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Abstract
The possibilities for combustion synthesis of TiN–Si3N4 composite powders were investigated using different titanium silicides (TiSi, Ti5Si3,

TiSi2) as initial raw materials. Thermodynamic analysis and relevant experiments have shown that at relatively low nitrogen pressure (up to 5 MPa)

Ti5Si3 is the most suitable compound for this purpose. Optimum experimental conditions for synthesizing two-phase silicon-free TiN–Si3N4

(containing 30–35 wt.% TiN) composite powders with characteristic sizes of approximately 5–10 mm were determined. Compact discs of 50 mm

diameter were fabricated using hot pressing technique. Microstructural features of the composite powder and hot pressed samples were

investigated, i.e. biaxial flexure strength.
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1. Introduction

It is well known that silicon nitride (Si3N4) is an excellent

structural ceramic material because of its high strength,

hardness and Young’s modulus, its good thermal shock and

creep resistance, low thermal expansion coefficient and high

temperature refractoriness, etc. However, two factors that

prevent its widespread use are its relatively low fracture

toughness in comparison with metals and high cost of

processing, because typically diamond machining of compo-

nents is required. From this point of view the addition of

titanium nitride (TiN) can make Si3N4 more attractive for a

wide range of applications. In fact the combination of

individual properties of TiN and Si3N4 yields improved

electrical and mechanical properties (including fracture

toughness), providing wide use of TiN–Si3N4 composites [1–

6] which are electro discharge machinable.

These composite materials can be prepared in several ways

including mechanical alloying of individual components,

reaction bonding, etc. The preparation of particulate composite
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powders by conventional processing technique can generate

large agglomerates and hence limits the degree of micro-

structural homogenity. Production of composites by in situ

synthesis methods can reduce costs and the number of process

steps and can result in more homogeneous composites.

Recently, a self-propagating high-temperature synthesis (or

combustion synthesis) method [7–9] has been applied for in situ

synthesizing of a number of refractory materials and

composites on their bases, such as Al2O3–SiC, Si3N4–MoSi2,

Si3N4–SiC, etc. [10–12]. TiN–Si3N4 composites have been

combustion synthesized using a mixture of elemental Si and Ti

in a nitrogen atmosphere [13,14]. High exothermicity of the

nitridation process is frequently accompanied by melting of

components in the interaction zone, which complicates

nitrogen infiltration from an external medium to the combustion

front and results in incompleteness of the reaction. To prevent

this undesirable phenomenon usually an inert diluent (mainly

TiN and/or Si3N4) is introduced into the initial mixture.

According to the study of Hillinger and Hlavacek [13] the

amount of such diluents is up to 55–70 wt.%. Another approach

for synthesizing the above listed composites is based on using

initial compositions, containing compounds instead of indivi-

dual elements. For example TiN–SiC–Si3N4 composites were

synthesized from a TiSi2–SiC mixture via a combustion

reaction under a nitrogen pressure of 130 MPa [15].
d.
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Table 1

The parameters characterizing the combustion of titanium silicides in nitrogen

atmosphere, P = 5 MPa

Silicide Tmelt (8C) Tad (8C) Equilibrium composition

of products

Ti5Si3 2130 2267 5TiN, 3Si

TiSi 1570 2084 TiN, 0.8Si, 0.067Si3N4

TiSi2 1500 2084 TiN, 1.3Si, 0.23Si3N4
The current work is aimed at revealing possibilities of one-

stage synthesizing of TiN–Si3N4 composite powders by using

titanium silicides as the initial raw materials for the preparation

of hot pressed samples. Particular attention has been given to

synthesizing these materials under low (up to 5 MPa) nitrogen

pressure, as well as determining strength and microstructural

characteristics of hot pressed samples.

2. Experimental

The experiments on combustion synthesis were carried out

in a PC-linked constant pressure reactor using a nitrogen (purity

99.7%) atmosphere at pressures ranging between 0.5 and

5 MPa. Cylindrical pellets of 40 mm in diameter and a height of

35–50 mm were used. The following powders were used as raw

materials: in-house SHS-derived titanium silicides (Ti5Si3,

TiSi, TiSi2) [16] with an average particle size of less than

30 mm and silicon nitride (containing 20 wt.% of a-Si3N4) with

a particle size of less than 15 mm as an inert diluent. A micro-

thermocouple technique was used to register the maximum

combustion temperature (Tc). The measurements were carried

out with tungsten–rhenium thermocouples having a wire dia-

meter of 100 mm. The average value of the combustion velocity

(Uc) was determined by signals from an array of thermocouples

embedded into the sample. Burned down samples were exposed

to X-ray analysis with Cu Ka radiation on a diffractometer

DRON-3.0. Chemical analyses were performed to determine

the content of nitrogen and free (non-reacted) silicon in the

final products. The particle size distributions of the composite

powders were measured using a Malvern Mastersizer X

analyzer.

The synthesized composite powder was mixed with

3.5 wt.% Y2O3 (H.C. Starck, Grade C) and 2.1 wt.% Al2O3

(Alcoa, CT3000SG) as sintering additives with isopropyl

alcohol in a ball mill using alumina grinding media. After the

milling procedure the alcohol was removed by evaporation.

Dried and sieved powders were compacted into discs of 50 mm

in diameter by uni-axial pressing. These discs were then hot

pressed at 1750 8C for 30 min with a pressure of 25 MPa in a

low nitrogen atmosphere. Two hot pressed discs were strength

tested by the ring on ring biaxial flexure test method (diameter

of outer/inner ring was 40/16 mm) at room temperature.

Scanning electron microscopy (BS-300 and Vega TS

5136 MM) was used for studying the microstructure of

combustion products as well as of the hot pressed samples.

3. Results and discussion

3.1. Thermodynamic calculations

For estimating the feasibility of the combustion synthesis of

TiN–Si3N4 composites from various titanium silicides (TiSi2,

TiSi, Ti5Si3), as well as to reveal optimum conditions of reactions

proceeding under the combustion mode, thermodynamic

analyses were performed. Adiabatic combustion temperatures

and possible equilibrium compositions of synthesized products

were calculated using ISMAN-THERMO software [17].
In Table 1 results of preliminary thermodynamic calcula-

tions of adiabatic combustion temperature and equilibrium

composition of products are presented for the above listed

titanium silicides. In all cases high adiabatic temperatures do

not promote silicon nitridation because of Si3N4 dissociation

(Tdis = 2084 8C, at 5 MPa), whereas titanium is nitrided

completely. Based on these results it can be concluded that

under identical conditions TiSi2 is nitrided better than other

silicides.

As the analysis has revealed, for infiltration combustion

processes, apart from the thermodynamic calculations, the

following two factors are very important: (a) the melting point

of the silicide selected and, (b) the amount of fusible component

(Si) in this compound. From this viewpoint the Ti5Si3 silicide

fitted best for further investigation. To check this assumption

nitridation of all three silicides under combustion mode was

performed. These experiments have shown that at the minimum

nitrogen pressure (0.5 MPa) only Ti5Si3 possess the ability for

combustion, while the other silicides burn at higher pressures

(P(N2) � 2 MPa). On this basis further studies were performed

with Ti5Si3. For the purpose of reducing the combustion

temperature and excluding the dissociation of silicon nitride the

initial charge was diluted by a certain amount of Si3N4.

Thermodynamic calculations carried out for the Ti5Si3 +

nSi3N4 + N2 system at P(N2) = 5 MPa (where n is the number

of Si3N4 moles) have shown (Fig. 1) that for 0.5 < n < 3 the

adiabatic temperature (Tad) remains constant up to reaching the

dissociation temperature of Si3N4. Accordingly the Si3N4

concentration grows, and the amount of free silicon decreases.

For n � 3 the Tad tends to decrease and the product is free of

silicon. For further optimization of the synthesis conditions the

influence of nitrogen pressure on the value of Tad and the

equilibrium composition of the final products the Ti5Si3 +

3Si3N4 mixture was selected. As the results of the thermo-

dynamic calculations have shown (Fig. 2), at low nitrogen

pressures (up to 5 MPa) free silicon is present in the combustion

products too, this disappears at P � 5 MPa. At the same time,

after a small increase up to 2070 8C, the value of Tad remains

constant for the pressure interval 5–10 MPa.

3.2. Combustion in the Ti5Si3–Si3N4–N2 system

Combustion experiments of Ti5Si3 + nSi3N4 mixtures in a

nitrogen atmosphere were performed based on the preliminary

thermodynamic calculations. According to the results obtained

(Fig. 3) a combustion limit of n = 4.5 was obtained. It can be

seen that within the 0 � n < 4.5 interval the combustion
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Fig. 1. Adiabatic combustion temperature (Tad) and equilibrium concentration

of combustion products for the Ti5Si3 + nSi3N4 + N2 system at P = 5 MPa.

Fig. 2. Adiabatic combustion temperature (Tad) and equilibrium concentration

of combustion products vs. nitrogen pressure for the Ti5Si3 + 3Si3N4 + N2

system.

Fig. 3. Combustion temperature (Tc) and velocity (Uc) vs. n value for the

Ti5Si3 + nSi3N4 + N2 system at P = 50 MPa.

Fig. 4. The theoretical value of bound nitrogen, amount of nitrogen and non-

reacted silicon vs. n at combustion of the Ti5Si3 + nSi3N4 mixture in nitrogen

atmosphere.

Fig. 5. XRD patterns of combustion products for Ti5Si3 + nSi3N4 + N2 system

at various n: (a) n = 0, (b) n = 1 and (c) n = 4.2, P = 5 MPa.
temperature decreases monotonously (from 2084 to 1770 8C),

and within the 0 � n � 3 interval the combustion velocity is

reduced about 6.5 times (from 0.65 down to 0.1 cm/s).

The results of the chemical examinations of burned down

samples are presented in Fig. 4. It is obvious that depending on

the n value the nitrogen content in the combustion products can

change from 8 up to 32 wt.%, and the silicon content is
expressed by a curve with an extremum. All burned down

samples were exposed to X-ray analysis (Fig. 5).

It can be seen (Fig. 5b) that within the 0 � n < 3 interval

these samples contain titanium and silicon nitrides, as well as

significant amounts of non-reacted silicon. It should be noted

that burning the pure Ti5Si3 (diluent-free) in nitrogen yields

a product containing titanium nitride, non-reacted silicide,

silicon, as well as traces of silicon nitride (Fig. 5a). For n values
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Fig. 6. Microstructural features of combustion products for Ti5Si3 + N2 (a) and

Ti5Si3 + 4.2Si3N4 + N2 (b) systems.

Fig. 8. Microstructure of the 30% TiN–70% Si3N4 composite.

Fig. 9. Particle size distribution of 30% TiN–70% Si3N4 composite.
from 3 to 4.5, two-phase Si3N4–TiN products were formed.

Here both the modifications (a- and b-) of Si3N4 were detected

(Fig. 5c). Microstructural examinations have illustrated that the

products obtained at combustion of pure Ti5Si3 contains alloyed

segments formed from a melt (Fig. 6a). The products obtained

with the use of Si3N4 as a diluent are characterized by a more

particulate structure (Fig. 6b).

For further optimization of the synthesis conditions,

experiments on the combustion of Ti5Si3 + 4.2Si3N4 mixtures

at various nitrogen pressures were performed. The results

obtained have indicated (Fig. 7) that this mixture does not burn
Fig. 7. Combustion temperature (Tc) and velocity (Uc) vs. nitrogen pressure for

combustion of the Ti5Si3 + 4.2Si3N4 mixture.
at a nitrogen pressure of less than 2 MPa and within the pressure

range of 2–5 MPa the combustion velocity is increased twofold

(from 0.024 up to 0.05 cm/s), while the total increase of Tc is

about 60 8C. This result points to an unequivocal relation

between Uc and the nitrogen initial concentration in the
Fig. 10. Fracture pattern of hot pressed disc.
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Fig. 11. Microstructure of 30% TiN–70% Si3N4 composite sample (TiN grains

removed by over etching).
sample’s pores. In all cases burned down samples contained two

phases: TiN and Si3N4.

3.3. Compaction and characteristics of TiN–Si3N4

composite

Based on the combustion experiments carried out, compo-

site powders of TiN–Si3N4 were synthesized, in which the

content of titanium nitride varied between 30 and 35 wt.%.

Microstructure examinations have shown (Fig. 8) that the

characteristic sizes of the particles obtained are located in two

main ranges: from 1 to 5 and from 20 to 30 mm.

The particle size distribution of a 30% TiN–70% Si3N4

composite is shown in the Fig. 9. It can be seen from the figure

that approximately 25 vol.% of the particles are of submicron

size. The diameter of 50 and 90 vol.% of particles is less than 2

and 13 mm, respectively.

Combustion synthesized 30% TiN–70% Si3N4 composite

powder was compacted by hot pressing in nitrogen atmosphere.

The density of the hot pressed samples was 0.97 of the

theoretical density. After diamond grinding of the disc surfaces,

ring on ring biaxial flexure tests were performed at room

temperature. The fracture strengths for the disc were sf = 306

and 320 MPa. The fracture pattern on the tensile surfaces of the

hot pressed discs after biaxial flexure testing indicated a

medium to high strength (Fig. 10).

For studying microstructural features of compact samples

plasma-etching was applied. A typical SEM micrograph is

presented in the Fig. 11. It can be seen from the imprints in the

glassy phase in Fig. 11 that the average grain has a size of about

2–5 mm and are not of an extremely elongated form (even

through most of the grains have been removed within the

etching process).

4. Conclusions

This study has successfully demonstrated that Si3N4–TiN

composite powders without free silicon and having particulate
structure can be synthesized from Ti5Si3 silicide accordance to

accepted combustion laws. Optimum conditions for synthesis

of TiN–Si3N4 ceramics containing 30–35 wt.% titanium nitride

under the relative low nitrogen pressures (from 2 to 5 MPa)

have been determined. The combustion synthesized 30% TiN–

70% Si3N4 composite powders were hot pressed and compact

samples were prepared, which had a medium to high biaxial

flexural strength.
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