. 2(b) shows a TEM image of TiN/sialon
composite particles obtained after nitridation of TiO2/
sialon particles with NH3 gas at 800 �C. TiN particles
grow to 10–20 nm sizes on sialon particles; the forma-
tion of TiN was confirmed by the ED pattern (see an
inserted figure) at a location indicated by an arrow.
Therefore, it is found that sialon particles are success-
fully coated with nano-sized TiN. The lattice constant
(a0) of TiN was 0.420 nm, smaller than the pure value
(0.424 nm),13 meaning that TiN contains a small
amount of oxygen.

3.2. Densification of TiN/sialon and TiN/Si3N4 composites
by SPS

TiN/Sialon particles (25 vol.%) were sintered without
any additives by SPS at 1400–1700 �C. The XRD pat-
tern of the ground composite ceramics revealed that
starting b-sialon and TiN phases were not changed
without any reaction. The a0 value of TiN increased
with increasing SPS temperature and reached the pure
value at 1500 �C. The electrical resistivity of the SPSed
ceramics showed a lower value (�10�3 � cm) at
1500 �C, but very high (�106 � cm) at 1600 �C. Fig. 3(a)
and (b) show the surface texture of the ceramics SPSed
Fig. 1. Flow chart for preparing TiO2-coated composite particles.
310 S. Kawano et al. / Journal of the European Ceramic Society 24 (2004) 309–312



at 1500 and 1600 �C, respectively. The former ceramics
possess TiN networks (white contrasts) of 0.1–0.5 mm
wide, which provide a path for high electrical con-
ductivity and the latter ones indicate TiN grains of 0.1–
2.0 mm sizes isolated in the sialon matrix. This isolated
texture may be formed by liquid phase sintering derived
from sialon particles and explains why an electrical
resistivity of the ceramics prepared at 1600 �C is very
high.
The relative density is shown in Fig. 4 as a function of

TiN amount in the sialon and Si3N4 composite ceramics
obtained at 1500 and 1600 �C, respectively. Sialon-
matrix composites have a relative density of 95% (solid
line), irrespective of the TiN amount. Liquid glass phase
produced during SPS should be responsible for such a
high relative density of the sialon ceramics. In contrast,
the Si3N4 composite ceramics show a high relative den-
sity (dotted line) only containing >25 vol.% TiN. A
correlation between the relative density of the TiN/
Si3N4 ceramics and the TiN amount is very similar to
that for the TiN/Si3N4 ceramics obtained from thermal
hydrolysis of urea.8 The Vickers hardness of TiN/Sialon
and TiN/Si3N4 ceramics containing 25 vol.% TiN was
Fig. 2. TEM image of (a) TiO2/Sialon particles, (b) TiN/Sialon particles.
Fig. 3. SEM images of polished surfaces of 25 vol.% TiN/Sialon

composite SPSed at (a) 1500 �C and (b) 1600/bk7C.
Fig. 4. Change of the relative density of (^) Sialon composites and

(&) Si3N4 composites with TiN content.
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1600�200 and 1200�200 kg mm�2, respectively. Fig. 5
shows a relationship between the electrical resistivity
and the TiN amount in the composite ceramics. The
resistivity for TiN/sialon (solid line) is higher than for
TiN/Si3N4 (dotted line), which may be due to the pre-
sence of glass phase in TiN–TiN interface in TiN/sialon
ceramics. The TiN amount necessary to provide EDM-
applicable resistivity (<5�10�3 � cm) was 25 and 17.5
vol.% for sialon and Si3N4, respectively.
4. Conclusion

Nano-sized TiN was coated on b-sialon (z=2) and
Si3N4 by depositing TiO2 on their particle surfaces, and
subsequent nitridation with NH3 gas. TiO2-coating was
successfully achieved by mixing the matrix particles and
Ti(O–i–C3H7)4 in isopropyl alcohol containing 1.0
vol.% H2O at 15 �C, followed by heating to 40 �C.
Nitridation yielded 10–20 nm TiN particles covering b-
sialon and Si3N4. Spark plasma sintering of TiN/sialon
composite particles produced the ceramics with TiN
networks of 0.1–0.5 mm wide at 1500 �C, but with iso-
lated TiN grains of 0.1–2.0 mm in the matrix at 1600 �C.
The former ceramics had a relative density of <95%,
irrespective of the TiN amount. Electrical resistivity of
TiN/sialon and TiNSi3N4 ceramics decreased steeply to
a lower electrical resistivity (�10�3 � cm) with increas-
ing TiN amount, making these ceramics suitable for
electric discharge machining at 25 and 17.5 vol.% TiN,
respectively.
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