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A new method of TiN/Si3 N4 nanocomposite synthesis was described and tested. TiCl4 and SiCl4 used as
the starting materials and sodium as the reduction agent were conducted in liquid ammonia respectively.
TiCl4 and SiCl4 were reduced simultaneously and titanium nitride/silicon nitride nanocomposite powders
were obtained by in situ co-deposition at temperatures around –45 ◦ C. X-ray diffraction patterns indicate
that the product was amorphous and the by-product was sodium chloride. The product powders were
heated up to 1600 ◦ C and crystallization to TiN and β-Si3 N4 happened. Due to presence of TiN, the
crystallization of silicon nitride in the mixture was later than that of pure silicon nitride. Transmission
electron microscopy images show the average size of powders range from 10 nm to 40 nm and scanning
electron microscopy images conformed that Ti and Si elements were dispersed uniformly. A green bulk
nitride composite containing 20%TiN with the mean grain size of 100-300 nm and fracture toughness of
10.1±1.1 m1/2 MPa , was obtained by spark plasma sintering at 1500-1600 ◦ C. The effect of TiN additive on
microstructure and mechanical properties of composite bulk was discussed.
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the main preparation methods of TiN/Si3 N4 nanocomposite powders include: (i) Mix of TiN/Si3 N4 powders
[12,13]. This needs fine source powders and the impurities often enter if using milling, so it is impossible
to gain real nano-sized composite by this method even
though its simple processing. (ii) Nitridation of corresponding mixture powders of metals or oxides, for example: titanium and silicon, TiO2 , Si3 N4 , etc. [14,15].
This way includes two steps of mixing and nitridation at
high temperature, and some questions of reaction completeness, conglomeration and grow of powders engender absolutely. Si3 N4 coating with TiN nanopowder was
proposed and considered as a promising technique [1618] which synthesized Si3 N4 coated with Ti-precursor
and then nitridate or hydrolysis process at high temperature, but that problems still exist. (iii) Chemical vapor
deposition (CVD) [19]. Although it can produce nanosized composite, however, this method need strictly synthesis parameters control and is mainly applied to deposit films. In this work, TiN/Si3 N4 nanocomposite
powders were synthesized directly in one step below
room temperatures. TiCl4 and SiCl4 used as the starting materials were reduced by sodium in liquid ammonia simultaneously. The composites were characterized
by X-ray diffraction patterns (XRD), transmission electron microscopy (TEM), scanning electron microscopy
(SEM) and BET surface area analysis. A rapid consolidation was underwent by spark plasma sintering (SPS)
and a green ceramic bulk with the mean grain size of
100-300 nm was obtained.

I. INTRODUCTION

Silicon nitride (normally Si3 N4 ) is an attractive material for high temperature structural applications, due
to its exceptional physical properties (low density, high
hardness, high strength at elevated temperatures, excellent thermal shock, etc) and chemical stability (oxidation resistance, high corrosion resistance to acid, etc)
[1-4]. Therefore, since 1990’s all-ceramic gas turbine
engines using Si3 N4 as main component material became very hot research area [5-7]. However, as a typical covalent structure, Si3 N4 is hard to sintering and
be machined by traditional ways, and resulting in poor
fracture toughness (the value of KIC for the monolithic
material is only about 4-6 m1/2 MPa) [8] and low reliability.
In order to improve the mechanical properties and
machinability of Si3 N4 ceramic, the study of TiN/Si3 N4
nanocomposite ceramic attracted great interesting due
to the conductivity of TiN and properties compatibility of both components [9-11]. Nano-sized composite
materials, especially nanopowders is not only easy to
sintering because of high surface activity, but also improvement of fracture propertied is convinced. Moreover, conductive ceramic can be machine by electrical
discharge maching (EDM) to low the cost sharply. Now,
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II. EXPERIMENTS
A. Synthesis of TiN/Si3 N4 nanocomposite powder

All manipulations were carried out using standard
high vacuum or inert atmosphere. In a typical reaction, the source materials, analytical grade TiCl4 and
SiCl4 and reduction agent, metal sodium were weighed
(according to the TiN volume content=20, 30, 40, and
50) and charged into each vessel of two-chamber flask
respectively in a glovebox (MECAPLEX, Switzerland).
The flask was submerged in the cryostat (FM70, Julabo, Germany), and the liquid ammonia was added by
evaporation-condensation transfer. The Na/NH3 solution was poured slowly into the chamber containing the
TiCl4 /SiCl4 /NH3 solution with stirring. After the reaction completed, the liquid ammonia was evaporated and
removed, then a grey-black powders resulted. Using an
extractor-condenser system, by-product NaCl was separated by liquid ammonia solvent extraction and black
product powders left. In order to surviving high activity of nanopowders in the air, the samples were heat
treated under vacuum to 950 ◦ C and held for two hours.
For analyses of the effect of various annealing temperature on structure and phase constituents of powders
the samples were further heat treated up to 1600 ◦ C.
B. Consolidation

In a typical consolidation processing of TiN/Si3 N4
nanocomposite, an desired amount of powders under
inert atmosphere were put into a graphite die (15 mm
in diameter) and sintered with Dr. Sinter 1050 spark
plasma sintering system (Sumitomo Coal Mining Co.,
Tokyo, Japan). The samples was heat in vacuum
(<10 Pa) to 1500-1650 ◦ C based on content of TiN with
heating rate of 100-200 ◦ C/min and held for a dwelling
time of 3-5 min. The pressure was applied from 1000 ◦ C
and maintained at 50 MPa. After sintering, the samples were cooled to room temperature and grounded
and polished to get rid of carbon on the surface.
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ative densities were measured. Hardness was measured
using a indentation technique (Wilson-Wolpert Vickers
430SVD, Shanghai, China) under a load of 10 kg for a
dwelling time of 10 s and fracture toughness (KIC ) was
calculated by indent cracks using the following:
µ
¶1/2
0.016P
E
KIC =
(1)
HV
c3/2
where E, HV , P and c refer to Young’s modulus, Vickers hardness, the applied load, and the half-length of
the radial crack, respectively [20]. The electrical conductivities of composites were measured by a four-probe
method. The morphology and mean grain size of bulk
(dSEM ) was observed by SEM (SU-55, Thermo electron
Co., U.S.) images.
III. RESULTS AND DISCUSSION

Liquid ammonia as liquid agent can provide a condition of homogeneous reduction when alkali metals is dissolved, and nitrogen source for preparation of nitrides.
In our prior efforts to prepare TiN [21] and Si3 N4 nanoscaled powders by similar methods, the product was
amorphous nanoparticles and the by-product was cubic
sodium chloride respectively. For Si3 N4 , the crystallization began at about 1300 ◦ C while the TiN powder
was nanocrystalline and its diffraction peaks changed
to narrower from about 600 ◦ C. For TiN/Si3 N4 codeposition product, the mixture powders were amorphous in like manner (as shown in Fig.1) and the byproduct was NaCl too. With the temperature elevating
after 1450 ◦ C, the sharp diffraction peaks of TiN and
β-typed Si3 N4 appeared fully. Therefore, the product
powders are composed of TiN and Si3 N4 . However, the
conditions of crystallization conversion were different.
The phase conversion of 40%TiN/Si3 N4 with various
annealing temperature holding for 2 h was described
in Fig.2. It can be seen that the sharp peaks of TiN
appeared firstly like monolithic powder, but the corresponding peaks of Si3 N4 didn’t come forth until the

C. Characterization

The nanocomposites with various annealing temperature were analyzed with X-ray diffractometer
(MXP21VAHF, MAC science Corp., Japan) operated
at 100 kV and using CuKα radiation (λ=1.5418 Å).
The specific surface area was measured by nitrogen
adsorption-desorption using a surface area analyzer
(Autosorb l, Quantachrome Instrument, US) and diameters were estimated. Scanning electron microscopy
(JSM-6301F, JEOL, Japan) with maps of titanium and
silicon elements and transmission electron microscopy
(JEM-100cx, JEOL, Japan) were performed to observe
morphology of the powders.
The bulks after consolidation were ground and polished for the following tests. Using the Archimedes immersion method with distilled water as medium, the relDOI:10.1088/1674-0068/20/06/717-720

FIG. 1 XRD patterns of 40%TiN/Si3 N4 powders.
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FIG. 2 XRD patterns of 40%TiN/Si3 N4 nanocomposite
powders with various annealing temperatures.

annealing temperature was higher than 1450 ◦ C, which
was far higher than that of single conversion. This
strongly suggests that the two components were interacting chemically with each other during the reduction
process, and thereby inhibiting the conversion of Si3 N4
powder. With the temperature up, the interaction was
broken, so the conversion can be underwent. In this
system, no sign of any other phases or components (e.g.
TiSi2 , Ti5 Si3 ) occur, which means the interaction energy was not enough for the formation of intermetallic
components. The overall reaction could follow these
equations:

(c)

FIG. 3 SEM image of 20% TiN/Si3 N4 (a) and X-ray maps
of Ti (b), Si (c) elements after 950 ◦ C heat treatment.

2TiCl4 +8Na + 2NH3 = 2TiN + 8NaCl + 3H2
3SiCl4 +12Na + 4NH3 = Si3 N4 + 12NaCl + 6H2
Scanning electron image and X-ray mappings of
20%TiN/Si3 N4 powders heat-treated at 950 ◦ C were
shown in Fig.3. As can be seen from Fig.3, the powders
were fine particles and gathered together like cloudy. Ti
element and Si element dispersed uniformly and overlap each other which mean no conglomeration of TiN or
Si3 N4 . This should be attributed to the loose structure
of liquid ammonia to resulting in the equivalent rate of
diffusion of Ti ions and Si ions and similar chance of
reduction.
Transmission electron image of 20%TiN/Si3 N4 after 950 ◦ C heat treatment were shown in Fig.4. The
particles were sphere and distribution of powders size
was very narrow. The average diameter of powder
was estimated to be in the range of 10-40 nm. The
electron diffraction patterns reveal the multicrystalline
phase which is identical to the results of XRD. BET
analysis showed that these composite powders including 40% and 20% TiN have surface area of 93.89 and
129.78 m2 /g, respectively. Because of the sphere, the
diameter can be calculated and equals to 10.4 nm (TiN)
and 33.5 nm (Si3 N4 ). Due to the large surface energy,
the powders gathered each other, and therefore the size
observed from TEM images was little bigger than that
calculated from BET results. For the single TiN and
DOI:10.1088/1674-0068/20/06/717-720
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FIG. 4 TEM image of powders containing 20%TiN /Si3 N4
after 950 ◦ C heat treatment.

Si3 N4 prepared by similar method at the same control
conditions, the surface areas were 27 and 228 m2 /g respectively. Based on the mix rule, the surface area of
composite can be calculated and equals to 121 m2 /g for
40%TiN/Si3 N4 and 168 m2 /g for 20%TiN/Si3 N4 . Compared with the experimental results, both of calculated
values are bigger, so it proved the chemical interaction
during reduction process, too. Because of combination
of interface, the surface area decreased.
In this work, SPS was used to prepare TiN/Si3 N4
bulk materials to limit the growth of grains by means of
rapid sintering. Usually, sintering of monolithic Si3 N4
needs 1700 ◦ C upwards as well as an amount of sintering
additives [2]. However, here sintering temperature decreased sharply, for example, for 20%TiN/Si3 N4 , densic
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TABLE I Properties of the sintered bulks
Sample
Resistance∗ /Ωcm
Si3 N4
1013
20%TiN/Si3 N4
7.7×10−2
40%TiN/Si3 N4
4.41×10−3
∗
Elctrical resistance.

(a)

HV /GPa KIC /m1/2 MPa
17.0±0.5
6.1±0.8
14.7±0.4
10.1±1.1
10.4±0.2
7.3±0.5

TiCl4 and SiCl4 as the starting materials and sodium
as the reduction agent in liquid ammonia. The mean
size of powders ranged from 10 nm to 40 nm and Ti
and Si elements dispersed uniformly without the conglomeration of TiN or Si3 N4 . A green bulk (>95% of
theoretical) with good fracture toughness was obtained
by spark plasma sintering with the mean grain size of
100-300 nm at 1500-1600 ◦ C.

(b)
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FIG. 5 SEM images of fracture surface of (a) 20%
TiN/Si3 N4 bulk and (b) Si3 N4 bulk sintered by spark plasma
sintering at 1600 ◦ C for 5 min and 50 MPa.

fication process began at 1400 ◦ C without any additive
which exhibit the characteristic of nano-sized materials
and the relative density of bulks sintered at 1600 ◦ C for
3 min can exceed 95% of theoretical density.
The physical properties, such as electrical resistance,
vickers hardness (HV ), fracture toughness (KIC ) were
listed in Table I. In order to discuss the effect of composite on properties, the single Si3 N4 ceramic prepared
by same method was included. Firstly, due to the electrical conductivity of TiN analogical to metal and uniform distribution, the resistivity of composite sample
decreased sharply to 10−2 Ωcm when the volume content of TiN is only 20%. That is, with conductive phase
added, the conductive net gradually formed and will be
contributed to machining properties.
It was worthy of note that the sample had higher
fracture toughness (especially for 20% TiN/Si3 N4 ,
KIC =10.1±1.1 m1/2 MPa) than that of single Si3 N4 ceramic. This could be attributed the uniform microstructure of two phases, as shown in Fig.5. FSEM graphs of
the fractured surface of 20%TiN/Si3 N4 green bulk by
SPS at 1600◦ for 5 min under 50 MPa was shown in
Fig.5(a). It can be revealed that the bulk had an ultrafine structure and the average grain size was less than
300 nm. For comparison, monolithic Si3 N4 was sintered
at same conditions and its fracture surface was shown
in Fig.5(b). Because of the presence of the TiN second
phase, the growth of Si3 N4 was inhibited. The composite exhibited a more uniform and finer microstructure
than that single one. And crack elongation was limited
by the second phase grain. Crack deflection and submicron cracks could be the main reasons for improvement
of fracture toughness.
IV. CONCLUSION

Synthesis of TiN/Si3 N4 nanocomposite powders in
one step was developed by in situ co-deposition using
DOI:10.1088/1674-0068/20/06/717-720
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