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Abstract 

This thesis describes an investigation of electrically conductive composites based on 
Si3N4 with dispersed TiN or ZrN particles fabricated by an in-situ composite method. 
The influence of the amount of conductive phase of the Si3N4/TiN and Si3N4/ZrN 
composites on the density, the flexural strength and the electrical conductivity were 
evaluated.  

The first part of my work was focused on the formation of TiN and ZrN nanoparticles 
on the Si3N4 powder surface by an in-situ gel-precipitation of Ti- and Zr(OH)4 and a 
subsequent chemical reaction at an elevated temperature. The results showed that 
the conversion of TiO2 to TiN with a narrow particle size distribution, ranging from 4 
nm to 10 nm can be completed after a thermal treatment at 900 °C for 6 h in a NH3 
gas flow. The in-situ formation of nano-sized ZrN on the Si3N4 particles is more 
challenging, due to the higher reaction temperature between the ZrO2 and Si3N4 and 
due to the change in the SiO partial pressure. The complete conversion of ZrO2 to 
ZrN with an average particle size of 40 nm can be attained at 1600 °C for 3 h in 
flowing nitrogen at low pressure.  

In the second part of my research, relatively dense and homogeneous Si3N4/TiN and 
Si3N4/ZrN composites were fabricated by the pressureless sintering of compacted 
TiN- or ZrN-coated Si3N4 powders with Y2O3 and Al2O3 sintering additives at 1850 °C 
for 2 h in N2. The results of the flexural strength and the electrical resistivity 
measurements indicate that with an increasing amount of TiN and ZrN in the 
composites, the electrical conductivity increases, while at the same time the flexural 
strength decreases, making these ceramics containing 24 vol. % of TiN and 47 vol. 
% of ZrN suitable for the production of heating elements. The percolation threshold 
for the electrical conductivity of these composites was two times lower than in the 
case of the composites prepared with the conventional composite method using 
mechanically mixed powders. In addition, a simple theoretical percolation-threshold 
model was developed by considering the various aspect ratios of the insulating 
ellipsoids as well as the different diameters of the conductive particles. The results 
revealed that this model provides a good interpretation of the obtained experimental 
results for the electrical conductivity of both composites.  

In the third part an attempt was made to fabricate the Si3N4/ZrN composites by the 
direct sintering of ZrO2-coated Si3N4 powders together with yttria and alumina 
additives. It was expected that the reaction of ZrO2 with Si3N4 would take place 
during the heating stage. The results demonstrated that when the composite 
contained 20 vol. % of ZrO2 in the starting composition, the reaction leading to the 
formation of ZrN was not completed. Irrespective of the density gradient from the 
core to the outer surface of the sample, the composite exhibited a high flexural 
strength and its surface was electrically conductive, while the internal part remained 
as an insulator. We found that these results are promising for the production of 
heating elements. As a result, a one-step manufacturing process for a composite 
ceramic heater was patented.  
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IX Povzetek 
 

 

Povzetek 

Doktorsko delo obravnava raziskavo električno prevodnih kompozitov na osnovi Si3N4 
z dispergiranimi delci TiN ali ZrN pripravljenih z in-situ kompozitno metodo. Določili 
smo vpliv količine prevodnih delcev v Si3N4/TiN in Si3N4/ZrN kompozitih na gostoto, 
upogibno trdnost in električno prevodnost.  

V prvem delu mojega dela sem se osredotočil na tvorbo TiN in ZrN nanodelcev na 
površini Si3N4 prahu, pripravljenih z in-situ gel precipitacijo Ti- in Zr(OH)4 in 
naknadne kemijske reakcije pri povišani temperaturi. Rezultati so pokazali, da je 
konverzija TiO2 v TiN z ozko porazdelitvijo velikostjo delcev v območju od 4 nm do 
10 nm zaključena po toplotni obdelavi pri 900 °C, 6 h, v pretoku plinastega 
amoniaka. In-situ tvorba nanometrskih delcev ZrN na površini Si3N4 delcev je 
tehnološko zahtevnejša, zaradi višje temperature reakcije med ZrO2 in Si3N4 in 
spremembe parcialnega tlaka SiO. Popolna konverzija ZrO2 v ZrN s povprečno 
velikostjo delcev 40 nm je dosežena pri 1600 °C, 3 h, v pretoku dušika pri nizkem 
tlaku. 

V drugem delu raziskav sem pripravil relativno goste in homogene kompozite 
Si3N4/TiN in Si3N4/ZrN s sintranjem stisnjenih mešanic prahu Si3N4 oblečenega s TiN 
ali ZrN nanodelci in dodatkov za sintranje (Y2O3 in Al2O3) pri 1850 °C, 2 h, v pretoku 
dušika pri tlaku 1 atm. Rezultati meritev upogibne trdnosti in električne prevodnosti 
kažejo, da električna prevodnost z večanjem deleža TiN in ZrN narašča, medtem ko 
upogibna trdnost pada. Takšna keramika s 24 vol. % TiN ali 47 vol. % ZrN je 
primerna za izdelavo grelnih teles. Perkolacijski prag za električno prevodnost 
takšnih kompozitov je dvakrat nižji v primerjavi s kompoziti, ki so pripravljeni z 
običajnim postopkom mešanja izhodnih praškov. Poleg tega smo postavili preprost, 
teoretični model za določitev perkolacijskega praga z upoštevanjem različnega 
razmerja med dolžino in širino izolativnih elipsoidov in velikosti prevodnih delcev. 
Rezultati so pokazali, da je omenjeni model dobra interpretacija za dosežene 
vrednosti električne prevodnosti obeh kompozitov.  

V zadnjem delu sem skušal pripraviti kompozite Si3N4/ZrN z direktnim sintranjem 
prahu Si3N4 oblečenega z ZrO2 nanodelci skupaj z dodatki Y2O3 in Al2O3. V tem 
primeru smo pričakovali, da bo reakcija med ZrO2 in Si3N4 potekla med segrevanjem 
vzorca do temperature sintranja. V kompozitu z 20 vol. % ZrO2 v začetni mešanici 
tvorba ZrN preko reakcije med ZrO2 in Si3N4 ni potekla do konca. Ne glede na 
različno gostoto materiala iz sredice do zunanje površine vzorca ima kompozit visoko 
upogibno trdnost in je električno prevoden na površini, medtem ko je notranji del 
kompozita izolator. Na podlagi rezultatov smo zaključili, da je takšen postopek 
obetaven za izdelavo grelnih teles in tako patentirali enostopenjski postopek izdelave 
kompozitnega keramičnega grelca. 
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Abbreviations 

EDM = Electrical discharge machining 

RBSN = Reaction-bonded silicon nitride 

HPSN = Hot-pressed silicon nitride 

SSN = Sintered silicon nitride 

HIPSN = Hot isostatically pressed silicon nitride 

XRD = X-ray diffractometry 

SEM = Scanning electron microscopy 

PVD = Physical vapour deposition 

SPS = Spark plasma sintering 

BSE = Back-scattered electron 

TEM = Transmission electron microscopy 

CTRN = Carbothermal-nitridation process 

CNT = Carbon nanotube 

STEM = Scanning transmission electron microscopy  

HRTEM = High resolution transmission microscopy 

TMAH = Tetramethylammonium hydroxide 

SAED = Selected-area electron diffraction 

EDXS = Energy-dispersive x-ray spectroscopy  

ΔG = Gibbs free energy change 

CS = Cross-section 

IP = Internal-part 

VR = Volume ratio of conducting and insulating 
phases 
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1  Introduction 

1.1  Electroconductive ceramic composites 

 
Silicon-nitride-based ceramics are used for high-temperature structural applications 

because of their excellent combination of properties, such as strength, hardness, and 

thermal and chemical stability.1,2,3,4,5 In addition, it is well known that the properties 

of ceramic materials can be tailored by an addition of secondary particles. In the past 

two decades much attention has been devoted to the production of particulate-

reinforced silicon nitride (Si3N4) materials, because of their improved toughness and 

strength, as well as their mechanical reliability.6 Another potential advantage of such 

composite materials is their multifunctionality, in particular their variable electrical 

conductivity, obtained by the incorporation of electrically conductive particles into 

the matrix phase.7 Due to their excellent mechanical properties and good oxidation 

and corrosion resistance such materials are interesting for the applications where 

electrically conductive components are needed, for example, in ceramic glow plugs 

for diesel engines, heaters, igniters, etc.8,9,10,11 Another benefit of these composites 

is that they can be formed into complex shapes by electrical discharge machining 

(EDM)12,13, which is the method most suitable for the shaping of hard electrically 

conductive materials. For EDM the required electrical resistivity of the materials, in 

order to support sparking, is typically less than 100 Ω cm.14,15  

Electroconductive ceramic composites consist of a strong and tough non-oxide matrix 

phase and an electrically conductive second phase. The appropriate composite 

material for the matrix phase has to be made from a nonconductive, non-oxide 

material, which serves as an insulator. The second phase has to contain a fine 

electrically conductive material that has good electrical properties. Both components 

must be chemically compatible and they should have suitable sintering kinetics and 

an appropriate thermal-expansion coefficient.  

The most commonly used materials or systems are Si3N4/MoSi2,16,17,18,19 Si3N4/WC20 

and AlN-SiC solid solutions with dispersed MoSi2 particles.21,22,23,24,25,26 In the past 

three decades many investigations have focused on the preparation and the 

properties of Si3N4 ceramics with incorporated MoSi2 or WC particles in order to 

produce highly electoconductive materials for ceramic heaters and ceramic glow 

plugs. Most of these materials or systems are protected with several patents (US 

6309589B1, US 6084212, EP 1477740 and US 5993722). Recently, attempts were 

made to use a silicon-nitride matrix with titanium nitride as its conductive 

phase.27,28,29,30 The research of modern engineering ceramics also aims at using 



2 Introduction
 

 

cheaper and more easily available raw materials.  

The state-of-the art electoconductive materials are generally prepared from a 

powder mixture where the grain size of the conductive particles influences the 

percolation threshold. The composites prepared with such a method sometimes have 

poor mechanical and electrical properties due to the large second-phase particles and 

their agglomeration. In order to achieve the desirable electrical conductivity with 

large, second-phase particles, the percolation threshold is around 25 to 35 vol. % of 

the conductive phase. Such a large amount of secondary phases can also lead to 

poor sinterability of the system. In order to attain desirable mechanical and electrical 

properties, high-quality and expensive materials are needed and techniques of 

densification under pressure should be applied. An alternative method, developed 

recently, is an in-situ composite method, where conductive particles are formed in 

the reaction during the sintering process, which can result in a homogenous 

distribution of the electrically conductive phase with a small particle size, and this 

can lead to a decrease in the percolation threshold for electrical conductivity.31,32,33  

In this work the TiN and ZrN were used as a conductive phase. These materials were 

selected since the Si3N4 powder can be coated by the TiN and ZrN particles from 

different inorganic precursors using a subsequent thermal treatment where the 

chemical reaction leading to the formation of TiN and ZrN is taking place. The benefit 

of these conductive materials is that they can be prepared by using cheaper raw 

materials and can be densified with Si3N4 almost to the theoretical density with a 

pressureless sintering technique. Moreover, the Si3N4/ZrN composites prepared with 

ZrN-coated Si3N4 powders will represent a novel approach to the preparation of 

electrically conductive ceramic composites. 

 

1.1.1  Potential materials for the matrix phase 

 
Potential materials for the production of ceramic heaters or ceramic glow plugs for 

diesel engines have to match certain criteria relating to the combination of at least 

two different monolithic or composite materials, which have to be compatible. During 

the sintering process the stresses of differential shrinkage or thermal stresses, which 

develop during cooling, should not occur. Therefore, the materials must exhibit 

matching thermal expansion coefficients and densification kinetics. They must have 

good thermal conductivity, and a conductive phase with suitable electrical properties 

is required. Such composite ceramic materials must have a high chemical (corrosion) 

and mechanical resistance (high fracture toughness, strength and thermal shock 

resistance) at elevated temperatures. 
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A review of the accessible literature and a comparative study of the properties for 

the nonconductive ceramic matrix component indicates that the most commonly 

used materials are Si3N4 and a glass phase from the polymeric precursor (SixOyCzNw). 

The composites based on the AlN-SiC solid solution, the transition-metal-borides-

based composites and SiAlONs can also be found. However, the properties of such 

materials are less suitable and therefore these glow plugs are still not on the market. 

The reason is that the AlN-SiC solid solution and the transition-metal-borides-based 

composites have lower mechanical properties than the Si3N4 matrix. In contrast to 

SiAlONs that have good mechanical properties, they exhibit a lower thermal 

conductivity due to the incorporated oxygen in the crystal lattice. The oxide ceramics 

like Al2O3, ZrO2 and SiO2 are not appropriate for such applications due to their low 

thermal conductivity. 

 
 

1.1.1.1  Silicon Nitride 

 
Silicon nitride has been studied intensively for more than 40 years, principally in 

response to the challenge to develop a suitable ceramic for high-temperature 

structural applications in (gas turbo) engines.34 The material was first fabricated in 

the 1950's for the use of thermocouple tubes, crucibles for molten metal and for 

rocket nozzles.35 This type of material was produced by a direct nitriding of the 

silicon-powder parts in the temperature range from 1100 °C to 1450 °C and was 

later termed reaction-bonded silicon nitride (RBSN).36 There are two major ceramic 

forms of silicon nitride ceramics, i.e., the reaction bonded and sintered form, as well 

as the often overlooked, but extremely important, amorphous form, normally used 

as a thin film. Each form has its characteristic productions routes, compositions, 

microstructures, properties, and underlying all the forms there are the fundamental 

physical and chemical properties of the basic structural unit itself, Si3N4, which, at 

the atomic and unit-cell level, provides the basis for many of the bulk property 

values. The ceramic parts are usually fabricated by traditional ceramic powder-

processing route, which includes powder production, shaping and consolidation. Each 

of these steps, when determining the microstructural quality, has an important 

influence on the final bulk properties (notably the mechanical strength) that can 

completely override the fundamental structural aspects.  

The reaction-bonded materials are not completely dense. In order to achieve good 

properties of Si3N4, the starting powders must be homogenously densified into 

compacts. Unfortunately, this was not possible because suitable densification 

techniques were lacking. For an intrinsically high-strength, high-hardness material 
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such as Si3N4, the high-energy covalent chemical bonds giving rise to these 

mechanical properties are a disadvantage in the sintering processes. The self-

diffusivity in Si3N4 is quite low and atomic species only become sufficiently mobile for 

densification at the temperatures where the decomposition of Si3N4 begins (above 

1850 °C under 1 atm of N2 pressure). The production of high-density Si3N4 materials 

only became possible after the techniques of densification had been established. 

Therefore, alternative approaches were developed and, during the 1960s, increased 

densities resulted from hot-pressing previously formed Si3N4 powder with various 

sintering additives.37  With magnesium oxide (MgO) a full density close to the 

theoretical density of the material was produced by hot-pressing at 1850 °C under 

23 MPa and the strength was substantially improved over that of the RBSN. In 

addition, MgO was also used as the densification additive in the first commercial hot-

pressed silicon nitride (HPSN).38 Though today the densification of Si3N4 powders is 

possible by applying normal sintering without additional pressure, the additives are, 

in general, still a necessity. Densification without additives is possible only when high 

pressures and temperatures are applied. As a consequence, the resulting materials 

do not exhibit pure Si3N4 qualities, as they are mixtures or alloys of Si3N4 and 

additional compounds necessary for a complete densification.  

Since the 1970s, an investigation into improved materials has led to a better 

understanding of the role of sintering additives in densification and the 

microstructural development of silicon-based ceramics, and their influence on final 

properties.39 Improvements in powder manufacturing and ceramic-forming 

techniques, as well as the development of alternative firing processes, have led to a 

complete "family" of Si3N4 materials, including RBSN, HPSN, sintered silicon nitride 

(SSN), sintered reaction-bonded silicon nitride (SRBSN), hot isostatically pressed 

silicon nitride (HIPSN) and solid solutions such as SiAlONs, named after their major 

elemental components. 

 
 

Crystal structure and transformations 

 
Early discussions concerned the composition of the compound obtained by heating 

the mixtures of SiO2 and carbon or by silicon alone in nitrogen: SiN2, Si2N2 and Si3N4 

were proposed40 as formulas, with "normal" Si3N4 being shown to have the 3:4 

stoichiometry. Detailed X-ray diffractometry (XRD) examinations in the mid-1950's 

proved the existence of two major crystallographic modifications, α and β that are 

both hexagonal.41,42 The c-axis dimension of the unit cell of the α phase is 

approximately twice the size of the β phase, with the phenacite (Be2SiO4) structure, 
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in which the oxygen atoms are replaced by nitrogen and the beryllium atoms by 

silicon. The bonding leads to a framework of SiN4 tetrahedra (slightly distorted) 

joined by sharing nitrogen corners so that each nitrogen is common to three 

tetrahedra. The unit cell of β-Si3N4 consists of Si6N8, which Hardie and Jack assigned 

to the space group P63/m (Figure 1). The structure of α-Si3N4, shown in Figure 2, was 

determined to be closely related to that of β-Si3N4 consisting of alternate basal layers 

of β-Si3N4 and a mirror image of β-Si3N4, accounting for the doubled c-axis 

dimensions, and a unit-cell composition Si12N16 (space group P31c). 

The α→β transformation in Si3N4 requires a lattice reconstruction. This type of 

process usually occurs only when the transforming material is in contact with a 

solvent. The greater solubility of the more unstable α-phase drives it into solution, 

after which it precipitates as the less-soluble, more-stable β-phase. The 

predominantly α-Si3N4 powder used to produce dense Si3N4 ceramics was observed to 

transform into the β modification during the sintering process at temperatures in 

excess of 1400 °C, when the original α phase is in contact with a metal-silicon-

oxynitride liquid phase.43,44 Therefore, the transformation was impurity controlled, 

and later shown to take place readily in the presence of a liquid phase through a 

reconstructive transformation.45  

 
Figure 1: β-Si3N4 unit cell linked along [001] directions. 
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Figure 2: α-Si3N4 unit cell linked along [001] directions. 

 
 

The α→β transformation involves breaking and reforming six Si-N bonds in each unit 

cell, with a change in the position of one nitrogen and a small displacement of the 

neighbouring atoms. As the difference in the Gibbs free energy between β-Si3N4 and 

α-Si3N4 is small and the activation energy is high, the process can apparently only 

proceed readily in the presence of liquids (silicon, silicides or silicates), which lowers 

the transformation activation energy. The reverse β-Si3N4 to α-Si3N4 transformation 

has never been observed, but it would be expected to be too slow to be detected at 

temperatures below 1400 °C. 
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Liquid-phase sintering and microstructural development in silicon nitride 

 

Every powder particle of Si3N4 is surrounded by a surface layer of silica. Oxide 

additives needed for consolidation of Si3N4 react with the silica and some of the 

nitride itself at the sintering temperatures to form an oxynitide liquid, which 

promotes densification by solution-precipitation.46 The α-Si3N4 dissolves in the liquid 

phase and is precipitated as β-Si3N4, which grows in the longitudinal direction as 

prismatic, hexagonal, rod-like crystals that eventually impinge on each other, 

forming an interlocked microstructure. The liquid cools as an intergranular phase, 

usually a glass, according to Equation 1: 

 

α-Si3N4 + SiO2 + MXOY → β-Si3N4 + M-Si-O-N phase                                    (1) 

 
Initially, additives such as MgO or Y2O3 were used to sinter Si3N447,48 and 

subsequently, mixed-oxide additives such as Y2O3 + Al2O349,50,51,52 and various rare-

earth oxides53,54 were explored to develop specific microstructures by modifying the 

nature of the grain-boundary phase. A scanning electron micrograph of a sintered 

Si3N4 with Y2O3 + Al2O3 additives is presented in Figure 3. As described, elongated 

rod-like β-Si3N4 grains surrounded by a Y-Si-Al-O-N glassy phase are clearly visible. 

 

 
 

Figure 3: SEM micrograph of Si3N4 densified by Y2O3 + Al2O3.46 

 
 

Sintering of the Si3N4 ceramic to almost theoretical density is possible by using 

sintering additives that form an intergranular liquid phase. During sintering the 

equilibrium partial pressure of Si above the SiO2 and the sintering additives has to be 

reached. If Si3N4 is sufficiently soluble in the liquid then the densification of Si3N4 can 
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be described with the classical sintering theory proposed by Kingery.  

The only systematic study55,56 of pressureless sintering kinetics applies the Kingery 

liquid-phase sintering model57 in which three stages are indentified, as summarized 

by the log-shrinkage/log-time plot of Figure 4. 
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Lo
g
 s

h
ri
n
ka

g
e

-3

0

-2

-1

PARTICLE
REARRANGEMENT

SOLUTION 
PRECIPITATION

ELIMINATION OF 
CLOSED POROSITY

grain coarsening

nucleation/growth

influenced by
volume, viscosity
of liquid formed

 
 

Figure 4: Schematic plot of the three stages of the liquid-phase sintering of Si3N4.55 

 

These stages are as follows: 

1) Particle rearrangement within the initial liquid, where the rate and the extent of 

shrinkage depend on the volume and viscosity of the liquid. This is the so-called 

incubation period for the α→β transformation. 

 

2) Solution-diffusion-reprecipitation, where shrinkage can be expressed as: 

 

∆V/Vo α t1/n                                                                                               (2) 
 
 

where t is the time; n = 3 if the solution into, or the precipitation from, the liquid 

is rate controlling and this was found to be the case for the MgO additive; n = 5 

if diffusion through the liquid is rate controlling as in the case for the Y2O3 

additive, where diffusion through a more viscous oxynitride liquid is much 
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slower. The α-β transformation begins during this stage and is more rapid in the 

case of Y2O3. 

 

3) Final elimination of the closed porosity during which the liquid acts to form a 

more rounded grain morphology. The final density is higher than 95 % of the 

theoretical value. The type and amount of the additive used for sintering not only 

aids densification but also determines the nature and the quantity of the resulting 

grain-boundary phase, as indicated in Equation 2. The concept of "grain-boundary 

engineering" sought to control the structure of, and reactions occurring at, the 

grain boundaries in Si3N4-based materials and significant advances in the 

materials' properties were realized as a result of this approach. 

 

The typical properties of a liquid phase sintered silicon nitride ceramics are shown in 

Table 1. 

 
Table 1: Properties of Si3N4

34 

 

Properties                                                                 Si3N4  
Crystal structure 

α-modification hexagonal,  

a=0.775-0.777 nm 

c=0.516-0.569 nm 

β-modification hexagonal,  

a=0.759-0.761 nm 

c=0.271-0.292 nm 

Decomposition temperature  [°C] 1900 

Theoretical density [g/cm3]  

α-modification  3.168-3.188 

β-modification 3.19-3.202 

Density [% TD] 90-100 

Specific energy [J/kgK] 700 

Electrical resistivity [Ωm] 1011 

Thermal expansion coefficient [1/K] (20-1500°C) 2.9-3.6 x 10-6 

Thermal conductivity [W/mK] 15-50 

Microhardness, Vickers, [GPa] 1.6-2.2 

Young's modulus [GPa]                                     300-330 

Flexural strength [MPa] 400-950 
Fracture toughness [MN/m3/2]    3.4-8.2   
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1.1.2  Potential materials for the conductive phase 

 
To fabricate an electrically conductive ceramic composite the conductive particles 

have to be added into the matrix phase in order to achieve a suitable electrical 

conductivity required for the production of ceramic heaters. The most commonly 

used electoconductive materials in these composites are nitrides,58,59 carbides60, 

carbonitrides,7,29 silicides61,62 and borides63 of the 3rd, 4th, 5th and 6th groups of 

transition metals having a high melting point. In the literature, WC and MoSi2 can be 

found as the most generally used electroconductive secondary phases64 in the 

production of heating elements. However, there are also reports of using NbSi2, TiB2, 

TiN, TiCN, TaN, TiC, ZrN, ZrB2 and WSi2. 

 

1.1.2.1  Titanium nitride and zirconium nitride: properties and 

applications 

 
Titanium nitride (TiN) and zirconium nitride (ZrN) exhibit a number of useful 

properties, including high hardness, high melting point, good chemical durability, 

high electrical conductivity, and good wear resistance. They are popular second-

phase additives when sintered in nitrogen to improve the fracture toughness of Si3N4 

due to their good compatibility with Si3N4.65,66,67 

TiN and ZrN are extremely hard ceramic materials and are cements like refractory 

material. Their properties also make them attractive coating materials (Figure 5), 

often used as a hard coating for machine tools like drill bits and burs in order to 

improve the substrate's surface properties. Such coatings are deposited by using 

processes like physical vapour deposition (PVD). Due to their golden appearance 

they can also be used for decorative purposes. 

It is well known that both materials exhibit a high electrical conductivity, i.e., 

σ20°C(TiN) = 4.6 x 104 Ω-1m-1 and σ20°C(ZrN) = 7.4 x 104 Ω-1m-1, that can be used to 

attain the percolation threshold in the preparation of electrically conductive ceramic 

composites. An addition of the proper amount of TiN or ZrN to the matrix, e.g., 

Si3N4, SiC, Y2O3, can also improve the Young's modulus, fracture toughness, 

hardness, strength, wear and oxidation resistance in the final composite.64  
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Figure 5: TiN coated punches.64  

 

The physical properties of both materials are presented in Table 2. As can be seen, 

the characteristic properties of both materials are very similar. Furthermore, they 

have a cubic crystal structure of the NaCl-type with a broad range of stoichiometry. 

TiNx compounds with x ranging from 0.6 to 1.2 are thermodynamically stable. 

However, both materials can readily oxidize even at 600 °C in a normal atmosphere 

and are chemically stable at room temperature.68  

 

Table 2: Physical properties of TiN and ZrN69,70,71 

 

Physical properties                                          TiN                                ZrN 
Density [g/cm3]                                              5.44                              7.09 
Electrical resistivity [Ωm]                                 3.3 x 10-7                                 1.8 x 10-7 
Microhardness [GPa]                                        20.5                              16.7                                     
Thermal expansion coefficient [1/K]                  8.0 x 10-6                                  7.2 x 10-6 
Young's modulus [GPa]                                    430-469                         561    

 
 
It is known that the oxidation resistance of the carbides and nitrides of refractory 

metals is lower than that of Si3N4.72 Therefore, their addition can put limitations on 

the application of the composites at high temperatures. In addition, there is a 

marked increase in the oxidative attack with an increasing amount and grain size of 

TiN and ZrN. On the surface of the samples with 40 or 50 wt. % of these nitrides, 

the formation of a continuous oxide layer, which has low protective properties, can 

be found. The growth of such a scale should be related to the diffusion of titanium 

and zirconium to the surface of the composite and their oxidation according to the 

reactions 330 and 473.  
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2TiN + 2O2 ↔ 2TiO2 + N2                                                                          (3) 
 
2ZrN + 2O2 ↔ 2ZrO2 + N2                                                                         (4) 

 

With a decreasing amount of TiN or ZrN, only those groups of grains that exist near 

the surface can be oxidized because the TiN or ZrN grains are present as isolated 

inclusions in the Si3N4 matrix. Oxide islands protruding from the oxide layer were 

formed in these areas only. Above 1100-1200 °C the formation of a viscous silicate 

film on the surface of the composites, due to the oxidation of Si3N4 according to 

reaction 59 can protect them from further oxidation even at the relatively high TiN or 

ZrN contents. 

 Si3N4 + 3O2 → 3SiO2 + 2N2                                                                      (5) 

 

In this case the presence of small conductive particles is desirable, because coarse 

TiN or ZrN grains prevent the formation of a continuous silicate film on the surface 

and decrease its protective properties.30 

 

1.2  Preparation and properties of the Si3N4/TiN 
composites 

  
The Si3N4/TiN composites were investigated in order to obtain a combination of high 

fracture toughness, high hardness and low electrical resistivity. Composites with 

more than 30 vol. % of TiN have a high electrical conductivity, which is very useful 

for the final shaping using electrical discharge methods or other applications where 

the electrical conductivity is involved. The specific resistivity depends on the grain 

size of the TiN particles and changes drastically with a drop from high values (1013 

Ωcm) to low ones (10-1-10-3 Ωcm) between 25-35 vol. %. This drastic drop shifts 

with a decreasing particle size to lower volume contents of TiN. Martin et al.12 

reported that the Si3N4/TiN composites which contained 33 vol. % of TiN are suitable 

for machining by EDM. Their electrical resistivity should be less than 5 x 10-3 Ωcm. 

This criterion of electrical resistivity was also confirmed by Kamijo74 and Bellosi27. 

Most of the Si3N4/TiN composite materials were produced by mixing TiN powders 

with Si3N4.11,15,87,75 The additions of nanosized TiN particles to Si3N4 were also tested 

successfully.76 However, the mechanical mixing of the powders introduces an 

inhomogeneity to the mixture and necessitates additional TiN to achieve a high 
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electrical conductivity. The electrical conductivity of ceramic materials is strongly 

affected by the distribution of the electrically conductive second phase. Many studies 

have been initiated to increase the electrical conductivity of ceramic materials. A 

preferable alternative approach to achieve electrical conductivity is coating the Si3N4 

matrix particles with chemical metal-organic precursors which promote the in-situ 

formations of conductive particles such as TiN.32,77,78,79 On the other hand, the 

complexity of the chemical methods and the application of additional heat treatment 

processes make the possible commercial use of these techniques difficult. 

Furthermore, the occurrence of gaseous reaction products and the grain growth of 

nano-sized particles at the sintering temperature of the Si3N4/SiAlON matrix material 

affects the densification and electrical conductivity, even when different sintering 

methods were employed.80,81 

 

The preparation of TiN-coated Si3N4 particles has been studied by Kawano et al.78 

These authors prepared Si3N4/TiN composites by spark-plasma sintering (SPS) of 

Si3N4 particles coated with 20 nm TiN nanoparticles at 1600 °C in N2. α-Si3N4 

particles were coated with various amounts of nano-sized TiN by coating the surface 

of the Si3N4 particles with TiO2, followed by a nitridation. With zeta-potential 

measurements they showed that the TiO2 coating on the surface of the Si3N4 

particles occurs at a pH between 3.7 and 4.3 having an attractive force of opposite 

charges. 

When the TiO2 on the surface of the Si3N4 is nitrided with NH3 gas at 1000 °C for 180 

min, it is completely converted to TiN with a uniform particle size. During the 

nitridation of TiO2 to form TiN, the following reaction82,83 takes place: 

 

6TiO2 + 8NH3 → 6TiN + 12H2O↑ + N2↑      (∆G = - 48 kJ/mol, 1000 °C)      (6) 

 
The relationship between the particle size and the nitridation temperature with the 

same holding time of 5 h was investigated by Li et al.83 These authors showed that 

when the nitridation temperature is higher, the particle size of TiN is larger. The TiN 

powders, with average particle sizes ranging from 20 to 72 nm, were observed at 

different nitridation temperatures from 800 to 1100 °C, respectively.  

The TEM images of TiO2- and TiN-coated Si3N4 powders are displayed in Figure 6. 83 

Kawano et al.78 demonstrated that the TiO2 and TiN nanoparticles with a particle size 

of 10 nm and 20 nm uniformly coated the surface of the Si3N4 powder. As prepared, 

the TiN-coated Si3N4 powders were sintered at 1600 °C in N2 under a uniaxial 

pressure of 39 MPa using a controlled electric current. 
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a) b) 
 
Figure 6: TEM image of a) TiO2-coated Si3N4 and b) TiN-coated Si3N4 particles.83 

 

 
For comparison, these authors also sintered mechanically mixed powders containing 

Si3N4 and 25 vol. % of TiN at the same sintering conditions.78 The mixtures in the 

latter sintering experiment were prepared with two methods. One method involved 

ball milling of commercial TiN and Si3N4 and drying at 60 °C for a one day. The 

second one was to ball mill nano-sized TiO2 (prepared with a thermal hydrolysis of 

TiCl4 and urea79), together with Si3N4, followed by drying at 60 °C for one day and a 

nitridation at 1000 °C. Figure 778 shows backscattered SEM images of the polished 

composites' surfaces containing 25 vol. % of TiN prepared from TiN-coated Si3N4 

particles, a mechanical mixture of commercial TiN and Si3N4, and a mechanical 

mixture of nano-sized TiN and Si3N4, all sintered at 1600 °C. The difference in the 

backscattering properties of the lighter and heavier atoms shows up as the gray and 

white regions corresponding to Si3N4 and TiN, respectively. The composites prepared 

from TiN-coated Si3N4 (Figure 7 a) show aggregated gray Si3N4 regions surrounded 

by successive white TiN layers, even though some aggregated TiN particles are 

formed. The ceramics derived from the mechanical mixture of the commercial TiN 

and Si3N4 are porous and have about 1–7-m-sized TiN grains (white particles) 

(Figure 7 b), which exist separately from the Si3N4 grains.  
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Figure 7: Backscattered SEM images of polished Si3N4/TiN ceramics containing 25 vol. % of TiN 

prepared from (a) TiN-coated Si3N4 particles, (b) a mechanical mixture of commercial TiN and Si3N4 

and (c) a mechanical mixture of nano-sized TiN and Si3N4.78 

 
 

The above authors showed that these ceramics did not sinter. In contrast to the TiN-

coated Si3N4-derived materials, the surface of the mechanical mixture of the nano-

sized TiN and Si3N4 (Figure 7 c) shows isolated TiN particles of around 1–2 m in size 

and Si3N4 particles. On the basis of these results, they concluded that the mechanical 

mixtures of TiN and Si3N4 do not form continuous TiN networks, which are necessary 

to make the composite electrically conductive. In Figure 8 a78 it can be seen that the 

relative densities of the Si3N4/TiN composites prepared from TiN-coated Si3N4 

powders measured as a function of the TiN content increase sharply from 64 % (17.5 

vol. % TiN) to 91 % (25 vol. %), respectively, followed by a gradual increase to 97 

% for single-phase TiN. On the other hand, composites containing 25 vol. % of TiN 

derived from the a mechanical mixture of commercial TiN and Si3N4 and the 

mechanical mixture of nano-sized TiN and Si3N4 in which the TiN particle sizes from 

the starting powder mixture were 1.43 m and 20 nm exhibited relative densities of 

50 and 98 %, respectively.  
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Kawano et al. also measured the change in the electrical resistivity of the composites 

prepared from the TiN-coated Si3N4 powders which is shown as a function of the TiN 

content in Figure 8 b.78 These authors showed that resistivity rapidly decreases from 

2 x 106 Ωcm in the 10 vol. % TiN sample to 10-4 Ωcm in the 25 and 32.5 vol. % of 

the TiN samples. This rapid decrease was explained by the formation of a TiN 

network around the Si3N4 grains, as shown in Figure 7 a. They demonstrated that the 

content of the TiN required to fabricate the Si3N4/TiN composites by EDM was a 

maximum of 23 vol. %, which is lower than the previously reported value (33 vol. 

%).12 
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Figure 8: Relationship dependence of a) relative density and b) electrical resistivity with TiN 

content of Si3N4/TiN composites prepared from TiN-coated Si3N4 particles.78 

 
 

The electrical resistivity of the composite prepared from a mechanical mixture of 

nano-sized TiN and Si3N4 containing 25 vol. % of TiN was 1 Ωcm, higher, by a factor 

of 104, than the composites prepared from TiN-coated Si3N4 particles. The reason for 

the different electrical-resistivity values was found to be the fact that the continuous 

TiN networks do not exist in a mechanical mixture of nano-sized TiN and Si3N4 

composite (Figure 7 c). Kawano's study showed that with the TiN coating on the 

Si3N4 particles it is possible to reduce the content of TiN needed to provide a low 

enough electrical resistivity for the EDM processing of the Si3N4 composites 

compared to the conventional composite method.  

Recently, an effective approach to preparing electrically conductive SiAlON/TiN 
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composites has been developed by Ayas et al.33 These authors prepared granules of 

a designed composition of α-β SiAlON by spray-drying under suitable conditions in 

order to obtain spherical granules of around 100 m in diameter and coated with 

varying amounts of the TiO2 powder using electrostatic attraction. For the coating 

process, both SiAlON granules and TiO2 powder (0-10 vol. %) were homogenized by 

mechanical mixing without using any liquid and grinding media. As-prepared 

powders were sintered by the SPS under a pressure of 50 MPa at 1650 °C for 5 min.  

They demonstrated that during sintering, several possible chemical reactions could 

occur between TiO2-AlN and TiO2-Si3N4 leading to the formation of TiN. In order to 

avoid the grain growth of the matrix and the in-situ formed TiN grains they selected 

1650 °C as the maximum sintering temperature of the TiO2-incorporated composites. 

The microstructures of the SiAlON/TiN composites are given in Figure 9.33 In both 

cases a segregated network of the TiN particles was formed successfully. Ayas et al. 

showed that with an increasing amount of TiO2 (above 5 vol. %) large clusters of TiN 

phases formed along the grain boundary, indicating that the agglomeration of the 

TiO2 particles starts during the mixing process above this value.  

The electrical resistivity of the sintered SiAlON/TiN composites, as a function of the 

amount of TiO2, is shown in Figure 10.33 With electrical-resistivity measurements the 

above authors confirmed that even 2.5 vol. % of the TiO2 addition causes a 

substantial decrease in the resistivity, by nearly ten orders of magnitude, to a value 

of 9 x 101 Ωm. 

 

  

a) b) 
 

Figure 9: Back-scattered images of the investigated composites containing: a) 7.5 vol. % of TiO2 

and b) 10 vol. % of TiO2 after sintering at 1650 °C.33 
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Further increasing the amount of TiO2 to 5 vol. % results in lower values of the 

electrical resistivity, down to 2.1 x 10-4 Ωm. However, these authors concluded that 

increasing the TiO2 amount over 5 vol. % does not bring any further decrease. The 

reason is that with over 5 vol. % of TiO2, the conductivity is established due to the 

physical contact of the in-situ formed TiN particles. 
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Figure 10: Electrical resistivity of the composites as a function of TiO2 content.33 

 

 
Another interesting study was made by Ahmad et al.91, where the electrically 

conductive Si3N4/TiN composites were fabricated via the high-energy planetary ball 

milling of 70 wt. % of Si3N4 (with Y2O3 and Al2O3 additives) and 30 wt. % of Ti 

powders, followed by the SPS at 1250-1350 °C. The mean particle sizes of the Si3N4 

and Ti powders were 60 nm and 45 m. The SPS process was carried out in vacuum 

(10 Pa) by heating to the sintering temperature with a holding time of 10 min and an 

applied pressure of 40 MPa. They showed that the in-situ synthesis process, which 

used the Si3N4 and Ti powders, enables the production of composites with the 

following benefits: low cost, reduced process step, a desirable microstructure, fine-

scale reinforcement and enhanced sinterability.  

Ahmad et al.91 proposed that during the sintering several reactions can occur. The 

first reaction is the oxidation of Ti, where TiO2 is formed. The oxidation is promoted 

by the SPS due to the presence of residual oxygen in the compact. TiO2 formed on 

the surface of the Ti powder reacts with Si3N4 to form TiN according to reaction 9 

(presented on page 20).33 On the other hand, residual Ti reacts with Si3N4 to form 

TiN by this reaction91:  
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1/4Si3N4 + Ti → TiN + 3/4Si                      (∆G = - 140 kJ/mol; 1250 °C)   (7) 
 
 

Following reaction 7, the reaction of Si3N4 becomes dominant, leading to the 

formation of Si2N2O at higher temperatures, according to reaction 8. 

 

Si3N4 + SiO2 + Ti +1/2N2 → TiN + Si2N2O  (∆G = - 220 kJ/mol; 1250 °C)   (8)   

 
Reaction 8 involves the dissolution of Si3N4 into the SiO2 melt, which provides an 

easy transport medium for the reaction. According to the thermodynamic calculations 

for all the mentioned reactions Ahmad et al. showed that these reactions are 

exothermic, indicating that they take place at 1250 °C in N2.  

Figure 11 a91 shows a back-scattered electron (BSE) image of a sintered Si3N4/TiN 

composite prepared by SPS at 1250 °C. The sintered sample exhibited a 

microstructure with long shaps of TiN (white area) in a Si3N4 (black area) matrix. The 

electrical resistivity of the sintered compacts prepared by SPS at different 

temperatures is shown in Figure 11 b.91 The electrical resistivity significantly 

decreased from 1.24 to 6.3 x 10-3 Ωcm as the sintering temperature increased from 

1200 to 1250 °C. When the sintering temperature exceeded 1250 °C, it increased 

with the increasing sintering temperature.  
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Figure 11: a) BSE image of a sintered sample prepared by the SPS at 1250 °C and b) electrical 

resistivity of a sintered composite as a function of sintering temperature.91 
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These authors demonstrated that a sintered composite prepared by SPS at 1250 °C 

has a small quantity of pores and a large amount of TiN, resulting in a low electrical 

resistivity. The increases in the electrical resistivity in the temperature range of 

1250-1400 °C are explained by the increases in the amount of Si2N2O. 

They concluded that such composites sintered at 1250-1350 °C could be easily 

machined by EDM, exhibiting a high hardness (17.8 GPa) and a good machinability. 

 

1.2.1  Si3N4-TiO2 reaction system 

 
Si3N4 is a chemical compatible with TiO2 when it is sintered or heat-treated in an 

inert atmosphere (Ar, N2).84,85,86 Possible reactions with calculated Gibbs free energy 

at 1100 °C between the Si3N4-TiO2 system leading to the formation of TiN are given 

in reactions 933,87, 1033,88 and 1189.  

      6TiO2 + 2Si3N4 ↔ 6TiN + 6SiO2 + N2↑          (ΔG = - 240 kJ/mol, 1100 °C)     (9)  

 

 

      6TiO2 + 4Si3N4 ↔ 6TiN + 12SiO↑ + 5N2↑       (ΔG = + 50 kJ/mol, 1100 °C)    (10) 
 
 

      3TiO2 + 4Si3N4 ↔ 3TiN + 6Si2N2O + 1/2N2↑    (ΔG = - 120 kJ/mol, 1100 °C)  (11)          

 
All the above reactions could occur during sintering and/or heat treatment at 

elevated temperatures, where TiO2 reacts with Si3N4 to form TiN and secondary-

based products, such as SiO, SiO2, Si2N2O and N2. The SiO2 and Si2N2O products 

might have an effect on both the densification and the phase formation in terms of 

sintering temperature. Reactions 9 and 11 occurred at temperatures as low as 1100 

°C, where the Gibbs free energy is negative. Thus, reaction 9 is thermodynamically 

the most favourable at elevated temperatures, while the reaction 10 only becomes 

feasible above 1680 °C. In addition, reaction 10 is sensitive to the partial pressure of 

SiO. Therefore, it would proceed until the partial pressure of SiO will reach that of 

the equilibrium. 

The reaction between TiO2 and Si3N4 leading to the formation of TiN became 

especially interesting since the Si3N4-TiN composite with a very fine distribution of 

TiN in the Si3N4 matrix can be fabricated by sintering the TiO2 and Si3N4 powder 

mixtures. Thus, in the past two decades sintering by using a chemical reaction has 

introduced a novel route for the preparation of Si3N4-TiN composites. A higher 

starting amount of TiO2 results in Si2N2O formation according to reaction 11.90 The 

reason is that TiO2, added as a sinter additive to Si3N4, is completely converted to 

TiN. This reaction consumes α-Si3N4 and results in the formation of SiO2. In the 
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presence of Y2O3, the formed SiO2 reacts with the residual Si3N4 to form Si2N2O. 

Ahmad91 has recently confirmed that the decrease in the density and hardness in a 

Si3N4/TiN composite at a higher sintering temperature can be attributed to the 

formation of Si2N2O, since it has a lower density and hardness compared to Si3N4. 

Furthermore, SiO2 present on the Si3N4 powder surface may additionaly react with 

the Si3N4 particles to form Si2N2O, as displayed in reaction 1289, but in that case the 

reaction is less energetically feasible than reaction 11. 

      SiO2 + Si3N4 ↔ 2Si2N2O                               (ΔG = - 80 kJ/mol, 1100 °C)    (12)  
     

The densification of the TiN-containing composites begins at temperatures lower than 

those of the densification of the pure Si3N4 matrix. The reason is that the solution of 

TiO2, which adheres to the surface of the TiN powder particles, reduces the viscosity 

of the liquid phase. At temperatures above 1350 °C TiN precipitates from the liquid 

phase in relation to reaction 9.87,92 

However, according to the published data93,  up to 7 wt. % of Si3N4 can be dissolved 

in TiN at 1650 °C and up to 30 at. % Ti can be dissolved in Si3N4 at 1725 °C. The 

formation of the solid solution of Si3N4 in TiN under equilibrium conditions in real 

systems seems to be hindered by the presence of intergranular silicate phases.  

In the literature, only a few reports94,95 on the formation of TiN followed by the 

reaction between TiO2, Si3N4 and the addition of AlN can be found (reaction 13). 

According to these papers, TiO2 reacts with AlN and Si3N4 during sintering to form 

SiAlON, TiN and O2, which goes into the atmosphere. The reaction is energetically 

feasible above 1100 °C, where the Gibbs free energy is - 270 kJ/mol.95  

 

2TiO2 + 3AlN + 5Si3N4 ↔ 3Si5AlON7 + 2TiN + 1/2O2↑          

                                                            (ΔG = - 270 kJ/mol, 1100 °C)     (13) 

 

2TiO2 + 2AlN ↔ 2TiN + Al2O3 + 1/2O2↑    (ΔG = - 140 kJ/mol, 1100 °C)     (14)  

 

Studies by Ueno96 and Zheng97 showed that TiO2 could also react with AlN to form 

TiN and Al2O3 according to reaction 14. They confirmed that the reaction occurred in 

the temperature range from 1100 to 1450 °C, prior to the sintering of the Si3N4 

matrix. AlN was intended to act as a nitrogen supplier and an oxygen acceptor. Al2O3 

was one of the reaction products, and became one of the sintering agents. 

Furthermore, as demonstrated by Yano et al.,98 the reaction can proceed if the 

oxygen partial pressure is lower than the equilibrium. They showed that the presence 

of small amounts of TiO2 improves the transformation from α to β-Si3N4. Al2O3 and 
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Y2O3, which are generally added as a sintering additive, usually lower the viscosity of 

the liquid phase and thereby lower the reaction temperature and enhance the 

transformation kinetics. 

 

1.3  Preparation and properties of composites based on 
the Si-Zr-O-N system 

 
According to the available scientific reports, much less work has been done on the 

Si-Zr-O-N system than on the Si-Ti-O-N system. In the past two decades much 

attention has been devoted to the engineering of particulate ceramic composites 

based on Si3N4 with incorporated ZrO2 particles, especially because of their improved 

fracture toughness and strength as well as their oxidation and corrosion resistance. 

It has been demonstrated that ZrO2 has the potential to be a toughening and 

strengthening agent in the Si3N4-based ceramic materials.125,99,100,101 An addition of 

small amounts (≤ 3 wt. %) of the Zr-compounds (ZrO2, ZrN, ZrC or ZrSiO4) can 

promote the densification of Si3N4 during hot pressing, leading to the formation of 

more refractory grain-boundary phases in the nitride.37,102,103,104,105 Further 

investigations in the Si-Zr-O-N system were carried out by Terao et al.99, who found 

that a dispersion of up to 30 vol. % of 2.5 mol. % yttria-stabilized-zirconia in Si3N4 

was advantageous for increasing the room-temperature toughness without any 

degradation of the hardness, due to the stress-induced transformation of the ZrO2 

from the tetragonal to the monoclinic phase. 

Figure 1299 illustrates the room-temperature fracture toughness (KIC) as a function of 

the composition for Si3N4-ZrO2 composites fabricated by HIP. Fine Si3N4 powder and 

three types of ZrO2 powders − pure monoclinic ZrO2 (mZrO2), tetragonal ZrO2 

containing 2.5 mol. % of Y2O3 (2.5YZrO2) and cubic, 12 mol. % of Y2O3 (12YZrO2) − 

were used as the starting materials. Sintering was conducted as a densification of 

Si3N4 without additives at 1900 °C for 1 h using 10 bar of Ar. The results99 showed 

that the increases in KIC were small, both in the Si3N4-mZrO2 and Si3N4-12YZrO2 

series, but in the Si3N4-2.5YZrO2 series, the KIC value reached a maximum of 7.5 

MPam1/2 for an addition of 20 wt. % of 2.5YZrO2. This value is 2.5 times higher than 

that for Si3N4 without additives (3.1 MPam1/2). The enhanced values of KIC were thus 

attributed to the martensitic tetragonal-monoclinic (t-m) transformation of ZrO2 in 

the vicinity of the stress field of a propagating crack. The contribution to the KIC 

arising from this phenomenon is expected to decay as this temperature is increased 

to a value of Tms, the t-m martensitic start temperature (800 °C). At this 

temperature the driving force for the transformation no longer exists and the 

tetragonal ZrO2 becomes the thermodynamically stable polymorph. The KIC 
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measured at 800 °C was consistently lower for each composition, indicating that 

stress-induced transformation toughening was the dominant toughening mechanism 

operating in these composites.  

 

ZrO2 content (wt. %)

Fr
ac

tu
re

to
u
g
h
n
es

s
(M

Pa
m

1
/2
)

Si3N4-mZrO2

Si3N4-2.5YZrO2

Si3N4-12YZrO2

50403020100

6

5

4

3

8

7

 
 

Figure 12: Room-temperature fracture toughness of Si3N4-ZrO2 composites.99 

 
 
Furthermore, stabilizing the ZrO2 powder with suitable oxides, such as Y2O3, CaO or 

MgO, will further promote an increase in the strength and fracture toughness in a 

Si3N4/ZrO2 composite.129,106  

The chemical compatibility of the ZrO2 and β-Si3N4 compound has been investigated 

in more detail107,108,109 and the reaction between ZrO2 and Si3N4 has been 

demonstrated to take place at temperatures above 1600 °C under reducing 

conditions, where ZrN or ZrON could be formed.124  

Studies by Lange107 of the Si3N4/ZrO2 system, with and without Al2O3 additions, 

showed that the ZrO2-containing phase, which appeared cubic in an x-ray diffraction 

analysis, is actually the Zr-oxynitride solid solution that is distinguished from the 

cubic ZrO2 by detecting additional, very weak, reflections. Lange also indicated that 

the Zr-oxynitride phase in a composite readily oxidizes at low temperatures (500 °C) 

to produce a monoclinic ZrO2. When the ZrO2 in the starting powder exceeds 10 vol. 

%, the surface compressive stresses produced by the oxidation of ZrON cause a 

structural modification of the composite, observed either as a surface spalling or as a 

complete disintegration. This phenomenon was not observed above 1000 °C because 

the surface stresses are relieved through a deformation in a manner similar to that 

observed for the other Si3N4 ceramics containing secondary phases that readily 

oxidize and produce a large molar volume increase.110 However, many studies were 
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performed in which the formation of ZrN or ZrON was undesirable. The reason is that 

ZrO2 in the composite was aimed at improving the fracture toughness. The formation 

of ZrN or ZrON can be suppressed if the following conditions are considered: the 

processing temperature should be kept below the outset of the reaction between 

ZrO2 and Si3N488, a rapid densification of the composite is required111, the 

atmosphere must be carefully controlled112 and/or the ZrO2 should be stabilized with 

an oxide additive such as Y2O3113. Falk et al.114 showed that the use of Y2O3, as a 

stabilizing agent, reduces the nitrogen uptake of the ZrO2 during the densification. It 

was proposed that if ZrO2 is stabilized with larger Y2O3 concentrations (above 4.1 

mol. %), it would be possible to avoid the formation of ZrON and/or ZrN in the 

microstructure of the final composite material. In addition, at higher sintering 

temperatures a significant amount of ZrO2 might dissolve inside the liquid phase. 

This was shown by Cheng and Thompson, who studied the Y2O3-Al2O3-SiO2 liquids 

containing additions of ZrO2.115 These authors observed that the solubility of ZrO2 is 

around 10 wt. % at 1700 °C, but that dissolved ZrO2 precipitates, during the cooling, 

from the liquid. This is in agreement with the work carried out on composite 

ceramics formed in the Si3N4-ZrO2(+Y2O3) system with additions of Al2O3, which 

indicated that the ZrO2 underwent a solution-precipitation process during the 

densification. Even when Al2O3 is absent, ZrO2 probably has a high solubility at high 

temperatures, as shown by Falk et al.113 These authors noted that ZrO2 grains often 

had irregular shapes, which strongly implies that the ZrO2 grains grew from the 

liquid during the cooling. The microstructures of the hot-pressed SiAlON-30 vol. % 

ZrO2 composites with the ZrO2 partially stabilized with either Y2O3 or CeO2 are shown 

in Figure 13.125 It can be seen that the SiAlON grains surrounding the ZrO2 grains 

often appear prismatic and faceted, whereas the white ZrO2 grains often have a 

rounded, irregular morphology. This suggests that some ZrO2 precipitated during the 

formation of the liquid phase and thus partially acted as a sintering aid. 
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a) b) 
 
Figure 13: SEM micrograph of SiAlON-30 vol. % ZrO2 composite hot pressed at 1700 °C starting 

from: a) 3Y-ZrO2 (stabilized with 3 mol. % of Y2O3) and b) 13Ce-ZrO2 (stabilized with 12 mol. % of 

CeO2).125   

 
 
For the preparation of the Si3N4-ZrN composites a few reports can be found in the 

literature. These composites were fabricated by using a conventional composite 

method from mechanically mixed powders. Moreover, until now there exists no 

literature report about the preparation of Si3N4-ZrN composites from Si3N4 powder 

coated with ZrN nanoparticles. 

The Si3N4-ZrN composites could be fabricated from a Si3N4 and ZrO2 powder mixture 

containing oxide sintering additives, where the reaction between ZrO2 and Si3N4 

leading to the formation of ZrN has to occur. The formation of ZrN is also made 

possible by the reduction-nitridation of ZrO2.116 Fu et al. showed that the 

nanocrystalline ZrN powder can be synthesized by the reduction-nitridation of the 

nanosized ZrO2 powder in NH3 gas with magnesium (Mg) as a reducing agent. 

Indeed, in the preparation of ZrN, it has been reported that at very high temperature 

(>2000 °C) the oxidation stage of the zirconium is reduced from IV to III under the 

NH3 flow (reaction 15):117 

 

ZrO2 + 4/3NH3 → ZrN + 2H2O↑ + 1/6N2↑             (∆G < 0, > 2000 °C)       (15) 

 

Fu et al.116 confirmed that reaction 15 could be possible even at temperatures above 

900 °C if elemental Mg is used as a reductant. An instantaneous reaction between 

ZrO2 and Mg will release a mass reaction heat, which allows the nitridation process 

to be finished at a lower heating temperature and in a shorter time. In this way, the 

high-purity ZrN powder with a 30-100 nm particle size can be obtained at 1000 °C 
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for 6 h, under a Mg:ZrO2 mole ratio of 10:1. Figure 14116 shows a TEM micrograph of 

the powder that was synthesized at 1000 °C for 6 h. These authors concluded that 

the absolute majority of the ZrN particles in the sample are 30-50 nm in size, and 

only very few particles show a large size of 100 nm, indicating that the increase in 

the synthesizing temperature has led to a significant growth of the ZrN particles. 

 

 
 

Figure 14: TEM micrograph of the ZrN nanopowder nitrided at 1000 °C for 6 h.116 

 
 

One of the crucial studies about the preparation of Si3N4/ZrN composites was made 

by Ade et al.59 These authors produced a dense, low-to-zero shrinkage 

electroconductive Si3N4/ZrN composite with the reaction of a transition-metal silicide 

(ZrSi2), containing Y2O3 and Al2O3 as sintering aids, with N2 gas in the temperature 

range 700-1500 °C. The chemical reaction which occurs during the sintering between 

ZrSi2 and N2 is described below.59 

 

6ZrSi2 + 11N2 → 6ZrN + 4Si3N4                    (∆G < 0, > 700 °C)               (16) 

 
 
After the transformation to ZrN (reaction 16), the densification of the reaction-

bonded composite was achieved (95 % TD) in a subsequent sintering step at 1750 

°C for 2 h in flowing N2. Ade et al.59 showed that since the chemical reaction 

(reaction 16) is accompanied by volume expansions, the linear shrinkage of the 

sintered body, in relation to the die-pressed powder compact, is very low. The 

electrical conductivity of the obtained Si3N4/ZrN composite differs a great deal due to 

the volume amounts of the conductive phase and microstructure. The microstructure 

of the reaction-bonded Si3N4/ZrN composite, post sintered at 1750 °C for 2 h in N2, 

is shown in Figure 15.59 ZrN is presented as light grey, whereas the Si3N4 grains 

appear as dark grey. The electrical resistivity of the composite made from pure ZrSi2 

was 102 Ωcm. Ade's study59 indicated that the reaction-bonding process should allow 
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the low-to-zero shrinkage manufacturing of electroconductive ceramic 

microcomponents in the near future.  

 

 
 
Figure 15: BSE image of the microstructure of the reaction-bonded Si3N4/ZrN composite, post 

sintered at 1750 °C for 2 h in N2.59 

 
 
Ekström et al.118 fabricated Nd2O3-doped SiAlONs with ZrN additions (2-20 wt. %) 

formed by sintering at 1775 °C for 2 h in 1 atm of N2. These authors found that the 

addition of ZrN strongly inhibited the formation of the α-SiAlON phase, and this 

effect was especially pronounced when small amounts of Nd2O3 were added. The 

addition of ZrN up to 20 wt. % in the SiAlON matrix caused a drastic decrease in the 

hardness and an increase in the toughness. Thus, at 10 wt. % of added ZrN the 

hardness was only 1000-1100 MN/m2, partly due to the high porosity (around 5 vol. 

%) of the composites, but, at the same time, KIC increased to around 5.5 MPam1/2. 

Moreover, studies by Chockalingam et al.119 indicated that the β-SiAlON/ZrN 

composites could be prepared from a mixture of SiAlON and various contents of the 

3 mol. % Y2O3-stabilized ZrO2 powders by using microwave sintering. In this case 

the microwave sintering was performed at 1700 °C for 15 min under flowing N2 by 

using 2.45-GHz microwaves. Neither the α-Si3N4 nor ZrO2 powder absorbed 2.45-

GHz microwaves at room temperature due to their low dielectric losses; however, the 

Y2O3-stabilized ZrO2 starts to couple with microwaves in the temperature range from 

250 to 400 °C.120 These authors showed that when the temperature increases the 

dielectric loss of ZrO2 increases rapidly and it starts to absorb microwave energy and 

generate heat within the material more efficiently. Chockalingam et al. confirmed 

that during sintering above 1600 °C in N2 the reactions between ZrO2 and Si3N4 or 

AlN take place, leading to the formation of ZrN. An XRD analysis revealed that the 

complete conversion of ZrO2 to ZrN in the case of the microwave-sintered samples, 
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starting from 5 to 25 wt. % of ZrO2 from the starting composition could be due to 

the continuous dissolution of N2 through the open pores available at the surface of 

the sample. There is also the possibility of the development of high temperatures 

within the ZrO2 grains due to the high dielectric loss of ZrO2 compared to Si3N4 

above 800 °C where N2 diffusion is high enough for the complete conversion of ZrO2 

to ZrN.119 These authors also showed that the microwave-sintered composites 

exhibited a higher density compared to conventionally sintered samples at 1800 °C 

for 1 h in N2. The improved densification behaviour is attributed to volumetric fast 

heating. The aspect ratios of the β-SiAlON grains were found to be higher in the 

microwave-sintered samples. The presence of the tetragonal ZrO2 was indentified in 

the case of conventionally sintered composites, whereas ZrO2 completely 

transformed to ZrN in the microwave-sintered samples. The hardness of the 

microwave-sintered samples was found to be lower than that of the conventionally 

sintered samples due to a reverse porosity gradient. 

Recently, a novel approach to preparing the Si3N4/ZrN powder from zircon, a form of 

zirconium silicate, has been reported by Bei-yue et al.121 In this work the phase 

compositions and the overall reaction for synthesizing of the Si3N4/ZrN composite 

were investigated. The Si3N4/ZrN composite was fabricated from zircon by the 

carbothermal-nitridation (CTRN) process. The samples were prepared by mixing 

carbon black with an average particle size of less than 30 m and zircon of 40 m 

with a C/ZrSiO4 mass ratios of 0.2, 0.3, 0.4 and 0.5. The prepared samples were 

subjected to the CTRN process in the temperature range from 1400 to 1500 °C for 6, 

9 and 12 h. The CTRN process was conducted in an atmosphere-controlled tubular 

furnace in a N2 gas flow of 1.0 L/min. The overall reaction using the CTRN process 

was expressed as follows:122 
 

6ZrSiO4 + 24C + 7N2 → 6ZrN + 2Si3N4 + 24CO↑     (ΔG < 0, > 1500 °C)    (17) 

 
It was shown that the mass ratio of the carbon black and zircon (C/ZrSiO4) according 

to reaction 17 was 0.26. Bei-yue et al.123 found that the proper technological 

parameters to synthesize a Si3N4/ZrN composite were a C/ZrSiO4 mass ratio of 0.4, a 

synthesis temperature of 1500 °C and a holding time of 12 h. These authors also 

indicated that by increasing the C/ZrSiO4 mass ratio, the synthesis temperature and 

the holding time could promote the densification of ZrSiO4 as well as the formation of 

ZrN and Si3N4, and a synthesis temperature above 1450 °C was necessary for the 

completion of the decomposition of ZrSiO4. The microstructure of this material 

sintered at 1500 °C for 6 h in a N2-gas flow is presented in Figure 16. The figure 

shows large, white ZrN particles (denoted as 1) in between the Si3N4 matrix phase 
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(denoted as 2). Unfortunately, these authors did not present any data about the 

mechanical and electrical properties of this composite. They believed that by 

combining ZrN, ZrO2 and Si3N4 into a composite, the materials might yield excellent 

high-temperature properties and that this work can provide a new, low-cost route for 

the synthesis of Si3N4/ZrN from a large amount of available, natural raw materials, 

and is favourable for decreasing the manufacturing costs of a high-performance 

Si3N4/ZrN ceramic composite.  

 
 

 
 

Figure 16: SEM image of sintered sample at 1500 °C for 6 h under N2-gas flow.123  

 
 

1.3.1  Si3N4-ZrO2 reaction system 

 
In the Si-Zr-O-N system no reaction, even at 1400 °C, was reported by Trigg and 

McCartney.88 Weiss et al.124 demonstrated that Si3N4 is stable with ZrO2 up to 1600 

°C. During the thermal treatment or sintering above 1600 °C in N2 the ZrO2 reacts 

with Si3N4 following these reactions (18125,126,19126,127, 20128,129):  

 

6ZrO2 + 4Si3N4 ↔ 6ZrN + 12SiO↑ + 5N2↑    (ΔG = - 120 kJ/mol, 1600 °C)  (18)  
           
 
6ZrO2 + 2Si3N4 ↔ 6ZrN + 6SiO2 + N2↑         (ΔG = + 50 kJ/mol, 1600 °C)  (19) 
 
 
3ZrO2 + 4Si3N4 ↔ 3ZrN + 6Si2N2O + 1/2N2↑  (ΔG = - 50 kJ/mol, 1600 °C)  (20)                                      
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All these reactions indicate that in reducing conditions, at temperatures above 1600 

°C, ZrN, Si2N2O and gaseous species can be formed. Reaction 18 is 

thermodynamically more favourable above 1600 °C than reactions 19 and 20, due to 

a more negative Gibbs free energy.129 The formation of ZrN cannot occur by reaction 

19 below 2230 °C. Reaction 20 suggests that a solid solution of Si2N2O is formed 

instead of SiO or SiO2, which can improve the mechanical properties of the sintered 

samples, due to the development of elongated grains. These grains can be used to 

toughen the Si3N4 when they are properly dispersed.89 By the reaction 18 the 

gaseous SiO and N2 are formed that can influence the density of the final material 

due to the formation of open porosity. Besides, the formation of SiO can influence 

the reaction of ZrO2 with Si3N4 to form ZrN because of the silicon monoxide partial 

pressure, since the equilibrium partial pressure of the gas phase is related to the 

free-energy change.88 Therefore, reaction 18 should proceed until the equilibrium 

partial pressure is reached. For instance, in the system Si-Zr-O-N, the equilibrium 

partial pressure of SiO at 1400 K would be 4 x 10-7 MPa, whereas at 2000 K it would 

rise to 1 x 10-1 MPa. The reaction rate would be dependent on the rate of removing 

SiO from the system.88  

The chemical reaction between the ZrO2 and Si3N4 powder mixture was studied by 

Weiss.127 A mixture of 50 mol. % of Si3N4 and 50 mol. % of ZrO2 was heat treated at 

1600 °C and 1700 °C for different lengths of time in N2. The phases present after 

heat treatments at 1600 °C and 1700 °C are shown in Figure 17. Weight loss was 

considered as the gas species in the Figure 17. These results indicated that Si3N4 and 

ZrO2 reacted, giving ZrN and gaseous species, whereas Si2N2O was the intermediate 

phase. The comparison of the heat treated powders, at 1600 °C for 20 h and 1700 

°C for 4 h in N2, showed that the major phases were ZrN and gaseous species, while 

the minor phases were β-Si3N4 and ZrO2. This investigation indicated that the 

reaction between ZrO2 and Si3N4 is more favorable at 1700 °C, since reaction 18 

occurred. 
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a) b) 
 

Figure 17: Time dependence of the phases present after heat treatment of Si3N4-ZrO2 mixtures at 

a) 1600 °C and b) 1700 °C.127 

 

 

In the Si-Zr-O-N system the least-stable nitride-oxide composition exists between 

SiO2 and ZrN. At 1400 °C the following reaction is possible: 

2SiO2 + ZrN ↔ ZrO2 + 2SiO↑ + 1/2N2↑                                                    (21) 

 
The Si3N4-ZrN-SiO2-ZrO2 nitride oxide compositions in this system do not react to 

form a liquid phase because of their immediate thermal decomposition according to 

reactions 18 & 21 and therefore show poor sintering behaviour. The only stable liquid 

phase in the Si3N4-ZrN-SiO2-ZrO2 system forms between ZrO2 and SiO2 on the oxide 

quasibinary ZrO2-SiO2. 

Weiss et al.124 also showed that at 1700 °C the reaction between AlN and ZrO2 is 

possible following this reaction: 

8AlN + 6ZrO2 ↔ 6ZrN + 4Al2O3 + N2↑                                                     (22) 

 
where ZrN is formed together with Al2O3 and N2. Al2O3 can act as a sintering 

additive, thereby forming a transient liquid resulting in rapid densification. 
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1.4  Percolation theory 

 
Percolation theory is a general mathematical theory of connectivity and transport in 

geometrically complex systems. The remarkable fact is that many results can often 

be encapsulated in a small number of simple algebraic relationships.130 Thus, for 

example, percolation theory gives a phenomenological equation for the conductivity 

of the system (or composite medium) near to the metal-insulator (conductor-perfect 

insulator) transition. Although the theory has largely been developed in the context 

of regular lattices, it is also used to describe the conductivity of continuum systems, 

such as metal-metal oxide (cermet) and graphite-polymer mixtures. Wide-ranging 

reviews on percolation and related phenomena were given in recent review book.131  

In theoretical model percolation studies, a lattice can be considered to be built up of 

sites (intersections between bonds) and bonds (pairwise connections between sites). 

The simplest types of percolation systems are those where there is only a pure-bond 

or a pure-site percolation. In both cases one starts with a large regular periodic 

lattice. There are two alternatives for a site: being occupied or not (or being filled 

with either conducting or insulating material). Similarly, there are two alternatives 

for bonds: being connected or disconnected. These two alternatives occur irregularly 

and randomly from site to site (or bond to bond), and the probability p for one of the 

two alternatives is given in advance. This can be explained, for example with a 

square grid where individual sites are small squares with a probability p. In the case 

of small values of this probability, mostly isolated occupied sites can be noticed, with 

occasional pairs of neighbouring sites that are both occupied. If two or more 

neighbouring (touching) sites are occupied, this is called a cluster. As the occupancy 

probability increases we get, at first, more isolated clusters, but some clusters start 

to grow and some even merge. So the clusters, on the whole, get larger, as shown in 

Figure 18.  
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a) p = 0.58 b) p = 0.6 

 

c) p = 0.62 
 

Figure 18: Effect of increasing the occupation probability p on a 160 x 160 quadratic lattice. In 

each of the three figures the largest cluster is white. The other clusters are colored, according to 

their size decrease, with the colors of cyan, red, orange, yellow, light green, green, turquoise, and 

blue in different light-to-dark shades. The smallest clusters and isolated single occupied sites are 

not visible in this coloring scheme.132 

 

When p is increased further, one of the clusters starts to dominate until it becomes 

(theoretically, for an infinite lattice) infinitely large at a particular-threshold value of 

the occupancy probability p. This percolating cluster spans over the whole lattice (or 

available space). For even higher values of occupancy probability more and more 
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remaining clusters are absorbed (merged) into the percolating cluster until at p = 1 

every site is occupied. In these figures different colors simply label different clusters 

and have no other significance. The threshold value of the occupancy probability with 

a sudden span of the leading (percolation) cluster over the lattice is known as the 

percolation threshold (pC) and is the fundamental characteristic of percolation theory. 

The theoretically predicted exact value of the percolation threshold depends on the 

shape of the grid and its spatial dimensionality and it holds in the limit of an infinitely 

large grid. On the other hand, for small finite grids the percolation threshold is not 

exactly defined because of the probabilistic nature of the percolation theory.133  

 

1.4.1  Percolation threshold 

 
The percolation threshold is a mathematical term related to the percolation theory, 

which is the formation of a long-range connectivity in random systems. The 

percolation threshold is the critical value of the occupation probability p, or more 

generally, a critical surface for a group of parameters p1, p2, …, allowing an infinite 

connectivity (percolation) to occur for the first time. When electrically conducting 

particles are randomly distributed within an insulating matrix, like in metal-ceramic 

matrix composites, the whole material may be insulating or conducting, depending 

on the volume of the conducting phase. Just near the percolation threshold, where 

the critical amount of the conductive particles for the onset of electrical conduction is 

reached, the electrical properties of the material exhibit a non-linear critical 

behaviour.134,135,136 Conducting particles of different shapes in two and three 

dimensions (2D and 3D) are considered in the reported calculations of the 

percolation threshold: mostly spherical,137,138 thin and thick elongated 

particles,139,140,141 and even 2D random polygons with random plane-orientations in 

3D space.142 For instance, if the hard-core conductive spheres, all of an equal size, 

are considered in 3D space, the percolation volume ratio is 35 % ± 2 %.141 The term 

hard-core indicates that the spheres cannot overlap (intersect) or be deformed due 

to mutual pressure; they can only touch to make electric (or other kind of) contacts. 

In the case of completely "soft", conductive, equal, spherical particles (i.e., they can 

overlap without limit) the percolation volume ratio is only 28.9 %.143 This latter value 

may hold well for a system of "Swiss cheese" or the percolation of water through a 

porous medium with open porosity and ideally spherical pores of the same sizes, but 

it does not seem to be realistic for conducting particles which cannot just overlap or 

be deformed easily. The threshold volume fraction of the conductive filler particles x 

= x*, at which the transition from the non-conducting to the conducting state is 



Introduction 35
 

 

observed, is the most essential characteristic of the percolation behaviour. Here, x is 

the ratio of the volume of conducting particles to the total volume of the system. For 

example, the concentration dependence of the electrical conductivity σ(x) near the 

percolation point obeys the following scaling laws above and below the percolation 

threshold (both not in its direct vicinity), respectively: 

 

σ(x) = a(x – x*)t,        x > x*,                                                               (23) 
 
σ(x) = b(x* – x)-s,       x < x*,                                                               (24) 

 
where a and b are the scaling coefficients and s and t are the positive electrical 

conductivity exponents. The concentration dependence of the electrical conductivity 

is represented in Figure 19. 
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Figure 19: Electrical conductivity as a function of the volume fraction of the conductive 

particles.144 

 

It is believed that s and t only depend on the dimensionality and universality of the 

class of the problem. For the random percolation, s = t ≈ 4/3 for 2D systems and s 

≈ 0.75, t ≈ 2.0 for 3D systems.144 The value of x* is a complex function of the space 

dimensionality, the shape and the size of the particles, local variations in their 

concentration, their spatial arrangement and many other factors.145  The percolation 

values of x* may be significantly lower for filler particles of an elongated geometry 

(rods or discs) and multiple percolation thresholds can occur in this case. 

The percolation threshold for the electrical conductivity of the ceramic composites 

predominantly depends on the particle shape and size, and the volume fraction and 
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the spatial arrangement of the conductive particles. Time-consuming Monte Carlo 

simulations demonstrated that ceramic composites with equal, spherical, distributed, 

conductive particles within an insulating matrix have about 30 vol. % of the 

percolation-threshold volume.146 

 

1.4.2  Dependence of percolation threshold on conductive-
particles' shape and size  

 
The percolation threshold is a particle-size (more exactly, a size distribution of 

unequal particles) and geometry-dependent parameter. The non-homogeneity in the 

distribution of the particles' centres in space can have a considerable influence on 

the percolation-threshold volume and also on the anisotropy of the electrical 

properties of the material. The spatial non-homogeneity can be described by the 

probability-distribution function for the particle-center coordinates, which varies in 

space. Using Maxwell’s theory,147 the equation for the electrical conductivity of the 

composite was derived by Xue et al.148 The shape and size dependence of the 

percolation threshold are presented in Figure 20. It can be seen that the percolation-

threshold value decreases significantly with the increasing metal-particle aspect 

ratio, M, and the thickness, t, of the interfacial shell for the rod-like particles. Many 

more metal particles with a smaller aspect ratio are needed to form a conductive 

network through the entire matrix. Figure 20 b indicates that larger particle sizes 

result in a higher percolation threshold if the system is not very (infinitely) large in 

comparison with the particle size (i.e., when the particle sizes are comparable with at 

least one dimension of the system under consideration).148 Ambrožič et al.149 also 

showed that a greater diversity of the particles' dimensions results in a larger 

percolation-threshold volume. The large spheres could represent agglomerates of 

conductive particles in a real composite system.  
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a) b) 
 

Figure 20: Relation between the percolation threshold (vol. %) and a conductive particle a) aspect 

ratio and b) size.148  

 
 
The dependence of the conductivity percolation threshold on the conductive-particle 

size distribution and the aspect ratio is the principal factor that should be carefully 

examined when making conductive ceramic composites. Using conductive particles 

with a larger aspect ratio and a smaller size helps to reduce the minimum of the 

conductive-phase content required to reach a certain conductivity value.150 

 

1.4.3  Method for decreasing the percolation threshold 

 
In order to impart electrical conductivity to insulating ceramics, dispersions of 

conducting second-phase particles have been considered.15,32,151,152,153 In such 

composites the conducting-particle contents of above 25-35 vol. % are necessary to 

produce an electrically conductive ceramic, as shown in Figure 21 a. However, such 

relatively large amounts of the second phase are usually undesirable due to the poor 

sinterability and the reduced mechanical properties. 

It has been reported recently that carbon nanotubes (CNTs), in proportions as low as 

several vol. %, can serve effectively as a conducting second phase in insulating 

materials such as polymers and ceramics.154,155 However, since CNTs are highly 

reactive with oxide and nitride ceramics at high temperature, it is difficult to 

maintain the nanotube structure during sintering. Furthermore, the fabrication of the 

electoconductive CNT-dispersed nitride ceramics by pressureless sintering has not 

been possible because carbon inhibits the densification of most nitride ceramics. 
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Figure 21: Models of conferring electrical conductivity on insulating ceramics: a) dispersion of the 

second-phase particles with electrical conductivity b) propagation of an electrically conductive 

grain-boundary phase.156  

 
 
According to the basic electrical conduction theories such as the effective media and 

the percolation, it is possible to obtain low resistivity values by forming a continuous 

network of conductive particles around the insulating matrix particles with very low 

volume fractions (1-10 vol. %) of the conductive particles. Considering these 

theories, a grain boundary, as described in Figure 21 b, propagating three-

dimensionally in a sintered body could be produced. If the grain-boundary phase can 

be used as a conductive pathway where electricity flows through the grain-boundary 

phase, then a grain-boundary phase content of a few vol. % may be sufficient to 

impart electrical conductivity to insulating ceramics. 

The amount of shell (conductive) particles needed to continuously cover the surface 

of the core (matrix) particles could be calculated with the following equation (see 

appendix): 
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                                                                                                                          (25) 

  
where mc, ms, R, r, ρC, ρS are the masses, the radii, and the densities of the core and 

shell particles, respectively. The coefficient of the surface filling k is determined 

according to the percolation theory.133 The equation is correct for the supposition 

that the shell and core particles are spherical and that the shell particles are much 

smaller than the core particles (so that very many shell particles can reside on the 
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surface of one core particle). 

Kusunose et al.156 have already produced a grain-boundary phase as a conductive 

pathway in insulating AlN ceramics. They showed that electrically conductive AlN 

ceramics with a high thermal conductivity were obtained by precipitating yttrium 

oxycarbide as a conductive pathway at the grain boundaries. The yttrium oxycarbide 

was formed when the AlN was sintered with a Y2O3 additive in nitrogen and was 

subsequently reduced in a carbon gas atmosphere. The electrical conductivities can 

be controlled by varying the sintering conditions and the additive compositions. The 

scanning transmission electron microscopy (STEM) dark-field image of a sintered AlN 

ceramic with and without additives is shown in Figure 22. The grain-boundary phase 

containing rare-earth elements appears bright, while the AlN grains appear dark. The 

grain-boundary phase yttrium oxycarbide forms a three-dimensional network in the 

electrically-conductive AlN sintered body, whereas no obvious grain-boundary phase 

was observed in the hot-pressed insulating AlN sample without any additive. 

Furthermore, the electrically conductive AlN can be shaped by EDM and reverted to 

insulating AlN by anodic oxidation of yttrium oxycarbide. 

 

  

a) b) 
 
Figure 22: STEM dark-field image of (a) the insulating AlN produced by hot pressing without any 

additive at 1850 °C for 1 h under an applied pressure of 30 MPa in N2, and (b) the electrically 

conductive AlN produced by sintering AlN containing 1 wt. % Y2O3 and 4 wt. % CeO2 at 1600 °C for 

12 h in N2.156  
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2  Aims and Hypothesis 

Electrically conductive ceramic composites fabricated by mixing the powders of 

different phases often exhibit an inferior flexural strength compared to the base 

ceramic materials (for example, Si3N4 ceramic). This is due to the negative effect of 

the large amount (> 30 vol. %) of dispersed electroconductive particles needed to 

reach the percolation threshold on the sintering behaviour and the resulting 

mechanical properties. Different approaches are being applied, including attempts to 

decrease the percolation threshold for the electrical conductivity by decreasing the 

size of the electroconductive particles to promote the sintering of the matrix phase. 

An alternative method, developed recently, is the in-situ composite method, where 

nano-sized TiN conductive particles are formed on the Si3N4 powder surface from 

inorganic precursors with a consequent chemical reaction between the metallic 

oxides and Si3N4 and a subsequent densification by modern sintering techniques (HP 

or SPS). However, these techniques of densification under pressure are relatively 

expensive and are limited to simple shapes of the sintered specimens.  

In this thesis we tried to prepare dense and electrically conductive Si3N4/TiN and 

Si3N4/ZrN composites with a reduced amount and size of the conductive particles by 

the pressureless sintering of pressed TiN- and ZrN-coated Si3N4 powders with oxide 

additives. Moreover, Si3N4/ZrN composites prepared with an in-situ composite 

method represent a novel system for the preparation of the electrically conductive 

composites.  

 
The aim of the work was to form nano-sized TiN or ZrN particles on the surface of 

the Si3N4 powder using the gel-precipitation of titanium and zirconium hydroxides in 

aqueous Si3N4 suspensions and a subsequent thermal treatment. After calcinations at 

600 °C in air titania and zirconia were formed. The TiN particles on the Si3N4 powder 

surface were synthesized by the nitridation reaction of the TiO2 and the NH3 gas. 

Meanwhile, ZrN particles on the surface of the Si3N4 were formed by the reaction 

between ZrO2 and Si3N4 at temperatures above 1600 °C in N2.  

 
The goal of this research was to produce electrically conductive Si3N4/TiN and 

Si3N4/ZrN composites by pressureless sintering the pressed powder mixtures of the 

TiN-coated or ZrN-coated Si3N4 powders with oxide additives, e.g., Y2O3 and Al2O3 

which will have good mechanical properties. The results of the dissertation include an 

explanation of the chemical reactions and mechanisms that may lead to the 

formation of a matrix and a conductive phase fabricated from different precursors. 

The work focuses on preserving the size of the TiN or ZrN particles, so that they will 
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form an electrically conductive network around the larger Si3N4 particles and a much 

lower amount of the conductive phase will be needed. The thermodynamics of 

several overall reaction mechanisms was evaluated, including the effects of the gas-

phase composition to determine the most energetically favourable course for each 

reaction. In addition, the amount of conductive phase (TiN, ZrN) in the coated 

powders and final composites was calculated by using the proposed chemical 

reaction and was quantitatively determined from the x-ray diffraction patterns of 

coated powders and sintered composites. The influence of the amount of conductive 

phase in the Si3N4/TiN and Si3N4/ZrN composites on the relative density, flexural 

strength and electrical conductivity was investigated. Moreover, the percolation 

threshold for electrical conductivity of sintered composites was determined 

experimentally and compared to the proposed simple theoretical percolation-

threshold model. At the end of this research work the functional properties and their 

applicability for ceramic heaters and ceramic glow plugs are examined.  

 

The hypotheses of this dissertation are that with the gel-precipitation of titanium and 

zirconium hydroxides and a subsequent thermal treatment it is possible to attain 

homogeneously distributed TiN and ZrN nanoparticles on the surface of the Si3N4 

particles. By sintering pressed powder mixtures of the TiN-coated or ZrN-coated 

Si3N4 powders with oxide additives it is possible to prepare electrically conductive 

composites with a decreased amount of the conductive phase in the Si3N4 matrix and 

by this means, preserve the mechanical properties of Si3N4, which differs from the 

results of the conventional composite method including mechanically mixed powders.  
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3  Materials and Methods 

3.1  Starting materials 

 
In the experimental work a commercially available, α-rich Si3N4 powder (SN-E10, 

UBE Industries, Ltd., Tokyo, JPN), was used as the basic raw material for the matrix 

phase. The characteristic data of this Si3N4 powder is presented in Table 3. 

 

Table 3: Characteristics of the Si3N4 powder according to the producer's specification  

 

Grade                                                     UBE SN-E10 
Average particle size (d50)                        0.50 m 
Phase                                                      α-phase crystal > 95 % 
N (wt. %)                                                > 38.0 
O (wt. %)                                                1.05 
Cl (ppm)                                                  < 100 
Fe (ppm)                                                 < 100 
Ca (ppm)                                                 < 50 
Al (ppm)                                                  < 50 
β/(α + β) (wt. %)                                     < 5 
Crystallinity (wt. %)                                  < 99.5 
SSA (BET) (m2/g)                                     9.1 

 

With the aim to enhance the densification of the Si3N4 matrix, the following oxide 

additives were added:  

- yttria powder (Y2O3), grade fine, H.C. Starck, Berlin, DE 

- alumina powder (Al2O3), A-16, Alcoa, USA 

 

The characteristic data of these oxide powders are shown in Tables 4 and 5. 

 

Table 4: Characterstics of the Y2O3 powder acoording to the producer's specification 

 

Grade                                                   Fine 
d50                                                                        0.90 m 
Y2O3 (wt. %)                                          99.95 
Al (wt. %)                                             0.005 
Ca (wt. %)                                            0.003 
Fe (wt. %)                                             0.005 
SSA (BET) (m2/g)                                  10-16 
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Table 5: Characteristics of the Al2O3 powder according to the producer's specification 

 

Grade                                                  A-16 
d50                                                      0.50 m 
α-Al2O3 (wt. %)                                    99.7 
Na2O (wt. %)                                       0.08 
SiO2 (wt. %)                                        0.02 
Fe2O3 (wt. %)                                       0.01 
CaO (wt. %)                                         0.01 
B2O3 (wt. %)                                        0.001 
SSA (BET) (m2/g)                                 3-7 

 
 

For the conductive secondary phase TiN and ZrN were used. The TiN and ZrN were 

formed from the TiO2 and ZrO2 nano-particles that were synthesized by an in-situ 

gel-precipitation method using various inorganic precursors. The TiO2 particles were 

formed from a titanil sulphate solution – TiOSO4 (Cinkarna Celje, SL). The ZrO2 

particles were formed by using a zirconium acetate solution – Zr(CH3COO)2 (Sigma-

Aldrich Chemie, Steinheim, DE).  

 
 

3.2  Preparation of the coated powders 

 
 
Our investigative work was based on the Si-Ti-O-N and Si-Zr-O-N systems, where 

the α-rich Si3N4 powder was coated with various amounts of metal oxides (TiO2 and 

ZrO2), thereby establishing a uniform coating on the surface of the Si3N4. Afterwards 

the TiO2- and ZrO2-coatings were thermally treated at elevated temperatures in 

order to form TiN and ZrN nanoparticles on the surface of the Si3N4 powders. 

 

3.2.1  Si-Ti-O-N system 

 
Preparation of the TiO2-coated Si3N4 powders 

 

The TiO2-coated Si3N4 powders containing 10, 20, 25, 30 and 35 vol. % of TiO2 in the 

starting compositions were prepared by the in–situ gel-precipitation of titanium 

hydroxides in the Si3N4 aqueous suspension. For the preparation of the TiO2 nano-

coatings the following procedure was performed: the Si3N4 powder and deionised 

water were mixed in the calculated proportion and homogenized by ball milling for 2 
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h. After the homogenisation, TiOSO4 was dripped into the stirred Si3N4 aqueous 

suspension, shown in Figure 23. The concentration of TiOSO4 was 0.25 mol/L of the 

liquid phase. The precipitation of Ti(OH)4 was adjusted to pH 3.0 by using a 

tetramethylammonium hydroxide – TMAH (Alfa Aesar, Karlsruhe, DE). The as-

prepared precipitates were separated from the mother solution, and then washed 

several times with deionised water and anhydrous ethanol. After the final filtration 

the cakes were dried at 80 °C for 18 h and subsequently calcined at 600 °C for 2 h. 

 

Si3N4

H2O

TiOSO4

 
 

Figure 23: Scheme of coating the Si3N4 powder with Ti(OH)4. 

 

 

Preparation of the TiN-coated Si3N4 powders 

 

The as-prepared TiO2-coated Si3N4 powders were nitrided at 900 °C for 6 h in a tube 

furnace to obtain the TiN-coated Si3N4 powders. The ammonia gas – NH3 (Messer, 

Zaprešić, CRO) − was employed as the nitriding medium with a flow rate of 225 

ml/min. The nitrided powders were taken out from the furnace after cooling to room 

temperature in the flow of NH3 gas. 

 

3.2.2  Si-Zr-O-N system 

 
Preparation of the ZrO2-coated Si3N4 powders 

 

The ZrO2-coated Si3N4 powders containing 10, 20, 25, 30 and 35 vol. % of ZrO2 in 

the starting composition were prepared by a heterogeneous precipitation of 

zirconium hydroxides in a Si3N4 aqueous suspension. The Si3N4 powder and 
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zirconium acetate were mixed in an appropriate ratio and homogenized for 2 h by 

ball milling using deionised water as the liquid medium. The concentration of the 

zirconium acetate in the suspension was 0.2 mol/L of the liquid phase. The 

precipitation of the zirconium hydroxides was initiated by increasing the pH, which 

involved blowing gaseous ammonia through the suspension, as schematically 

presented in Figure 24. The precipitation started at pH 3.8 and was finished at pH 

7.0. The coated Si3N4 powders were filtered, washed several times with deionised 

water and anhydrous ethanol and dried at 80 °C for 18 h. The dried powders were 

then calcined at 600 °C for 2 h to obtain crystalline ZrO2 on the surface of the Si3N4 

powders. 

 

 
 

Figure 24: Schematic view of coating the Si3N4 particles with Zr(OH)4 using gaseous ammonia. 

 

 

Preparation of the ZrN-coated Si3N4 powders 

 

After completing the calcinations, the ZrO2-coated Si3N4 powders were thermally 

treated at 1600 °C for 2 h using nitrogen atmosphere in order to obtain ZrN on the 

surface of the Si3N4. Furthermore, the ZrO2 coatings were also thermally treated at 

1600 °C for 3 h in flowing nitrogen at low-pressure (
2NP = 0.4 atm).  
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3.3  Preparation of the composites 

 

3.3.1  Preparation of the sintered Si3N4/TiN composites 

 
The TiN-coated Si3N4 powders (containing 10, 20, 25, 30 and 35 vol. % of TiO2 in the 

starting composition) were mixed together with 5 wt. % yttria and 3 wt. % alumina 

additives (with respect to the Si3N4 powder) for 4 h in isopropanol using a planetary 

mill equipped with Si3N4 balls (Figure 25). The compositions of the Si3N4-TiN powder 

mixtures (denoted as sample A) containing various amounts of TiO2 in the starting 

composition are shown in Table 6. 

 

Table 6: Chemical composition of the Si3N4-TiN powder mixtures 

 

Mixture                                  Composition (vol. %) 

                                              Si3N4              Y2O3               Al2O3                TiN 

A10                                         88.6               3.1                 2.3                   6.0 
A20                                         82.9               2.9                 2.2                  12.0 
A25                                         79.1               2.8                 2.1                  16.0 
A30                                         74.5               2.6                 1.9                  21.0 
A35      72.2               2.5                 1.9                  24.0 

 

After the evaporation of the isopropanol at 80 °C, the mixed powders (A10-A35) 

were ground, sieved and uniaxially pressed at a pressure of 50 MPa into 5 mm × 42 

mm × 3 mm rectangular bars and subsequently cold isostatically pressed at 380 

MPa. The green compacts, placed in a graphite crucible and embedded in the Si3N4 

and BN powder bed, were sintered at 1850 °C for 2 h in flowing N2 (referred to as 

the pre-reacted powder as shown in Figure 25). 

 

TiN-coated Si3N4 particles

Sintering

Y2O3 & Al2O3

mixing
drying
pressing

1850 °C, 2 h, N2  
Figure 25: Flow chart of the preparation of the Si3N4-TiN composites from the pre-reacted powder. 
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3.3.2  Preparation of the sintered Si3N4/ZrN composites 

 
To fabricate the Si3N4/ZrN composites, the ZrN-coated Si3N4 powders containing 10, 

20, 25, 30 and 35 vol. % of ZrO2 in the starting composition, were first mixed with 5 

wt. % yttria and 3 wt. % alumina additives with respect to the Si3N4 powder 

(denoted as the samples B) for 4 h in isopropanol using a planetary mill equipped 

with the Si3N4 balls. The compositions of the Si3N4-ZrN powder mixtures that initially 

contained various amounts of ZrO2 in the starting composition are shown in Table 7.  

 

Table 7: Chemical composition of the Si3N4-ZrN powder mixtures 

 

Mixture                                  Composition (vol. %) 

                                              Si3N4              Y2O3               Al2O3                ZrN 

B10                                         87.7               3.0                 2.3                   7.0                           
B20                                         79.1               2.8                 2.1                  16.0 
B25                                         73.6               2.5                 1.9                  22.0 
B30                                         60.4               2.0                 1.6                  36.0 
B35   50.0               1.7                 1.3                  47.0 

 

In addition, the ZrO2-coated Si3N4 powders containing 10 and 20 vol. % of ZrO2 in 

the starting composition were also mixed with 5 wt. % yttria and 3 wt. % alumina 

additives with respect to the Si3N4 powder (denoted as the samples C). The 

compositions of the Si3N4-ZrO2 powder mixtures containing various amounts of ZrO2 

in the starting composition are presented in Table 8. 

 
 
Table 8: Chemical composition of the Si3N4-ZrO2 powder mixtures 

 

Mixture                                  Composition (vol. %) 

                                              Si3N4               Y2O3               Al2O3             ZrO2 
C10                                         85.3                3.0                 2.2                9.5        
C20  76.3                2.7                 2.0                19.0 

 

After evaporation of the isopropanol at 80 °C by means of a rotating evaporator, the 

dry powder mixtures were cold uniaxially pressed at a pressure of 50 MPa into 5 mm 

× 42 mm × 3 mm rectangular bars and subsequently cold isostatically pressed at 

380 MPa. The green compacts, placed in a graphite crucible and embedded in the 

Si3N4 and BN powder bed, were sintered using two regimes (Figure 26). In the first 

regime the green compacts (B10-B35) were sintered at 1850 °C under a N2 

atmosphere at a pressure of 0.1 MPa, with a holding time of 2 h (referred to as the 
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pre-reacted powder). In the second regime the compacts (C10 & C20) were directly 

sintered under the same conditions (referred to as the in-situ reacted powder). Both 

regimes are shown in Figure 26.  

 

ZrN-coated Si3N4 particles

Sintering

Y2O3 & Al2O3

mixing
drying
pressing

1850 °C, 2 h, N2  

ZrO2-coated Si3N4 particles 

Reaction & sintering

Y2O3 & Al2O3

mixing, drying,
pressing

1850 °C, 2 h, N2  

a) b) 
 

Figure 26: Flow chart of the preparation of the Si3N4-ZrN composites from: a) pre-reacted powder 

and b) in-situ reacted powder.  

 
 

3.4  Characterization 

 

3.4.1  Particle size analysis 

 
The particle size distributions of starting materials (Si3N4, Y2O3 and Al2O3) were 

measured with the particle size distribution analyzer (HORIBA LA-920, Kyoto, JPN), 

which operates on the basis of a static light scattering. The static laser light 

scattering can be used for the analysis of emulsions, suspensions and/or dry 

samples. 

 

In addition the average particle size of nanosized oxide (TiO2, ZrO2) and nitride (TiN 

and ZrN) coatings was determined by using an XRD of coated powders and a 

Scherrer equation: 

               


cos



K

                                                                                                  (26) 
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where K is the shape factor, λ is the x-ray wavelength, β is the line broadening at 

half the maximum intensity in radians, and θ is the Bragg angle. τ is the mean size 

of the ordered (crystalline) domains, which may be smaller or equal to the grain size. 

The dimensionless shape factor has a typical value of about 0.9, but varies with the 

actual shape of the crystallite. The Scherrer equation is limited to nano-scale 

particles. 

 

3.4.2  X-ray powder diffraction 

 
The nanosized oxide (TiO2, ZrO2) and nitride (TiN and ZrN) coatings and the sintered 

Si3N4/TiN and Si3N4/ZrN composites were analyzed with the X-ray powder diffraction 

(D4 Endeavor, Bruker-AXS, Germany) using CuKα radiation with a wavelength of 

1.542 nm. The XRD measurements were performed in the 2 θ range from 10 to 70 ° 

with a scan step of 0.02° 2 θ and an integration time of 3 s per a step.  

  

3.4.3  Rietveld method 

 
The Rietveld method was originally developed to refine the structure of crystalline 

materials by means of neutron and X-ray powder diffraction, allowing a 

determination of the mass fraction for different phases.157 

A model of the phase(s) is used to generate a calculated diffraction pattern. This is 

then compared with the observed data, and the difference between the observed and 

calculated is minimised by varying the parameters in the model through a least-

squares process.  

In the Rietveld method the least-squares refinements are carried out until the best 

fit is obtained between the entire observed powder-diffraction pattern, taken as a 

whole, and the entire calculated pattern, based on the simultaneously refined models 

for the crystal structure(s), diffraction optics effects, instrumental factors, and other 

specimen characteristics (e.g., lattice parameters) that may be required and can be 

modelled. A key feature is the feedback, during the refinement, between improving 

the knowledge of the structure and improving the allocation of the observed intensity 

to the partially overlapping individual Bragg reflection.158 This requires extended 

measurement times of around 60 to 80 minutes. In addition, the method is made 

complicated by long calculation times, and is more or less controlled manually.  

 

The oxide (TiO2 and ZrO2) and nitride (TiN and ZrN) coated Si3N4 powders and the 
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sintered Si3N4/TiN and Si3N4/ZrN composites were analyzed with the Rietveld method 

using Topas software in order to determine the mass fraction of each component. 

 

3.4.4  Density measurements and the microstructure of the 
sintered composites 

 
The densities of the sintered samples were determined using Archimedes' method of 

immersing the bulk into deionised water. The composites were weighted in the air 

and afterwards in the water while suspended by a thread.  

The microstructures of the sintered Si3N4/TiN and Si3N4/ZrN composites were 

observed with a scanning electron microscopy (SEM, JSM 5800 and JSM-7600F, Jeol, 

Japan). 

 

3.4.5  TEM analysis 

 
All the oxide (TiO2 and ZrO2) or nitride (TiN and ZrN) coated Si3N4 powders and the 

Si3N4/TiN composite prepared from the pre-reacted powder containing 30 vol. % of 

the TiO2 and Si3N4/ZrN composite prepared from the pre-reacted powder containing 

25 vol. % of ZrO2 (in the starting composition) were analysed with transmission 

electron microscopy (TEM, JEM 2100, Jeol, Japan), HRTEM (high-resolution 

transmission electron microscopy), SAED (selected-area electron diffraction) and 

EDXS (energy-dispersive x-ray spectroscopy). 

 

3.4.6  Flexural-strength measurements of the sintered samples 

 
The flexural strength was measured with an Instron–1362 testing machine (Instron, 

USA), using the four-point bending method with an outer-span length of 20 mm and 

an inner-span length of 10 mm, and a crosshead speed of 1 mm/min. The 

instrument records the force when the fracture occurred.  

For the flexural-strength measurements five samples of each composition were 

tested. In this case, Weibull statistics was not used due to the small number of 

tested samples.  

 



52 Materials and Methods
 

 

3.4.7  Electrical-resistivity measurements of the sintered samples 

 

The electrical resistivity of the sintered materials was measured with a DC 

Multimeter-3457A-testing machine (HP, USA) using four-point technique at the room 

temperature (25°C) with a direct current. Prior to the electrical-resistivity 

measurements a thin layer of In-Ga paste was put onto the surface of the samples. 

For the electrical-resistivity measurements two samples of each composition were 

examined.  
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4  Results and discussion 

4.1  Particle size of the starting materials 

 
 
Before preparing the powder mixtures, the particle-size distributions of the starting 

materials were characterized. The results (shown in Figure 27) indicate that all the 

powders have a monomodal particle-size distribution and can be used for the 

preparation of the powder mixtures without using a precedent milling.  

 

Median size: 0.54 m

 

Median size: 0.88 m

 

a) b) 

Median size: 0.55 m

 

 

c)  
 
Figure 27: Particle-size distribution of the starting powders: a) Si3N4 (UBE SN-E10), b) Y2O3 

(grade fine) and c) Al2O3 (A16).   

 
 
The measured median sizes of the Si3N4 (0.54 m), Y2O3 (0.88 m) and Al2O3 (0.55 

m) powders are comparable to the values included in the producer's specification, 
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as shown in Tables 3, 4 & 5. The morfology of the starting Si3N4 powder is presented 

in Figure 28, showing uniform particle size distribution which is in agreement with 

the measured particle size distribution. The SEM analysis of this powder (Figure 28) 

indicates that some elongated β-Si3N4 particles are also present between equiaxial α-

Si3N4 particles. 

 
 

 
 
Figure 28: SEM image of the Si3N4 powder. 

 
 

4.2  Si3N4/TiN composites  

 

4.2.1  Coating of the Si3N4 powder  

 
Preparation of the TiO2-coated Si3N4 powders 

 

The TiO2-coated Si3N4 powders containing 10, 20, 25, 30 and 35 vol. % of nanosized 

TiO2 particles in the starting composition were prepared by an in-situ gel 

precipitation. In this process, titanium hydroxide (Ti(OH)4) was precipitated on the 

surface of the Si3N4 powder using TiOSO4 and TMAH. After the precipitation, the 

coated powder was dried at 80 °C and calcined at 600 °C to transform the Ti(OH)4 

into the crystalline TiO2. 

The formation of the crystalline TiO2 was verified by an XRD analysis. Figure 29 

shows the XRD spectra of the TiO2-coated Si3N4 powder containing 25 vol. % of TiO2 
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in the starting composition after being dried at 80 °C (I) and calcined at 600 °C (II). 

After drying there are no visible peaks of the crystalline TiO2 in the coated Si3N4 

powder. XRD pattern indicates that the precipitates were either amorphous Ti(OH)4 

or TiO2. After the calcinations carried out at 600 °C and for 2 h the crystal structure 

of anatas – TiO2 – was detected. 

 

 
Figure 29: X-ray diffraction pattern of the TiO2-coated Si3N4 powder containg 25 vol. % of TiO2 in 

the starting composition: I) after drying at 80 °C and II) after calcination at 600 °C. 

 
 
The XRD patterns of the TiO2-coated Si3N4 powders containing various amounts of 

TiO2 in the starting composition after the calcinations at 600 °C are displayed in 

Figure 30 showing the presence of Si3N4 and TiO2. Whereby, the intensity of the 

latter increases with an increasing amount of TiO2 in the starting powder mixture.     
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Figure 30: X-ray diffraction pattern of the coated powders after the calcinations at 600 °C for 2 h 

in air containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of TiO2. 

 
 

The amount of TiO2 was quantitatively determined from the x-ray diffraction patterns 

of the coated powders using Rietveld analyses (Table 9). The quantitative analyses 

showed that the amount of TiO2 in the Si3N4 powders corresponds resonably well to 

the amount of TiO2 in the starting composition.  

 

 
Table 9: Quantitative-phase composition of the TiO2-coated Si3N4 powders after the calcinations, 

obtained by the Rietveld analyses 

 

Starting composition                       Composition after calcination 

Coated Si3N4 powder                         Rietveld refinement (vol. %)  

        TiO2 (vol. %)                                Si3N4                TiO2                 
        10                                                91                   9                   
        20                                                80                   20                   
        25                                                75                   25                  
        30                                                69                   31                    
        35                                                66                   34                  
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The morphology of the TiO2-coated Si3N4 powders containing various amounts of TiO2 

in the starting composition was observed with the TEM and the micrographs are 

presented in Figure 31. It can be seen that the large Si3N4 particles are coated with 

TiO2 nanometric particles exhibiting relatively uniform size distribution ranging from 

4 to 10 nm. The average particle size of TiO2 particles was determined from the XRD 

spectra of coated powders using a Scherrer equation. The results showed that the 

TiO2 particles have an average particle size of 11 nm, which is in good agreement 

with the geometrically determined size from TEM micrographs.  

The TEM images of the coated powders (Figure 31) indicate that with larger amount 

of TiO2 in the starting compositions, the surface of the Si3N4 particles becomes 

completely coated with TiO2 nanoparticles. In fact, even a larger amount of TiO2 in 

the starting composition leads to a thicker TiO2 coating on the Si3N4 powder surface, 

as displayed in Figure 31. The structure of TiO2 was confirmed with the SAED. In 

Figure 31 c the SAED analysis of the coated powder containing 25 vol. % of TiO2 (in 

the starting composition) revealed the anatas crystal structure of TiO2. The 

simulation of the polycrystalline TiO2 electron-diffraction pattern presented on the 

left-hand side of the SAED image (Figure 31 c) corresponds to the experimental 

electron diffraction.  

This coating procedure for the preparation of the TiO2-coated Si3N4 powder is 

comparable with the other accessible reports32,77,78,81,83, where the main difference is 

that in our investigation TiOSO4 was used as a new precursor for the preparation of 

the TiO2 nanoparticles on the Si3N4 powder surface. Thus, tetra-butyltitanate 

(TBT)32,80,83 and TiCl479,81 have been the most frequently used as a raw materials for 

the fabrication of nano-sized TiO2 particles. Gao et al.32 and Kawano et al.77 showed 

that by using a sol-gel or a thermal hydrolysis of these precursors the TiO2 with a 

particle size of 20 nm can be easily achieved. Our coating procedure demonstrates 

that by using TiOSO4 as a raw material, the uniform coating of TiO2 on the surface of 

the Si3N4 powder can be successfully fabricated. Furthermore, it is believed that, in 

our case, the size distribution of the nano-sized TiO2 particles is much smaller than 

those prepared by Gao and Kawano.  
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Figure 31: TEM analyses of the TiO2-coated Si3N4 powders after the calcinations at 600 °C for 2 h 

in air containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of TiO2. In Figure 31 c the 

polycrystalline electron diffraction pattern of crystals visible on bright field image is compared with 

the calculated electron diffraction of anatas TiO2 (I41/amd) and the experimental SAED. 
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Nitridation of the TiO2-coated Si3N4 powders 

 
 
Preliminary experiments showed that the TiO2 precipitated on Si3N4 powders 

produced from a TiOSO4 was completely converted to the TiN particles after a 

nitridation at above 900 °C in the NH3 gas flow. Therefore, the TiO2-coated Si3N4 

powder containing 10 vol. % of TiO2 in the starting composition was nitrided under 

various nitridation conditions (Figure 32) in order to examine whether the nitridation 

of TiO2 to TiN was complete. From Figure 32 it is clear that at a temperature of 

above 900 °C in the flowing NH3, the TiN is formed from TiO2 and NH3 according to 

reaction 6 (presented on page 13). The x-ray diffraction pattern of the nitride coated 

Si3N4 powder at 900 °C for 3 h showed that the peak of TiO2 (rutil) coexists with 

those of TiN (cubic) and Si3N4. This indicates that the TiO2 (anatas) particles were 

converted to TiN, but that the nitridation reaction was not complete. When the 

nitridation time was prolonged by 6 h and the nitridation temperature was raised to 

1000 °C (Figure 32), the conversion of TiO2 to TiN was complete. Since the 

nitridation reaction is a gas solid-phase reaction with a relatively low reaction rate, it 

is important to ensure a long enough holding time and the required temperature to 

completely convert TiO2 into TiN.  

 

 
Figure 32: XRD analysis of the TiO2-coated Si3N4 powder containing 10 vol. % of TiO2 nitrided 

under different conditions. 
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In order to verify the formation and the grain growth of TiN the morphology of the 

nitrided coated powders was investigated. Figure 33 shows TEM images of the TiO2-

coated Si3N4 powders containing 10 vol. % of TiO2 (in the starting composition) after 

nitridation at 900 °C for 6 h and at 1000 °C for 3 h. From TEM images it can be seen 

that at higher nitridation temperature the TiN nanoparticles have grown in size. The 

reason is that conducting the reaction at higher temperature delivers more energy 

into the system and increases the reaction rate leading to the larger particle size.  

 
 

Si3N4

TiN

 

Si3N4

TiN  
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Figure 33: TEM micrographs of the TiO2-coated Si3N4 powder containing 10 vol. % of TiO2 in the 

starting powder-mixture after the nitridation at: a) 900 °C for 6 h and b) 1000 °C for 3 h in the 

flowing NH3. 

 
 
The average size distribution of the TiN nanoparticles was geometrically defined from 

5 TEM micrographs of each coated powder shown in Figure 33 and in both cases at 

least 20 TiN particles were measured from each image. The results revealed that the 

average particle size of the TiN increased from 5.9 nm at 900 °C to 12.6 nm at 1000 

°C. The similar relationship between the particle size and the nitridation temperature 

of the nitrided TiO2 particles prepared from TBT was shown by Li et al.83 These 

authors demonstrated that the average particle sizes of the TiN powders ranging 

from 20 to 72 nm were obtained at different nitridation temperatures from 800 to 

1100 °C for 5 h. At the nitridation temperature of 800 °C for 5 h the conversion of 

TiO2 to TiN was completed, whereas the critical temperature was observed at 1000 

°C, where the particle size of the TiN increased rapidly.83 Furthermore, Gao et al.32 

confirmed that the nitridation of TiO2 to TiN synthesized from TBT is completed at 

900 °C for 5 h. When the TiO2-coated Si3N4 powder was nitrided at a lower 

nitridation temperature or for a shorter nitridation time, the peak of TiO2 coexisted 

with those of TiN and Si3N4.32 However, Kawano et al.78 showed that the nitrided 
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TiO2-coated Si3N4 powder, prepared from TiCl4, at 1000 °C for 3 h converted to the 

TiN particles, but the x-ray diffraction pattern revealed that the peaks of TiN were 

slightly shifted, meaning that the TiN contained a small amount of oxygen. In our 

study, we did not notice any such feature of the nitrided powders. This is probably 

due to the flow rate of NH3, which was, in our case and in Gao's work32, higher than 

in Kawano's study78.  

Considering the above mentioned reports, it can be concluded that in our 

investigation much smaller TiN nanoparticles were obtained on the Si3N4 powder 

surface for both nitridation conditions (Figure 33). The reason is that the use of 

TiOSO4 as a precursor results in a smaller particle size of TiO2 compared to the other 

applied precursors for the formation of TiO2. Actually, we can say that starting with a 

smaller size distribution of TiO2 nanoparticles leads to a smaller size of TiN particles 

after the nitridation reaction. It was shown that both prolonging the nitridation time 

and raising the nitridation temperature (Figure 32) are successful methods for 

producing nanocrystalline TiN particles, while the first way is appropriate for 

obtaining small nanoparticles. 

Our investigation of the nitrided coated powders showed that the complete 

conversion of TiO2 to TiN was obtained already at 900 °C for 6 h. Thus, these two 

nitridation parameters were used in the following for the preparation of the TiN-

coated Si3N4 powders from the calcined TiO2-coated Si3N4 powders containing various 

amounts of TiO2 in the starting composition. As shown in Figure 34 the x-ray 

diffraction patterns of these coated powders after nitridation is presented. The 

results show that there is no TiO2 present and that the nitridation reaction was 

completed in all samples, including the coated powder containing 35 vol. % of TiO2 in 

the starting composition. It can also be seen that the peak intensity of the TiN in the 

Si3N4 powders increases with the increasing of amount of TiO2 in the starting powder 

mixture (Figure 34).  
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Figure 34: X-ray diffraction pattern of the coated powders after nitridation at 900 °C for 6 h in 

flowing NH3 containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of TiO2 in the starting 

composition. 

 
 

The amount of TiN in the TiN-coated Si3N4 powders was quantitatively determined 

from the x-ray diffraction patterns of the nitrided coated powders using Rietveld 

analysis and calculated with the proposed chemical reaction between TiO2 and NH3, 

as shown in Figure 35. For the calculated amount of TiN in the nitrided coated 

powders, the mass balance of the starting materials was considered in relation to 

reaction 6 (presented on page 13). From Figure 35 it is clear that the determined 

amount of TiN in the Si3N4 powders from the x-ray diffraction patterns of the nitrided 

powders corresponds well to the calculated amount of TiN from the proposed 

chemical reaction. This demonstrates that the calculated amount of TiN from the 

chemical reaction between TiO2 and NH3 based on the various amounts of TiO2 in the 

starting composition is sufficiently correct.  
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Figure 35: Amount of TiN in the TiN-coated Si3N4 powders versus the amount of TiO2 in the 

starting powder mixture (using Rietveld analysis and chemical reaction). 

 

 
The morphology of the nitride coated powders containing various amounts of TiO2 in 

the starting composition after nitridation was observed by TEM (Figure 36). It can be 

seen that after the nitridation at 900 °C for 6 h the size of TiN nanoparticles was 

retained. Their morphology is relatively uniform, with the size distribution ranging 

from 2.5 nm to 10 nm. The average particle size of TiN particles was also determined 

from the XRD spectra of the nitrided powders using a Scherrer equation. The results 

revealed that the TiN particles have an average particle size of 16 nm, which is 

somewhat larger than the geometrically determined size from TEM micrographs. The 

reason for this difference is that when determining the size from TEM micrographs 

some of the largest particles can be overlooked. This average particle size of the TiN 

nanoparticles is 2 times smaller than the particle size of the TiN particles prepared by 

Gao et al.32 and Kawano et al.77 This can be attributed to the smaller starting size of 

the TiO2 nanoparticles in the Si3N4 powders before the nitridation reaction. It was 

calculated that during the nitridation of TiO2 to TiN, the accompanying volume 

shrinkage of the particles was 39.2 % due to a higher theoretical density of TiN 

compared to TiO2. The nitrided coated powders containing 30 and 35 vol. % of TiO2 

(in the starting powder mixture) indicate that the surface of the Si3N4 powder is 

completely covered with nano-sized TiN particles.  
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Figure 36: TEM micrographs of TiO2-coated Si3N4 powders after the nitridation at 900 °C for 6 h in 

flowing NH3 containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of TiO2 in the starting 

composition. In Figure 36 e the polycrystalline electron diffraction pattern is inserted, where the 

calculated electron diffraction of cubic TiN (Fm3m) is compared with the experimental SAED. 

 
TiN-coated Si3N4 powders that initially contained larger amount of TiO2 show that 

some TiN particles appear to be agglomerated. Their structure was examined with 
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SAED (Figure 36 e), confirming the cubic TiN. The simulation of the polycrystalline 

TiN electron diffraction pattern presented on the left-hand side of the SAED image 

(Figure 36 e) corresponds well to the experimental electron diffraction. In addition, 

from the experimental electron diffraction besides TiN some of the Si3N4 reflections 

can be also visible.  

 

4.2.2  Thermodynamic calculations of the chemical reaction for the 
formation of TiN 

 

The Gibbs free-energy change (ΔG) for the nitridation reaction between TiO2 and NH3 

to form TiN (reaction 6, shown on page 13) calculated on the basis of the available 

thermodynamic data159 is plotted as a function of temperature in Figure 37. The 

calculation reveals that this reaction is energetically favourable at elevated 

temperatures. The TiN will be formed if the ΔG is negative, i.e., when a temperature 

above 1100 K is reached. From these results it can be concluded that the present 

results of obtained TiN-coated Si3N4 powders after the nitridation in NH3 reasonably 

correspond well to thermodynamic calculation of the nitridation reaction.  

 
Figure 37: Calculated Gibbs free energy of reaction 6 as a function of temperature. 
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4.2.3  Microstructure and phase analysis of the sintered 
composites 

 
 
To fabricate the Si3N4/TiN composites, the TiN-coated Si3N4 powders containing 

various amounts of TiO2 in the starting composition were mixed with yttria and 

alumina additives, pressed and sintered at 1850 °C for 2 h in flowing N2 (Figure 25, 

displayed on page 47). The cross-section microstructures of the sintered composites 

containing various amounts of TiO2 in the starting composition shown on the left-

hand side of Figure 38, indicating that all samples are homogeneous and fairly dense 

with uniformly distributed pores. SEM images of polished surfaces of the sintered 

composites that initially contain various amounts of TiO2 in the starting composition 

are displayed on the right-hand side of Figure 38. Shape and size distribution of 

bright TiN particles are relatively homogeneously dispersed in between grey β-Si3N4 

grains. During sintering in the presence of a liquid phase, the TiN grains coarsened 

and consequently the particle size grew to approximately 0.5 m. Actually, the TiN 

particles have a relatively broad size distribution ranging from 0.1 to 0.8 m. This 

can be attributed to the aggregation of TiN particles during sintering, especially when 

the samples contained larger amount of TiO2 in the starting powder mixture, as 

visible in Figures 38 d & e. In an instance, when the Si3N4/TiN composites with and 

without oxide additives were prepared by HP and SPS, as shown by Gao et al.32 and 

Kawano et al.77, their situation regarding the grain growth of the TiN particles during 

the sintering process was similar to our situation. From that it can be concluded that 

even if the composites are sintered by using modern sintering techniques allowing 

sintering at lower temperatures (below 1700 °C) and applying high pressures (above 

100 bar) it is impossible to keep all the TiN particles on a nanometric scale. The 

reason for the grain growth of TiN is the fact that these particles can be easily 

sintered to a relatively high density in the presence of yttria and alumina additives. 

For this reason also the particles in our system grew during sintering in the presence 

of the liquid phase. 
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Figure 38: Microstructures of sintered Si3N4/TiN composites produced from a pre-reacted powder 

containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of TiO2 in the starting powder mixture 

(cross-section images of samples are referred to as CS and internal-part images as IP).   

 
 

The microstructures of the polished surfaces of the sintered samples containing 25 

and 35 vol. % of TiO2 in the starting composition are presented in Figure 39. At this 

magnification besides the elongated β-Si3N4 grains also a brighter, transient liquid 

phase in between the β-Si3N4 grains and white TiN particles can be clearly seen. We 

noted that the TiN particles often had irregular shapes, which strongly implies that at 

least some of the TiN particles grew from the liquid during cooling. The same 

interpretation was found in Hermann's study,92 who reported that the TiN 

precipitates from the liquid phase above 1350 °C. Furthermore, the SEM analysis 

(Figure 39) of the samples with 25 and 35 vol. % of TiO2 (in the starting powder 

mixture) revealed that some porosity is present in the composites. The composite 

with a 35 vol. % of TiO2 has poor sinterability, as a consequence of a large amount 
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of TiO2 in the starting composition and a lower amount of the oxide additives (Table 

6, presented on page 47).  

 

  

a) b) 
 
Figure 39: SEM images at higher magnification of the sintered Si3N4/TiN composites at 1850 °C 

for 2 h in N2, which initially contained: a) 25 and b) 35 vol. % of TiO2 in the starting composition. 

 
 

Anyway, the existence of TiN was confirmed by XRD analysis (shown in Figure 40), 

which revealed that the peaks of TiN coexisted with β-Si3N4. It is clear that with 

increasing the amount of TiO2 in the starting composition the intensity of TiN 

increases with a simultaneous decrease of Si3N4. 
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Figure 40: XRD analyses of Si3N4/TiN composites sintered from a pre-reacted powder containing: 

a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of TiO2 in the starting powder mixture. 

 
 

In order to confirm that the Si3N4/TiN composites are homogenous, the x-ray 

diffraction pattern of sintered composites containing various amounts of TiO2 (in the 

starting powder mixture) was examined after a 300 m thick surface layer was 

removed. The results, displayed in Figure 41, indicate that the phase analysis of the 

composites is entirely the same as the XRD analysis presented in Figure 40.  
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Figure 41: X-ray diffraction pattern of sintered Si3N4/TiN composites containing: a) 10, b) 20, c) 

25, d) 30 and e) 35 vol. % of TiO2 in the starting powder mixture after a 300 m thick surface 

layer was removed.   

 
 

4.2.4  Quantitative-phase analysis of TiN in the final composites 

 
The amount of TiN in the final Si3N4/TiN composites containing various amounts of 

TiO2 (in the starting composition) was quantitatively determined from the x-ray 

diffraction patterns of sintered composites using the Rietveld analysis, as shown in 

Table 10. The results of the Rietveld analysis of the XRD spectra of the sintered 

composites demonstrate that the amount of TiN corresponds well to the amount of 

TiN observed in the TiN-coated Si3N4 powder containing various amounts of TiO2 in 

the starting composition displayed in Figure 35 (shown on page 63). Moreover, the 

estimated values of the TiN, presented in Table 10, are in a very good agreement (± 

2 vol. %) with the calculated amount of TiN in the TiN-coated Si3N4 powders 

containing various amounts of TiO2 in the starting composition, shown in Figure 35, 

in relation to the chemical reaction (reaction 6, presented on page 13).  
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Table 10: Quantitative phase composition of Si3N4/TiN composites containing various amounts of 

TiO2 in the starting composition verified by the Rietveld analysis 

 

Starting composition                     Composition after sintering in Si3N4/TiN composite 

Coated Si3N4 powder                     Rietveld refinement (vol. %)  

     TiO2 (vol. %)                            Si3N4            TiN           YAG (Y2O3 + Al2O3)                
     10                                            87                8              5                 
     20                                            82                13            5                   
     25                                            79                16            5                  
     30                                            73                23            4                    
     35                                            69                27            4                  

 
 
For all further results the calculated amount of TiN (Figure 35) according to reaction 

6 was used in the next plotted graphs. The reason is that the calculated values of TiN 

obtained by the nitridation reaction of TiO2 to TiN are more accurate than the 

determined values of TiN verified by the Rietveld analysis of the x-ray diffraction 

patterns. 

 
 

4.2.5  Influence of the amount of conductive phase of the 
Si3N4/TiN composites on density, flexural strength and 
electrical conductivity 

 

The change in the relative density and flexural strength of the Si3N4/TiN composites 

is shown as a function of the TiN content in Figure 42. The relative density and 

flexural strength decrease with increasing TiN content in the composite. The 

composite with 6 vol. % of TiN exhibits the highest relative density of 98.3 % with a 

relatively high flexural strength of 615 MPa. A further increase in the TiN content 

resulted in decreasing relative density and flexural strength. At 24 vol. % of TiN the 

relative density was only 91.1 % and the corresponding flexural strength dropped to 

360 MPa. In the literature, only a few reports32,77,78,160 on the preparation of the 

Si3N4/TiN composites fabricated from TiN-coated Si3N4 powder by using modern 

sintering techniques (HP or SPS) were found, indicating the change in relative 

density of these composites as a function of the TiN content. Kawano et al.77,78 

showed that the relative density of Si3N4/TiN composites prepared by SPS without 

using sintering additives sharply increases with increasing TiN content from the 

relative density of 55 % at 10 vol. % of TiN to 93 % at 30 vol. % of TiN. In addition, 

these authors also indicated that when the composites were prepared by SPS from 

TiN-coated SiAlON powder than the sinterability of SiAlON/TiN composites is similar 
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to our results, shown in Figure 42. This strongly implies that if the oxide additives 

such as Y2O3 and Al2O3 are present already in the SiAlON structure78 or are added to 

the starting powder mixture as in our work than the material can attain high 

theoretical density already at 10 vol. % of TiN irrespective to applied sintering 

technique. However, in our study the relative density and flexural strength of the 

Si3N4/TiN composites (Figure 42) decrease with increasing TiO2 content in the 

starting composition. The reason is that at larger amounts of TiO2 in the starting 

powder mixture a lower amount of oxide additives is present in the powder mixture 

(Table 10), which consequently after sintering results in a lower relative density and 

flexural strength.  

 
 
Figure 42: Change in the relative density and flexural strength of Si3N4/TiN composites with 

various TiN contents sintered at 1850 °C for 2 h in N2. 

 
 

Furthermore, Gao et al.32 was the only one group who indicates that the flexural 

strength of Si3N4/TiN composites was measured. In this case the composites were 

hot pressed in the presence of yttria and alumina additives at 1650 °C with a 

pressure of 300 bar for 1 h in N2. The prepared Si3N4/TiN composite with 20 vol. % 

of TiN exhibited the flexural strength of 1154 MPa which is much higher than the 

flexural strength of our composite (440 MPa) with the same TiN content. Sintering at 

high-pressure obviously results in higher relative density and flexural strength. 

The electrical conductivity of the Si3N4/TiN composites as a function of the TiN 

content is presented in Figure 43. The electrical conductivity of the composites 
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increases sharply from 7 x 10-9 Ω-1m-1 at 6 vol. % of TiN to 3.6 x 103 Ω-1m-1 at 24 vol. 

% of TiN. These experimental results showed that the Si3N4/TiN composites prepared 

from the pre-reacted powders had a good electrical conductivity. The percolation 

threshold for the electrical conductivity of these composites was obtained at 12 vol. 

% of TiN content (Figure 43), which is two times lower than in the case of 

composites prepared using a conventional composite method from mechanically 

mixed powders15.  

 
 

Figure 43: Change in electrical conductivity of Si3N4/TiN composites with the TiN content. 

 

 
The electrical conductivity of the composite containing 24 vol. % of TiN (Figure 43) 

was 3.6 x 103 Ω-1m-1, higher by a factor of 4 than in the case of the composites 

prepared by Gao et al.32 and sintered by HP, and lower, by a one order of 

magnitude, than in the case of the ones fabricated by Kawano et al.77 that were 

sintered by SPS and contained the same amount of TiN. This can be explained by the 

formation of an electrically conductive network of the TiN phase within the Si3N4 

matrix and the distribution of TiN. This composite prepared from the pre-reacted 

powder (Figure 25, presented on page 47) have a high electroconductivity, making it 

suitable for the production of heating elements.  
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4.2.6  A simple theoretical percolation-threshold model 

 
 
A simple model of the percolation threshold in the case of small conducting grains, as 

compared to anisotropic insulating grains, was performed in order to explain the 

experimental facts of the sintered Si3N4/TiN composites including the proper TiN 

content for percolation threshold of electrical conductivity and the size of TiN 

particles. The simple theoretical percolation-threshold model is thoroughly described 

in an appendix (page 142). The volume fraction of the conducting phase (percolation 

threshold) as a function of the particle size (diameter) of the conductive particles, 

shown in Figure 44, was calculated using our proposed simple theoretical 

percolation-threshold model. The volume fraction of the conducting phase as a 

function of the particle size of the conductive phase varies with the aspect ratios of 

the insulating ellipsoids. In our model the aspect ratio of the insulating ellipsoids 

varies regarding 2a axis from 0.6 m to 1.4 m and regarding 2c axis from 4 m to 

10 m, as presented in Figure 44.  

 
Figure 44: Calculated percolation threshold for the proposed model in the Si3N4/TiN system 

considering various aspect ratios of the insulating ellipsoids as a function of the diameter of the 

conductive particles. 

 
 
It can be seen that the percolation threshold for electrical conductivity is much 
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dependent on the size distribution of conductive particles between insulating, 

nonconductive grains. Figure 44 indicates that with an increase of the particle size of 

the conductive particles, the percolation threshold increases as well. Furthermore, 

the percolation threshold decreases with the lowering of the aspect ratio of the 

insulating ellipsoids at the defined particle size of the conductive phase. In order to 

do so, the following parameters were used: the aspect ratio of the elongated β-Si3N4 

grains in the Si3N4/TiN composites was estimated from the SEM micrographs and was 

5, and the experimental percolation threshold of this system was 12 vol. % of the 

TiN content. These experimental values were plotted in the graph presented in Figure 

44 (see the arrow points). The result of our model indicates that by considering this 

percolation threshold value and aspect ratio of the insulating grains, the particle size 

of the TiN is 110 nm, as denoted with the arrow points in the Figure 44. The size of 

the TiN particles in our sample was confirmed by the geometrically evaluated size 

distribution of the TiN particles from the 2D SEM micrograph (Figure 45) and TEM 

images (Figures 46 & 47) of the Si3N4/TiN composite, which initially contained 30 vol. 

% of TiO2 in the starting composition. Figure 45 shows that this composite exhibits a 

wide size distribution of the TiN particles, where most of these particles have an 

average particle size from 83 nm to 187 nm.   

 
Figure 45: Evaluated number of TiN particles in the Si3N4/TiN composite containing 30 vol. % of 

TiO2 in the starting composition versus their size distribution.  

 
 
 

The nanosized TiN particles are also visible from the TEM analysis of this composite 
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shown in Figures 46 & 47. Figure 46 shows that the TiN particles can be present in 

between Si3N4 particles or are incorporated within the Si3N4 particles. It is completely 

reasonable that if the TiN particles are incorporated within the Si3N4 particles their 

nanometric size will be preserved. This indicates that the nanosized TiN particles 

remain spherical, whereas the larger ones obtain an irregular form due to the grain 

growth and the aggregation of the TiN during sintering. All the denoted phases in 

Figure 46 were confirmed by EDXS. 
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Figure 46: TEM micrograph of the Si3N4/TiN composite containing 30 vol. % of TiO2 in the starting 

composition after sintering at 1850 °C for 2 h in N2. 

 
 

The nanosized TiN particles were found in the contact where the grain boundary 

between the Si3N4 grains is present, as displayed in Figure 47. Their particle size is 

very small − around 100 nm. This means that the particle size of the TiN with regard 

to the 2D SEM micrograph and the TEM image of the composite, which initially 

contained 30 vol. % of TiO2 in the starting composition, is in good agreement with 

the results of the simple theoretical percolation-threshold model. Their existence of 

the nanosized TiN particles was confirmed by the EDXS analysis presented in Figure 

48 a. The EDXS spectrum of the analyzed nanometric particle, displayed in Figure 48 

a, (see the arrow denoted as EDXS A in Figure 47) shows the signals of Ti and N 

containing a trace of Si, which comes from the vicinity since the TiN is surrounded by 

Si3N4. Moreover, the transient liquid phase, shown in Figure 47 (see the arrow 
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denoted as EDXS B) was analyzed at a triple point. The EDXS spectrum, displayed in 

Figure 48 b, shows strong signals of O, Si and Y, and weak signals of Al, Ti and N. 

The formation of a transient liquid phase during cooling from the sintering 

temperature should be described with Equation 1: 

 

 α-Si3N4 + SiO2 + MXOY → β-Si3N4 + M-Si-O-N phase   
 
 

 
 
Figure 47: TEM image of the sintered Si3N4/TiN composite containing 30 vol. % of TiO2 in the 

starting composition. 
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a) b) 
 
Figure 48: EDXS analysis of the sintered Si3N4/TiN composite with 30 vol. % of TiO2 detected as 

shown in the previous figure: a) EDXS A and b) EDXS B. 

 
 

4.3  Si3N4/ZrN composites  

 

4.3.1  Coating of the Si3N4 powder 

 
Preparation of the ZrO2-coated Si3N4 powders 

 

The ZrO2-coated Si3N4 powders containing 10, 20, 25, 30 and 35 vol. % of ZrO2 

nanoparticles in the starting powder mixture were prepared by an in-situ gel 

precipitation. The zirconia hydroxides (Zr(OH)4) were precipitated on the surface of 

the Si3N4 powder using a zirconium acetate suspension and ammonia. After the 

precipitation, the powders were dried at 80 °C and subsequently calcined at 600 °C 

to transform the Zr(OH)4 to crystalline ZrO2. 

In order to determine the appropriate experimental conditions, for effective 

precipitation of ZrO2 the precipitation at various pH values was performed and the 

structure after calcinations was verified by XRD. Figure 49 shows the XRD spectrum 

of the calcined ZrO2-coated Si3N4 powder containing 10 vol. % of ZrO2 precipitated at 

various pH values. From this XRD analysis it is impossible to distinguish between a 

cubic and tetragonal crystal structure of ZrO2. Since it was later confirmed by the 

SAED analysis that the crystal structure of these particles is cubic ZrO2, the intensity 

of the ZrO2 (111) cubic peak at 2 θ = 30.126° was compared for samples 
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precipitated at various pH values. The results demonstrated that the precipitation of 

the ZrO2 starts already at pH 4.5. This was also shown by Marinšek et al.161 and 

Wang el al.162, who synthesized ZrO2 nanoparticles from sol-gel by using ZrCl4 and 

NH3. Further increasing of the pH leads to an increase in the intensity of the ZrO2 

peak and reaches a maximum at pH 7.0 (Figure 49). After this pH the intensity of 

the ZrO2 does not change any more (slightly decreases), which indicates that at pH 

7.0 the precipitation of ZrO2 is finished. 
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Figure 49: XRD spectrum of the calcined ZrO2-coated Si3N4 powder containing 10 vol. % of ZrO2 

analysed in the 2 θ range from 29.5 to 30.5 ° precipitated at different pH values. 

 
 

Therefore, we used this pH for the coating procedure. Figure 50 indicates the x-ray 

diffraction pattern of the ZrO2-coated Si3N4 powders containing various amounts of 

ZrO2 in the starting composition after the calcinations at 600 °C. It is clear that with 

an increasing ZrO2 content in Si3N4 powder mixture the intensity of the ZrO2 peaks 

increases as well.  
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Figure 50: X-ray diffraction pattern of coated powders after the calcinations at 600 °C for 2 h in 

air containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of ZrO2. 

 
 

The amount of ZrO2 was quantitatively determined from the x-ray diffraction 

patterns of coated powders using Rietveld analysis (Table 11). The quantitative 

analysis showed that the determined amount of ZrO2 in the Si3N4 powders is 

somewhat lower compared to the amount of ZrO2 in the starting composition. The 

samples that initially contain larger amounts of ZrO2 (in the starting powder 

mixtures) exhibit a higher deviation of the ZrO2 content determined from the 

Rietveld analysis of the XRD spectrum of the coated powders. This indicates that 

some of the zirconium acetate in the Si3N4 aqueous suspension probably remained 

unreacted and was subsequently removed during filtration from the mother solution.  
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Table 11: Quantitative-phase composition of ZrO2-coated Si3N4 powders after calcinations using a 

Rietveld analysis 

 

Starting composition                       Composition after calcination 

Coated Si3N4 powder                         Rietveld refinement (vol. %)  

        ZrO2 (vol. %)                               Si3N4                ZrO2                 
        10                                                92                   8                   
        20                                                84                   16                   
        25                                                80                   20                  
        30                                                73                   27                    
        35                                                69                   31                  
 

 

The morphology of the ZrO2-coated Si3N4 powders containing various amounts of 
ZrO2 in the starting composition, as observed with the TEM, is shown in  
Figure 51. From the figures it can be seen that the surface of the Si3N4 is completely 

covered with ZrO2 nanoparticles. Their size distribution is relatively uniform with the 

average size of 6 nm. The average particle size of ZrO2 particles was also determined 

from the XRD spectra of coated powders using a Scherrer equation. The results 

revealed that the ZrO2 particles have an average particle size of 10 nm, which is 

comparable to the geometrically determined size from TEM micrographs.  

It can be seen that with an increasing amount of ZrO2 in the starting powder mixture 
the coating on the surface of the Si3N4 is thicker. Furthermore, some of the 
nanosized ZrO2 particles in the coated powders containing larger amounts of ZrO2 
(Figures 51 c, d & e) seem to be a little bit larger than the samples that initially 
contain 10 and 20 vol. % of ZrO2 in the starting composition. As a matter of fact, a 
larger amount of ZrO2 nanoparticles can cause an agglomeration of these small 
particles to form larger clusters onto the Si3N4 particles. The structure of ZrO2 was 
confirmed with the SAED. The simulation of a cubic and tetragonal-polycrystalline 
ZrO2 electron-diffraction pattern shown on the left-hand side of the SAED images ( 
Figure 51 e) was compared to the experimental SAED of the coated powder 

containing 35 vol. % of ZrO2 in the starting composition. The results revealed that 

the simulation of a cubic-polycrystalline ZrO2 electron-diffraction pattern corresponds 

well to the experimental electron diffraction. From these results it can be concluded 

that an in-situ gel precipitation of Zr(OH)4 followed by a thermal treatment resulted 

in the formation of the cubic ZrO2 nanoparticles with a size of 10 nm on the surface 

of the Si3N4 particles.  
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Figure 51: TEM analyses of ZrO2-coated Si3N4 powders after the calcinations at 600 °C for 2 h in 

air containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of ZrO2. In Figure 51 e the 

polycrystalline electron-diffraction pattern is inserted, where the calculated electron diffraction of 

the cubic (Fm3m) and tetragonal (P42/nmc) ZrO2 is compared to the experimental SAED. 

 

This finding is in agreement with some literature data found about the synthesis of 

ZrO2 nanoparticles prepared from different inorganic precursors in which cubic or 
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tetragonal crystal structure of ZrO2 is reported after the calcinations at 500 °C.163,164 

In our investigation the cubic ZrO2 was confirmed with the SAED analyses of the 

calcined ZrO2-coated Si3N4 powders. It was reported that the structure of the ZrO2 

nanoparticles depends on the synthesis conditions and the crystal size of the 

polymorphs. The high temperature form can exist at room temperature if the zirconia 

is prepared either by precipitation from alkaline aqueous solution or by calcining a 

salt such as the chloride or nitride at low temperatures.165 One report suggests that 

the ultrafine, undoped ZrO2 particles are cubic for sizes of above 4 nm and 

tetragonal for sizes between 20 and 60 nm.166 Thus, the cubic structure of ZrO2 is 

the most stable in the case when a particle size from 4 to 10 nm is attained, as in 

our case.  

 

 

Preparation of the ZrN-coated Si3N4 powders 

 

To confirm the reaction of ZrO2 particles with the Si3N4 powder leading to the 

formation of ZrN, the ZrO2-coated Si3N4 powders containing 10 and 20 vol. % of 

ZrO2 (in the starting composition) were heat treated at 1600 °C for 2 h in nitrogen. 

Subsequent XRD analysis showed that the reaction between ZrO2 and Si3N4, 

according to reaction 18 (presented on page 29) was not completed if the ZrO2-

coated Si3N4 powder contained 20 vol. % of ZrO2 particles. This is demonstrated in 

Figure 52, where the conversion of ZrO2 to ZrN is complete as the coated powder 

contains 10 vol. % of ZrO2. For the larger amount (20 vol. %) of ZrO2 in the starting 

composition both ZrO2 and ZrN (cubic) particles were detected in the Si3N4 powder. 

Also in this case the structure of the cubic and tetragonal ZrO2 cannot be 

distinguished, as shown in Figure 52. Even when the heat treatment of this coated 

powder was prolonged to 6 h, keeping the same temperature, the reaction between 

ZrO2 and Si3N4 leading to the formation of ZrN was incomplete. It can be seen that 

by prolonging the heat treatment at 1600 °C in N2 the intensity of the ZrO2 was 

significantly reduced (Figure 52). This is in accordance with Weiss et al.127, who 

demonstrated that the prolonged time and raising the temperature of the heat 

treatment lead to the complete conversion of ZrO2 to ZrN. 

The TEM analysis of the ZrO2-coated Si3N4 powders after the heat treatment at 1600 

°C for 2 h in N2 is presented in Figure 53. The SAED analysis of the coated Si3N4 

powder that initially contained 10 vol. % of ZrO2, as shown in Figure 53 a, revealed 

the presence of ZrN particles with the cubic-crystal structure, implying that during 

the heat treatment the nanosized ZrO2 particles reacted with Si3N4 to form larger 

ZrN particles.  
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Figure 52: X-ray diffraction pattern of coated powders containing: a) 10 and b) 20 vol. % of ZrO2 

in the starting-powder mixture after the thermal treatment at 1600 °C for 2 h and 6 h in flowing 

N2. 

 
 

For the larger amount (20 vol. %) of ZrO2 in the starting composition, however, 
both ZrO2 and ZrN particles were observed on the surface of the Si3N4 (Figure 53 b). 
An attempt to distinguish whether the crystal structure of ZrO2 remains as cubic or 
transforms into a tetragonal using SAED failed because the difference in the distance 
between the crystal planes of the two phases is too small. Furthermore, it is 
important to consider that in the case of the polycrystalline electron-diffraction 
pattern of ZrO2 ( 
Figure 51 e) it is possible to distinguish both phases due to the presence of the 

reflections of all planes in the same pattern and due to the different intensity of 

those reflections. However, in the case of the electron-diffraction of a ZrO2 single 

crystal the difference in the intensity is difficult to compare, since only a few of the 

defined planes have a visible reflection on the individual diffraction pattern. 

The average size distribution of ZrN (Figure 53) and ZrO2 (Figure 53 b) nanoparticles 

was geometrically determined from 5 TEM micrographs of both coated powders. 

From each image at least 10 ZrN and 10 ZrO2 particles were measured. The result 

revealed that the average particle size of ZrN and ZrO2 is 40 nm and 50 nm, 

respectively.  
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Figure 53: TEM images of ZrO2-coated Si3N4 powders after a thermal treatment at 1600 °C for 2 h 

in flowing N2 containing: a) 10 and b) 20 vol. % of ZrO2 in the starting powder mixture.  
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In addition, the average particle size of these particles was also determined from the 

x-ray diffraction pattern of both coated powders using a Scherrer equation. The 

particle size analysis showed that an average particle size of ZrN is 37 nm and for 

ZrO2 is 31 nm. From that it can be concluded that the geometrically determined 

particle size from TEM micrographs can result in a larger deviation. The examination 

of coated powder with 20 vol. % of ZrO2 in the starting composition show that during 

the thermal treatment cubic ZrO2 particles that had not reacted with the Si3N4 grew 

in size. An exaggerated grain growth of ZrO2 particles on the Al2O3 powder surface 

has been reported by Schneider et al.167 Based on the fact, that neither ZrO2 nor 

Al2O3 particles are not perfectly spherical, the change in diffusion coefficients in ZrO2 

drops occurred due to the various curvatures of particles. Tendency to a decrease of 

the overall system's energy presents a driving force, whereas the difference of the 

diffusion coefficients can be demonstrated by a migration mechanism167 of the ZrO2 

particles on Al2O3 powder surface until they reach a stabile position. According to this 

explanation, the nano-sized ZrO2 particles in our system most probably grew 

because of particle coalescence during thermal treatment to form larger clusters.168 

 

The reason for the incomplete reaction of ZrO2 to ZrN was found to be in the silicon-

monoxide partial pressure88, which forms during the reaction between ZrO2 and Si3N4 

(reaction 18, shown on page 29). The formation of SiO can influence the reaction of 

ZrO2 with Si3N4 because of the silicon-monoxide partial pressure that builds up in the 

powder mixture or in the powder compact. The equilibrium partial pressure of the 

gas phase is related to the free-energy change by Equation 2788 under the 

assumption that p(N2) is a unity.  

 

)ln( 12/5

2NSiO ppRTG 
                                                                                                     (27) 

   

Thus, reaction 18 (shown on page 29) will only proceed until the equilibrium partial 

pressure of SiO is reached. This reaction was studied by Trigg et al.88 in order to 

explain an influence of the silicon-monoxide partial pressure in the Si-Zr-O-N system 

on the formation of ZrN at various temperatures, as shown in Figure 54. It can be 

seen that the equilibrium partial pressure of silicon-monoxide strongly depends on 

the temperature at which the reaction between ZrO2 and Si3N4 takes place. 

Therefore, the equilibrium partial pressure of silicon-monoxide at 1400 K would be 4 

x 10-7 MPa, whereas at 2000 K it would rise to 1 x 10-1 MPa. This indicates that at 

higher temperatures the reaction 18 is heavily controlled by the presence of the SiO 

in the system. The reaction rate would therefore be dependent on the rate of SiO 
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removal from the system. Because of that fact, the ZrO2-coated Si3N4 powders 

containing 20, 25, 30 and 35 vol. % of ZrO2 in the starting composition were heat 

treated at 1600 °C for 3 h in flowing nitrogen at low-pressure (
2NP = 0.4 atm). This 

atmosphere was used in order to remove the forming gaseous SiO from the system, 

so that the conversion of ZrO2 to ZrN could be completed. 
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Figure 54: Free-energy change vs. temperature for reaction 18. SiO partial pressures are shown 

to enable the feasability above the reaction to be expressed in dependence of pSiO.88 

 
 
The results of the XRD analysis for these coated powders, as shown in Figure 55, 

clearly show that no ZrO2 peaks could be detected, indicating that the reaction 

between ZrO2 and Si3N4 was indeed completed. Furthermore, it can be seen that by 

increasing the amount of ZrO2 in the starting powder mixture, the intensities of the 

ZrN peaks increase, while the intensities of the Si3N4 peaks decrease.  
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Figure 55: XRD analysis of ZrO2-coated Si3N4 powders  after thermal treatment at 1600 °C for 3 h 

in flowing nitrogen at low-pressure containing: b) 20, c) 25, d) 30 and e) 35 vol. % of ZrO2 in the 

starting composition. 

 
 
The amount of ZrN in the ZrN-coated Si3N4 powders was quantitatively determined 

from the x-ray diffraction patterns of the heat treated ZrO2-coated Si3N4 powders at 

1600 °C for 3 h in flowing nitrogen at low-pressure and was calculated by the 

proposed chemical reaction between ZrO2 and Si3N4 (reaction 18, shown on page 

29), as presented in Figure 56. On the x axis the determined amount of ZrO2 (Table 

11) from the x-ray diffraction patterns of the calcined coated powders containing 

various amounts of ZrO2 in the starting composition are presented. For the 

calculation of the ZrN content in the heat-treated coated powders, the mass balance 

of the starting materials was considered in relation to reaction 18. Figure 56 shows 

that the determined ZrN content in the Si3N4 powders from the XRD spectra of the 

heat-treated coated powders are in good agreement with the calculated ZrN content 

using the proposed chemical reaction. Furthermore, it can be seen that with 

increasing ZrO2 in the starting composition leads to a larger ZrN content in the ZrN-

coated Si3N4 powders (Figure 56). 
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Figure 56: Amount of ZrN in ZrN-coated Si3N4 powder versus the amount of ZrO2 in the starting 

powder mixture (using Rietveld analysis and chemical reaction). 

 
 

The TEM analysis of heat-treated ZrO2-coated Si3N4 powders at 1600 °C for 3 h in 

flowing nitrogen at low-pressure containing various amounts of ZrO2 (in the starting 

powder mixture), as displayed in Figure 57, shows that on the surface of Si3N4 small 

ZrN particles can be observed. TEM observations confirmed the results of XRD 

analysis (Figure 55) that due to an increase in the ZrO2 content in the starting 

powder mixture, a larger amount of the ZrN nanoparticles is present on the Si3N4 

powder. During the heat treatment and a chemical reaction between the ZrO2 

particles and the Si3N4 powder surface, the ZrN grew into larger particles with a 

average size distribution ranging from 40 nm to 60 nm. This average size of ZrN was 

geometrically defined from 5 TEM micrographs of each coated powder shown in 

Figure 57 and in each sample at least 10 ZrN particles were measured. The similar 

average particle size of ZrN particles was also confirmed from the XRD spectra of 

coated powders using a Scherrer equation. The results revealed that the ZrN 

particles with the size of 30 nm are present on the Si3N4 powder. Their nanometric 

size is more specifically visible in Figure 58. 
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Figure 57: TEM micrographs of ZrO2-coated Si3N4 powders after thermal treatment at 1600 °C for 

3 h in flowing nitrogen at low-pressure containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % ZrO2 

in the starting composition. 

 
 
After the heat treatment at 1600 °C, the surface coverage of Si3N4 particles with the 

nanosized ZrN particles (Figure 57) is not so perfect as in the case of the nitrided 

TiN-coated Si3N4 powders, shown in Figure 36 (presented on page 64). The reason 
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for this is different reaction mechanism and the much higher temperature, i.e., 1600 

°C, for the formation of ZrN compared to the nitridation temperature (900 °C) for 

the formation of TiN. From Figure 57 it is seen that after the heat treatment the ZrN 

particles have grown larger and thus prevent a connection between the 

nanoparticles. Moreover, it was calculated that during the heat treatment the 

accompanying volume shrinkage of the conversion of ZrO2 to ZrN was 27 % due to a 

higher theoretical density of ZrN compared to ZrO2. It should be mentioned, that 

there is no literature on the preparation of Si3N4 powder coated by ZrN nanoparticles, 

prepared by an in-situ reaction of ZrO2 nanoparticles with Si3N4 except for only our 

preliminary research169, for the coating the surface of the Si3N4 powder with ZrN 

nanoparticles produced by using a zirconium acetate with urea as the precipitating 

agent, followed by a reaction between ZrO2 and Si3N4 above 1600 °C in N2. However, 

Fu et al.116 showed that the ZrN nanoparticles can be synthesized by a reduction-

nitridation of the nanosized ZrO2 powder at 1000 °C in the NH3 gas with Mg as a 

reducing agent. Even in this case the particles have grown to a larger size of 50 nm, 

which is comparable to our particle size of the ZrN particles, displayed in Figure 58, 

prepared by an in-situ reaction of the ZrO2 nanoparticles with Si3N4. 

 
 

 
 
Figure 58: TEM micrograph of the ZrO2-coated Si3N4 powder, initially containing 30 vol. % of ZrO2 

in the starting composition, after thermal treatment at 1600 °C for 3 h in flowing nitrogen at low-

pressure. 
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4.3.2  Thermodynamic calculations of the chemical reactions for 
the formation of ZrN 

 
 
The Gibbs free-energy change for the chemical reactions between ZrO2 and Si3N4 to 

form ZrN (reactions 18 & 19, presented on page 29), calculated by using the 

available thermodynamic data170, are plotted as a function of temperature in Figure 

59. Due to the fact that Si2N2O phase was never detected by an XRD or TEM 

analyses, reaction 20 (shown on page 29) was not considered as possible. A 

comparison of reactions 18 & 19 reveals that the formation of ZrN from the reaction 

between ZrO2 and Si3N4 is associated with a larger ΔG of reaction 18, due to the 

formation of SiO and N2 gaseous species. Thus, above 1200 K reaction 18 is 

thermodynamically more favourable than reaction 19. Figure 59 demonstrates that 

the formation of ZrN by reaction 18 can occur at 1873 K where the ΔG is negative, 

whereas reaction 19 becomes energetically favourable at above 2460 K. The 

calculated ΔGs of reaction 18 at 1873 K and of reaction 19 at 2500 K are in 

agreement with the ΔGs of these reactions calculated at the same temperatures, as 

presented in Weiss's124 work.  

 
Figure 59: Calculated Gibbs free energy of reactions 18 and 19 as a function of temperature. 
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4.3.3  Sintering by using pre-reacted powder 

 

4.3.3.1  Microstructure and phase analysis of the sintered composites 

 
To fabricate the Si3N4/ZrN composites, the ZrN-coated Si3N4 powders containing 

various amounts of ZrO2 in the starting composition were mixed together with yttria 

and alumina additives, pressed and sintered at 1850 °C for 2 h in flowing N2 (Figure 

26 a, shown on page 49). The cross-section microstructures of the sintered 

composites containing various amounts of ZrO2 in the starting composition shown on 

the left-hand side of Figure 60, indicating that all samples are homogeneous and 

fairly dense with uniformly distributed pores. The microstructures of the polished 

surfaces of the sintered composites that initially contained various amounts of ZrO2 

in the starting composition are displayed on the right-hand side of Figure 60. Shape 

and size distribution of bright ZrN particles are relatively homogeneously dispersed in 

between grey β-Si3N4 grains. During sintering in the presence of a liquid phase, the 

ZrN grains coarsened and because of that the particle size grew to approximately 

0.54 m. SEM images indicate that these composites have a relatively broad size 

distribution of ZrN particles ranging from 0.15 m to 1.0 m. This can be attributed 

to the aggregation of ZrN particles during sintering, especially when the samples 

contained larger amounts of ZrO2 in the starting powder mixture, as visible in the 

Figures 60 d & e. 

Apart from our preliminary report169 there is no literature reporting on the 

preparation of Si3N4-ZrN composites from Si3N4 powder coated with ZrN 

nanoparticles, prepared by an in-situ reaction of ZrO2 nanoparticles with Si3N4. In 

contrast, there are several literature reports dealing with these composites fabricated 

with the conventional composite method starting from mechanically mixed Si3N4 and 

ZrN powders118, by mixing carbon black and zircon powders followed by a 

carbothermal-nitridation process123 or by a reaction59 between ZrSi2 and N2 during 

reaction sintering. In these reports the Si3N4-ZrN composites exhibited an even 

larger ZrN particle size, i.e., > 5 m, which is much larger than the size of our 

composites prepared by an in-situ reaction of ZrO2 nanoparticles with Si3N4.  



Results and discussion 95
 

 

  

a) CS a) IP 

  

b) CS b) IP 

  

c) CS 
 
 
 
 

 
 
 
 

c) IP 



96 Results and discussion
 

 

  

d) CS d) IP 

  

e) CS e) IP 
 
Figure 60: Microstructures of Si3N4/ZrN composites sintered at 1850 °C for 2 h in N2 from pre-

reacted powder containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of ZrO2 in the starting 

compositions (cross-section images of samples are referred to as CS and the internal-part images 

as IP). 

 
 
SEM images of the sintered samples, initially containing 25 and 35 vol. % of ZrO2 in 

the starting powder-mixture, shown in Figure 61, demonstrate that the ZrN grains 

have irregular shapes, which implies that at least some of the ZrN grains grew from 

the liquid during cooling. Furthermore, from the SEM micrographs it can be seen that 

at larger amounts (35 vol. %) of ZrO2 (in the starting composition), the ZrN particles 

are much larger than the particles in the sample that contains 25 vol. % of ZrO2. 

This indicates that when a sample is prepared from a mixture containing larger 

amount of ZrO2 in the starting composition the ZrN particles tend to aggregate 

forming larger ones, as shown in Figure 61 a. At this magnification, a brighter, 

transient liquid phase in between the grey β-Si3N4 grains and the white, irregular ZrN 
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particles can be seen.  
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Figure 61: SEM images, at a higher magnification, of sintered Si3N4/ZrN composites at 1850 °C for 

2 h in N2 produced from pre-reacted powders which initially contained: a) 25 and b) 35 vol. % of 

ZrO2 in the starting powder mixtures. 

 
 
XRD analysis of the sintered Si3N4-ZrN composites containing various amounts of 

ZrO2 in the starting powder mixture (Figure 62) confirmed the presence of the cubic 

ZrN coexisting with β-Si3N4. Besides, with increasing amount of ZrO2 in the starting 

composition the intensity of the ZrN peaks increases and at the same time the 

intensity of Si3N4 decreases. This is due to the reaction between ZrO2 and Si3N4 

(reaction 18, presented on page 29), by which ZrN is formed. A larger amount of 

ZrO2 in the starting composition causes a larger amount of Si3N4 to be reacted due to 

the reaction 18, resulting in an increase of ZrN and a decrease of the Si3N4 intensity.  
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Figure 62: X-ray difraction patterns of Si3N4/ZrN composites sintered at 1850 °C for 2 h in N2 

from pre-reacted powders containing: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of ZrO2 in the 

starting composition. 

 
 
The XRD analysis of the sintered samples containing various amounts of ZrO2 was 

repeated after a 300 m thick surface layer was removed. Results in Figure 63 

revealed similar patterns as that obtained from as-sintered samples shown in Figure 

62, confirming that these composites are homogeneous.  

However, a further investigation revealed that the structure of ZrN in the XRD profile 

is slightly shifted in all the sintered composites containing various amounts of ZrO2 in 

the starting composition. In order to demonstrate this detection, the enlarged XRD 

profile of ZrN (001) peak at 2 θ range from 32 to 34.5 ° is shown for the sample 

containing 35 vol. % of ZrO2 in the starting powder mixture (Figure 64). Results 

revealed that at 2 θ = 33.49° the ZrN (001) peak is slightly shifted to the right. This 

indicates that the lattice constant of ZrN (ao) was reduced, which strongly implies 

that during sintering some oxygen was incorporated into the crystal structure of the 

ZrN, resulting in a reduced lattice constant. However, since this phenomenon was 

not observed in the ZrO2-coated Si3N4 powders containing various amounts of ZrO2 

in the starting composition after the calcinations at 1600 °C in flowing nitrogen at 

low-pressure (Figure 55, shown on page 89), it is believed that the oxygen was 

incorporated from a transient liquid phase.  
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Figure 63: XRD analysis of sintered Si3N4/ZrN composites from pre-reacted powders which initially 

contained: a) 10, b) 20, c) 25, d) 30 and e) 35 vol. % of ZrO2 in the starting composition after the 

surface (300 m) was removed. 

 

 

 
Figure 64: XRD spectrum of a sintered Si3N4/ZrN composite containing 35 vol. % of ZrO2 (in the 

starting composition) analysed in the 2 θ range from 32 to 34.5 °. 
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4.3.3.2  Quantitative-phase analysis of ZrN in the final composites 

 

The amounts of ZrN in the sintered Si3N4/ZrN composites that initially contain 

various amounts of ZrO2 in the starting composition were quantitatively determined 

from the XRD spectra of the sintered composites using a Rietveld analysis, shown in 

Table 12. The results of this analysis indicate that the determined amounts of ZrN 

from the x-ray diffraction paterns of sintered composites, shown in Table 12, are in 

good agreement with the determined ZrN contents from the XRD spectra of ZrN-

coated Si3N4 powders containing various amounts of ZrO2 in the starting composition 

(Figure 56, presented on page 90). Furthermore, the determined ZrN amounts, 

presented in Table 12, correspond (± 2 vol. %) to the calculated ZrN contents (Figure 

56) that were obtained according to the reaction 18 (presented on page 29).  

 

Table 12: Quantitative-phase composition of Si3N4/ZrN composites containing various amounts of 

ZrO2 in the starting composition verified by a Rietveld analysis 

 
 

Starting composition                    Composition after sintering in Si3N4/ZrN composite 

Coated Si3N4 powder                    Rietveld refinement (vol. %)  

     ZrO2 (vol. %)                            Si3N4            ZrN           YAG (Y2O3 + Al2O3)                
     10                                            89                6               5                  
     20                                            80                15             5                   
     25                                            71                25             4                  
     30                                            61                35             4                    
     35                                            54                43             3                  

 
 
For all further investigations the calculated amounts of ZrN (Figure 56) according to 

reaction 18 was used in the next plotted graphs.  

 

4.3.3.3  Influence of the amount of conductive phase of the Si3N4/ZrN 

composites on the density, flexural strength and electrical 

conductivity 

 

Figure 65 shows the influence of the amount of ZrN present in the sintered Si3N4/ZrN 

composites on the relative density and flexural strength. It can be seen that both the 

relative density and flexural strength decrease with increasing ZrN content in the 

final composites. The Si3N4/ZrN composite, that initially contained 7 vol. % of ZrN, 

exhibited the highest relative density of 97 % with the flexural strength of 600 MPa. 
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Larger amount of ZrN leads to a decrease in the relative density and consequently, in 

a decrease in the flexural strength. With a 47 vol. % of ZrN in the composite a 

relative density of 90 % and a flexural strength of only 350 MPa were obtained. From 

this it can be concluded that an increase in the ZrN content leads to poor sinterability 

of the system and thereby exhibiting relatively low density and flexural strength. 

Furthermore, we have to consider that with increasing ZrN content in the sample the 

amount of Si3N4 becomes lower, which eventually results in the poor sinterability of 

the system. 

 
Figure 65: Change in the relative density and flexural strength of Si3N4/ZrN composites with 

various ZrN contents sintered at 1850 °C for 2 h in N2. 

 

 

The electrical conductivity of the Si3N4/ZrN composites is displayed in Figure 66 as a 

function of the ZrN content. We can see that electrical conductivity of the sintered 

composites increases sharply from 1.4 x 10-6 Ω-1m-1 at 7 vol. % of ZrN to 0.6 Ω-1m-1 

at 22 vol. % of ZrN and then slowly reaches a maximum at 85 Ω-1m-1 for 47 vol. % of 

ZrN.  

By comparing these values with the results of the electrical conductivity of Si3N4/TiN 

composites, shown in Figure 43 (shown on page 74), it can be seen that the curve of 

the electrical conductivity of the Si3N4/ZrN composites with a ZrN content above 22 

vol. % is not as sharp as in the case of the Si3N4/TiN composites. This was explained 

by the XRD analysis of the sintered samples (Figure 64), where it was shown that 

the ZrN peaks are slightly shifted, suggesting that the ZrN particles contain a small 
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amount of oxygen. From this it can be assumed that during sintering in a liquid 

phase the oxygen incorporates into the ZrN results in a lower electrical 

conductivity.171 

Moreover, Figure 66 indicates that the percolation threshold for the electrical 

conductivity of the Si3N4/ZrN composites prepared from pre-reacted powders was 

obtained at 16 vol. % of the ZrN content, which is almost two times lower than in 

the case of the composites prepared with the conventional composite method using 

mechanically mixed powders15.  

The main difference between our Si3N4/ZrN composites prepared from pre-reacted 

powders and those fabricated with the one of the conventional methods starting from 

the mechanically mixed Si3N4 and ZrN powders118, by mixing carbon black and zircon 

powders followed by the carbothermal-nitridation process123 or by a reaction59 

between ZrSi2 and N2 during sintering is that a much lower percolation threshold for 

the electrical conductivity can be obtained in our composites, because the ZrN 

particles with a relatively small size distribution are well dispersed within the matrix 

phase. Furthermore, the Si3N4/ZrN composites prepared from the ZrN-coated Si3N4 

powders can be explored in a novel approach for preparing electrically conductive 

ceramic composites, provided that oxygen will not be traped into the lattice.  

 
Figure 66: Change in the electrical conductivity of Si3N4/ZrN composites with the ZrN contents. 
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4.3.3.4  A simple theoretical percolation-threshold model 

 
Here again, a simple model of the percolation threshold in the case of small 

conducting grains compared to anisotropic insulating grains was used to interpret the 

results of electrical conductivity of the Si3N4/ZrN composites. According to the 

proposed simple theoretical percolation-threshold model, shown in Figure 80 (see 

page 143), the volume fraction of the conductive phase (percolation threshold) as a 

function of the particle size (diameter) of the conductive phase, presented in Figure 

67, was calculated using Equation 29 (presented on page 144). It can be seen that 

the percolation threshold as a function of the diameter of the conductive particles 

varies with the aspect ratio of the insulating ellipsoids. In this system the aspect 

ratio of the insulating ellipsoids varied with regard to the 2a axis from 0.6 m to 1.4 

m and with regard to the 2c axis from 4 m to 10 m, as shown in Figure 67. The 

percolation threshold for the electrical conductivity of the ceramic composites 

predominantly depends on the particle shape and size, the volume fraction and the 

spatial arrangement of the conductive particles. Our proposed model demonstrates 

that by increasing the particle size of the conductive particles, the percolation 

threshold increases as well. In addition, the percolation threshold decreases with a 

lower aspect ratio of insulating ellipsoids at the defined particle size of the conductive 

phase (Figure 67). In order to do so, the following parameters were considered: the 

aspect ratio of elongated β-Si3N4 grains (insulating ellipsoids) from the SEM images 

of the Si3N4/ZrN composites was found to be 5; and the experimental percolation 

threshold of 16 vol. % of the ZrN content was used for this system. These two 

experimental values were plotted on the graph presented in Figure 67 (see the arrow 

points). According to this model, the particle size of the conductive particles at the 

experimental percolation threshold (see the arrow points) was found to be 155 nm. 
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Figure 67: Calculated percolation threshold for the proposed model of the Si3N4/ZrN system 

considering various aspect ratios of insulating ellipsoids as a function of the diameter of the 

conductive particles. 

 
 

In order to confirm the presence of ZrN particles with this particle size, the size 

distribution of the ZrN particles was evaluated from the 2D SEM micrograph (Figure 

68) and the TEM image (Figures 69 & 70) of the Si3N4/ZrN composite, which initially 

contained 25 vol. % of ZrO2 in the starting composition. The evaluated size 

distribution of the ZrN particles from the 2D SEM micrograph of this sample, shown 

in Figure 68, indicates that the composite exhibits a relatively wide size distribution 

of these particles. In addition, it can be seen that most of the ZrN particles in the 

composite have an average particle size from 157 nm to 185 nm. Besides these 

small particles, a few larger ZrN particles were found having a particle size ranging 

from 0.3 m to 1.2 m, which implies that these particles had grown and 

agglomerated during the sintering. 
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Figure 68: Evaluated numbers of ZrN particles in the Si3N4/ZrN composite containing 25 vol. % of 

ZrO2 in the starting composition versus their size distribution. 

 
 

The same size distribution of ZrN particles in this sample was confirmed by a TEM 

analysis. From Figures 69 & 70 it can be seen that the ZrN particles are present in 

between Si3N4 grains or are incorporated into the Si3N4 grains. The latter have a 

particle size of 158 nm, which is in good agreement with the estimated particle size 

(155 nm) of the ZrN particles from the simple, theoretical percolation-threshold 

model. This strongly implies that the nanosized ZrN particles can be preserved only 

when the conductive particles are incorporated within the Si3N4 grains. Therefore, 

the nanosized ZrN particles remained spherical, whereas the larger ones, which were 

present in between Si3N4 grains, became irregular due to the grain growth and 

aggregation of the ZrN during the sintering in a liquid phase. All the denoted phases 

from Figure 69 were confirmed by EDXS. 
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Figure 69: TEM micrograph of the sintered Si3N4/ZrN composite containing 25 vol. % of ZrO2 in 

the starting composition. 

 
 

A TEM image of this composite observed at a higher magnification is shown in Figure 

70. The denoted spots (a nanosized particle and a triple point near a large particle) 

were examined by an EDXS analysis. Figure 71 a shows the EDXS spectrum of the 

analyzed nanometric particle (see the arrow denoted as EDXS A in Figure 70), where 

the signals of Zr and N containing a trace of Si were detected. The signal of Si comes 

from the vicinity because ZrN is surrounded by Si3N4 particles. Moreover, the 

transient liquid phase at the triple point (see the arrow denoted as EDXS B in Figure 

70) was examined.  
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Figure 70: TEM image of the sintered Si3N4/ZrN composite containing 25 vol. % of ZrO2 in the 

starting composition. 

 
 

The EDXS spectrum, displayed in Figure 71 b shows strong signals of Y, O and Si, 

and weak signals of Al and Zr. The trace of Zr in the transient liquid phase indicates 

that some ZrN probably dissolves in the liquid phase and afterwards precipitates 

from the liquid during cooling. The formation of the transient liquid phase during 

cooling from the sintering temperature should be described by Equation 1 (presented 

on page 7).     
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a) b) 
 

Figure 71: EDXS analysis of the sintered Si3N4/ZrN composite with 25 vol. % of ZrO2 detected as 

shown in the previous figure: a) EDXS A and b) EDXS B. 

 
 

4.3.4  Sintering using an in-situ reacted powder 

 

As mentioned in the previous section, sintering of the pre-reacted powder may result 

in the presence of a small amount of oxygen into the ZrN. In order to suppress the 

incorporation of oxygen into the ZrN lattice, the powder preparation was changed, 

such that the ZrO2-coated Si3N4 powders were mixed together with yttria and 

alumina additives, pressed and directly sintered at 1850 °C for 2 h in N2. Si3N4 

powders containing 10 and 20 vol. % of ZrO2 in the starting composition were 

referred to as the in-situ reacted powder (Figure 26 b, shown on page 49). It was 

expected that during the sintering process ZrO2 would also react with Si3N4 to form 

ZrN in the final Si3N4/ZrN composites.  

 

4.3.4.1  Analyses of the sintered composites 

 
A cross-section microstructure at lower magnification of the sintered composite that 

initially contained 10 vol. % of ZrO2 in the starting composition shown in the Figure 

72, indicating that sample is fairly dense with uniformly distributed pores. The 

microstructure of this sample, displayed in Figure 72 b, showed a uniform 

distribution of white, irregular ZrN particles around the β-Si3N4 grains. Even when 

the composites were prepared from in-situ reacted powders, the ZrN particles 
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coarsened during sintering in the presence of a liquid phase. The average particle 

size was approximately 0.8 m, which is a little bit higher than in the case of the 

composite prepared from a pre-reacted powder, which initially contained the same 

amount of ZrO2 in the starting composition.  

 
 

  

a) b) 
 
Figure 72: SEM micrographs of the Si3N4/ZrN composite containing 10 vol. % of ZrO2 produced by 

sintering the ZrO2-coated Si3N4 powder and the Y2O3 and Al2O3 powder mixture at 1850 °C for 2 h 

in N2: a) cross-section and b) internal part of material. 

 
 
The XRD analysis of this sample, presented in Figure 73, confirmed the presence of 

ZrN in the sample and, besides that no ZrO2 signals were detected, indicating that 

the conversion of ZrO2 to ZrN was complete. Furthermore, it was observed that ZrN 

peaks are not shifted as in the case of the sintered samples prepared from pre-

reacted powders. This means that ZrN, which forms with the reaction between the 

ZrO2 particles and the Si3N4 powder surface during sintering in a liquid phase, does 

not contain incorporated oxygen. This can be explained with the reaction between 

ZrO2 and Si3N4 leading to the formation of ZrN, which takes place above the 

formation of a liquid phase in the Y2O3-Al2O3-SiO2 system.172  

This composite exhibited a relatively high density of 3.38 g/cm3 and a high flexural 

strength of 950 MPa, whereas the density of the sample after the removal of the 100 

m surface layer was even higher, 3.54 g/cm3. The higher porosity of the surface 

layer of the sample could be explained by the evaporation of the SiO and N2 gaseous 

species formed during the chemical reaction between the ZrO2 and Si3N4 (reaction 

18, presented on page 29). A similar observation was reported by Chockalingam et 

al.119 in the case of the microwave-sintered β-SiAlON/ZrO2 composites.  
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Figure 73: XRD analysis of the Si3N4/ZrN composite sintered from an in-situ reacted powder 

containing 10 vol. % of ZrO2 in the starting composition. 

 
 
In the case, when a composite contained a larger amount (20 vol. %) of ZrO2 in the 

starting powder mixture, the situation was somewhat different. The SEM analysis of 

this sample, presented in Figure 74, indicated that the material was not 

homogeneous. On the surface of the composite two different partially porous surface 

layers were observed with a thickness of around 200 m, whereas the internal part 

of the sample was fully dense. The EDXS analysis of the partially porous outer 

surface layers of the composite revealed that ZrN is the major phase. Individual 

layers of the composite (Figure 74 a) were examined by an XRD analysis which is 

shown in Figure 75. This was done by grinding the sample to various thicknesses and 

analysing the grinded surfaces. The results show that the external surface layer 

(referred to as I) mostly contained ZrN, in addition to β-Si3N4, while in the internal 

surface layer (referred to as II) the only important difference is that the amount of 

ZrN is slightly decreased due to the increased amount of Si3N4. Also, in this case, the 

ZrN peaks from the XRD analysis regarding the removed surface layers were not 

shifted, which implies that the ZrN particles do not contain any oxygen.  
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a) b) 

  

c) d) 
 
Figure 74: SEM images of the Si3N4/ZrN composite sintered at 1850 °C for 2 h in N2 from an in-

situ reacted powder containing 20 vol. % of ZrO2 in the starting powder mixture: a) cross-section 

b) external surface layer (I) c) internal surface layer (II) and d) internal part of the sample (III).  

 

 
The analysis of the internal part of the sample (referred to as III) showed that, in 

this region, ZrO2 is still present in addition to ZrN and Si3N4. The presence of this 

phase can be attributed to the built-up of the SiO partial pressure in the powder 

compact sintered in flowing nitrogen at 1 atm. This is in agreement with the results 

obtained on the thermally treated ZrO2-coated Si3N4 powder at 1600 °C for 2 h in 

flowing N2 that contained the same amount of ZrO2 in the starting composition 

(Figure 52, presented on page 85). In comparison to the external layers (I & II) we 

also found that here the ZrN peaks are slightly shifted, indicating that also in this 

case some oxygen was incorporated in to the ZrN lattice during sintering.  

The amount of ZrO2 that transformed to ZrN was calculated from the XRD diffraction 

patterns using Rietveld analysis and was around 50 %.  
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Figure 75: X-ray diffraction pattern of the sintered Si3N4/ZrN composite prepared from an in-situ 

reacted powder containing 20 vol. % of ZrO2 in the starting composition: I) external surface layer, 

II) internal surface layer and III) internal part of the composite.  

 

 

In order to distinguish whether the structure of the ZrO2 is cubic or tetragonal the 

XRD analysis, shown in Figure 76, was performed on the internal part of the 

composite (III), after a subsequent grinding of the surface, in the 2 θ range from 25 

to 40 ° with a longer integration time of 5 s per step. On the supposition that the 

ZrO2 is in a tetragonal form, after the grinding of the surface a monoclinic phase 

should have formed due to the mechanical stress. The results of the XRD analysis 

however showed that after grinding there are no peaks of the monoclinic ZrO2 

visible, indicating that the ZrO2 has a cubic crystal structure.  

The microstructures of the external surface layers (shown in Figures 74 b & c) are 

partially porous. The distribution of ZrN particles between the β-Si3N4 grains was 

irregular, with a particle size of 1.0 m. The density of the whole sample, including 

the layers, was 3.6 g/cm3, whereas the density of the internal part (i.e., after 

removal of the porous surface layers) was 3.9 g/cm3. In this case, the absolute 

density of this composite is given due to the presence of various phases in the 

individual layers of the material and a calculation of the theoretical density is not 

possible. The flexural strength of the as-sintered sample was 860 MPa, which is 
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relatively high, especially considering the surface of the composite is partially 

porous.  
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Figure 76: XRD spectrum of a internal part (III) of the sintered Si3N4/ZrN composite prepared 

from an in-situ reacted powder containing 20 vol. % of ZrO2 analysed in the 2 θ range from 25 to 

40 °. 

 

 
It is believed that the porosity in these layers is a consequence of gaseous species 

formed during the reaction between ZrO2 and Si3N4. In the internal part of the 

sample, as shown in Figure 74 d, the microstructure was completely homogeneous 

and fully dense with about 50 % of ZrN and about 50 % of ZrO2 as the secondary 

phase. The size of ZrO2 particles was 1.2–1.5 m due to the grain growth of ZrO2 

during sintering. It was observed that ZrO2 and ZrN grains often had irregular 

shapes, which implies that at least some of the ZrO2 and ZrN grains grew from the 

liquid during cooling. Cheng and Thompson115 who studied Y2O3-Al2O3-SiO2 liquids 

containing 20 wt. % of ZrO2 showed that about 10 wt. % of ZrO2 can be dissolved at 

1700 °C in the liquid phase and the rest remains as crystalline zirconia. The 

dissolved ZrO2 will precipitate from the liquid phase on existing zirconia grains during 

cooling, resulting in a larger grain size.  

 

The incomplete conversion of ZrO2 to ZrN can be explained by the simultaneous 

sintering and the chemical reaction between ZrO2 and Si3N4 above 1600 °C in N2. It 

was demonstrated by Weiss at al.127 that a larger amount of ZrO2 in the starting-
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composition mixture prolongs the conversion reaction of ZrO2 to ZrN above 1600 °C 

in N2. In addition, it has to be considered that during sintering the densification 

already starts at 1600 °C, due to the formation of the liquid phase, namely in the 

Y2O3-Al2O3-SiO2 system the ternary eutectic forms at 1375 °C.172 The reaction 

between ZrO2 and Si3N4 also takes place at this temperature and, because of the 

densification, the diffusion of the gaseous species out of the sample is aggravated. 

This leads to an increase in the SiO partial pressure, which then hinders the 

formation of ZrN.  

 

Since such electroconductive engineering ceramic materials could be used for the 

production of heating elements, the electrical conductivity of the samples was also 

measured. Because samples were not homogenous, the electrical conductivity was 

measured at various thicknesses from the surface such that surface layers were 

ground off. From the results presented in Figure 77, it can be seen that the sample 

containing 10 vol. % of ZrO2 (denoted as C10) in the starting powder mixture is not 

electrically conductive, neither on the surface of the sample nor in its core. Since we 

started from very fine ZrO2 nanoparticles, it was speculated that they would not 

grow too much during reacting and sintering and that their size would remain small 

enough to lower the percolation threshold of the electrical conductivity below 10 vol. 

%. However, as it can be observed from the microstructural analysis (Figures 72 & 

74), ZrN particles are relatively coarse and consequently we ended well below the 

percolation threshold. On the other hand, the surface of the sample that contained 

20 vol. % of ZrO2 (denoted as C20) in the starting powder was conductive (Figure 

77). The conductivity slightly dropped when the two-porous surface layers (layer I & 

II) were removed, but the rest of the sample remained an electrical conductor, until 

550 m of the material was removed. As already mentioned, the transformation of 

ZrO2 to ZrN in the core was estimated to be around 50 %. Based on this, the 

concentration of ZrN in the core material is approximately the same as in the sample 

C10 and so is the electrical conductivity, since ZrN grains also grew in this case. 
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Figure 77: Change in the electrical conductivity of Si3N4/ZrN composites prepared from an in-situ 

reacted powder containing 10 vol. % of ZrO2 (denoted as C10) and 20 vol. % of ZrO2 (denoted as 

C20) in the starting powder mixture as a function of the thickness of the removed surface layer. 

 
 

From these results it can be concluded that sintering of Si3N4/ZrN composites 

prepared from in-situ reacted powders enables the formation of ZrN by the reaction 

between ZrO2 and Si3N4 without incorporation of oxygen, when starting powder 

contained 10 vol. % of ZrO2. Furthermore, it was demonstrated that in samples C20, 

the conversion of ZrO2 to ZrN was not completed. Most probable due to the SiO 

partial pressure, which forms during the reaction between ZrO2 and Si3N4. During 

sintering, the diffusion of the gaseous species out of the sample is aggravated, which 

leads to an increase in the SiO partial pressure and, consequently, hinders the 

formation of ZrN. Irrespective of the density gradient from the core to the outer 

surface of the sample, the composite exhibited a high flexural strength and its 

surface is electrically conductive. 
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4.3.4.2  Application of the Si3N4/ZrN composites prepared from an in-

situ reacted powder 

 
The preparation of Si3N4/ZrN composites from an in-situ reacted powder containing 

20 vol. % of ZrO2 in the starting powder mixture showed that after sintering at 1850 

°C for 2 h in flowing N2 the reaction between ZrO2 and Si3N4 is not complete. SEM 

and XRD analyses revealed that the sample is not homogenous and that the ZrN is 

mostly formed on its surface. Since the electrical resistivity showed that the surface 

of the sample was electrically conductive, whereas the internal part remained an 

insulator, we found that such a composite is already prepared for ceramic heaters or 

glow plugs. In this way, we designed the sample geometry, shown in Figure 78, 

where the lateral sides of the prototype were cut in order to remove the conductive 

layer, so that the current would flow on the internal side of the conductive layer.  

 

 

Figure 78: Geometry of a prototype ceramic heater. 

 
 

The functioning of this tested sample was confirmed by applying 12 volts and it 

started to glow at 1300 °C and 8 amperes of current at the nib of the sample, as 

shown in Figure 79. The tested sample has an extremely short preheat time, i.e., 2.0 

seconds, before achieving the operating temperature of 1300 °C. The calculated 
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resistivity of the prototype was 1.56 Ω, which corresponds to the operating 

characteristics of a conventional ceramic heater.173 We have found that these results 

are promising for the production of heating elements. Therefore, the one-step 

manufacturing process of composite ceramic heater was patented (P2-201100015). 

Irrespective of the concept of the glow plugs and the geometry of the ceramic 

heater, the common characteristic of the patents for the production of ceramic 

heaters is a two– or multi-step production by injection moulding or slip casting.  

 

 
 

Figure 79: Glowing of the designed prototype at 1300 °C. 

 
 
The modelling of the ceramic heaters by a multi-step process is technologically 

challenging. In addition, during sintering or during the operation of a heater 

problems can occur due to the incomplete contact between the conductive and 

insulating components, which leads to a poor operation or even to the failure of the 

material. Our innovation demonstrates that a ceramic heater can be developed using 

only a one-step process, which significantly reduces the extent of the technology and 

the costs of the production.    
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5  Conclusions 

Coating of the Si3N4 powder  

 

1. The surface of submicron-sized commercially available Si3N4 powder can be 

successfully coated with various amounts (10-35 vol. %) of TiO2 and ZrO2 by 

using an in-situ gel precipitation of titanium and zirconium hydroxides and a 

subsequent thermal treatment. Nanosized TiO2 (tetragonal) and ZrO2 (cubic) 

particles were uniformly distributed on the Si3N4 powder surface with a narrow 

particle size distribution ranging from 4 nm to 10 nm.  
 

2. The formation of TiN particles on the Si3N4 powder surface was achieved by a 

thermal treatment of the coated powders at 900 °C for 6 h in a NH3 gas flow. 

The conversion of TiO2 to TiN can be completed by a thermal treatment in all 

the coated powders containing 10-35 vol. % of TiO2 in the starting 

composition. In addition, after the nitridation the TiN particles preserved 

almost the same size as that of TiO2 nanoparticles. The formation of ZrN 

particles on the Si3N4 powder surface is more challenging, due to a higher 

reaction temperature (1600 °C) between the ZrO2 and Si3N4 and due to the 

change in the SiO partial pressure. The complete conversion of ZrO2 to ZrN in 

all the coated powders (containing various amounts of ZrO2 in the starting 

composition) can be attained at 1600 °C for 3 h in flowing nitrogen at low-

pressure (
2NP = 0.4 atm). Furthermore, in this case after the thermal 

treatment the ZrN particles can be preserved in the nanometric scale with a 

particle size of 40 nm. 

 
 

Preparation of the Si3N4/TiN composites 

 
1. Dense and homogeneous Si3N4/TiN composites can be fabricated from pre-

reacted powders containing various amount of TiO2 in the starting powder 

mixture by pressureless sintering at 1850 °C for 2 h in the flowing N2. 
 

2. The results of the flexural-strength measurements of the Si3N4/TiN composites 

revealed that with an increase in the amount of TiN in composites, the flexural 

strength decreases from 615 MPa (98.3 % of the relative density) to a value 

of 360 MPa (91.1 % of the relative density) at 24 vol. % of TiN. 
 

3. The electrical conductivity of the sintered composites increases sharply from 7 

x 10-9 Ω-1m-1 at 6 vol. % of TiN to 3.6 x 103 Ω-1m-1 at 24 vol. % of TiN, making 



120 Conclusions
 

 

this ceramic suitable for the production of heating elements. The percolation 

threshold for the electrical conductivity of the Si3N4/TiN composites prepared 

from pre-reacted powders was obtained at 12 vol. % of the TiN content, which 

is two times lower than in the case of the composites prepared with the 

conventional composite method using mechanically mixed powders but still 

higher by a factor of two, than in the case of the composites fabricated by 

Ayas et al. that were sintered by SPS from TiO2-coated SiAlON granules.  
 

4. The simple theoretical percolation-threshold model was developed by 

considering various aspect ratios of insulating ellipsoids as well as different 

diameters of conductive particles. The results revealed that the simple model 

of percolation threshold is a good interpretation for the obtained experimental 

results for electrical conductivity of the Si3N4/TiN composites.   

 

Preparation of the Si3N4/ZrN composites 

 

1. Relatively dense and homogeneous Si3N4/ZrN composites can be prepared 

starting from pre-reacted powders initially containing 10-35 vol. % of 

precipitated ZrO2 by pressureless sintering at 1850 °C for 2 h in N2. In 

contrast, composites prepared from an in-situ reacted powder which initially 

contained 10 and 20 vol. % of precipitated ZrO2 that were in-situ reacted 

under the same conditions revealed that in the composite with 20 vol. % of 

ZrO2 the reaction between ZrO2 and Si3N4 was not completed.  
 

2. The XRD analysis of the Si3N4/ZrN composites prepared from pre-reacted 

powders containing various amounts of ZrO2 demonstrated that the ZrN peaks 

are slightly shifted in all samples suggesting that some oxygen was 

incorporated into the ZrN lattice. In the case, when the composites were 

prepared from an in-situ reacted powder containing 10 vol. % of ZrO2 this was 

not observed but with the addition of 20 vol. % of ZrO2 in the starting 

composition the surface of the as-sintered sample mostly contained ZrN, in 

addition to β-Si3N4, while with grinding the sample to the core of the material, 

the amount of ZrN decreased due to the increased amount of β-Si3N4 and the 

presence of unreacted ZrO2.  
 

 

3. Flexural strength of the Si3N4/ZrN composites prepared from pre-reacted 

powders containing various amount of ZrO2 in the starting composition 

decreases with increasing the ZrN content from 600 MPa (97 % of the relative 

density) at 7 vol. % of ZrN to 350 MPa (90 % of the relative density) at 47 
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vol. % of ZrN. The Si3N4/ZrN composites prepared from in-situ reacted 

powder containing 10 vol. % and 20 vol. % of ZrO2 (in the starting 

composition) exhibited a high flexural strength of 950 MPa and 860 MPa, 

respectively. However, irrespective of the density gradient from the core to 

the outer surface of these samples, the materials had a high flexural strength.  
 

4. The results of the electrical conductivity measurements of the Si3N4/ZrN 

composites prepared from pre-reacted powders containing various amounts of 

ZrO2 (in the starting composition) showed that the electrical conductivity 

increased steeply to the value of 85 Ω-1m-1 at 47 vol. % of ZrN with increasing 

the ZrN content. The low electrical conductivity of these composites which 

initially contained large amounts of ZrN was explained by an incorporation of a 

small amount of oxygen into the ZrN. When Si3N4/ZrN composites were 

prepared from an in-situ reacted powder, a sample which initially contained 20 

vol. % of ZrO2 (in the starting composition) was electrically conductive only on 

the as-sintered surface. The conductivity dropped a little from 8.3 x 103 Ω-1m-1 

to 7.0 x 102 Ω-1m-1 when the surface of 350 m was removed. After the 

removal of 550 m of the sample, this material became an insulator.  

 

5. The simple theoretical percolation-threshold model was developed by 

considering various aspect ratios of insulating ellipsoids as well as different 

diameters of conductive particles. The results revealed that the simple model 

of percolation threshold is a good interpretation for the obtained experimental 

results for electrical conductivity of the Si3N4/ZrN composites prepared from 

pre-reacted powders.   
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Appendix  

A simple theoretical percolation-threshold model 

 

A simple model of the percolation threshold in the case of small conducting grains as 

compared to anisotropic insulating grains, is performed by Milan Ambrožič in the 

following way. Insulating grains are approximated by elongated rotational ellipsoids 

with half-axes (a, a, c), where a < c. Much smaller conducting grains are 

approximated by spheres of radius r (r << a < c). It is supposed that the surface of 

an ellipsoid is covered by a layer of several smaller spheres. The volume of an 

ellipsoid is caVel
2

3

4
  and the total volume of N spheres around the ellipsoid is 

3

3

4
rNVNs


 . The volume ratio of the conducting and insulating phases is thus: 

ca

Nr

V

V
VR

el

s
2

3

22
 . Factor 1/2 is added because there is one conducting layer between 

two neighboring insulating ellipsoids (which thus share the sticking layer). The 

number N of the spheres on the surface of the ellipsoid is determined by the ratio of 

their areas: 
s

el

S

kS
N

1

 . The area of the sphere is 2
1 4 rS s  , while the area of the 

elongated ellipsoid is ))arcsin((2
22

22

2

c

ac

ac

c
aaSel




 . In fact, in the 

calculation, we take, instead of half-axes (a, a, c), the enlarged half-axes (a+r, a+r, 

c+r) made by a "concentric ellipsoid" going through the centers of the spheres on the 

ellipsoid (see the dashed ellipsoid in the sketch of the system in Figure 80). The 

filling factor k depends on the essentially 2D geometry of the circles on the 

concentric ellipsoid (these circles are approximate intersections of concentric 

ellipsoids with spheres for r << a). In the case of a close-packed structure of circles 

in an infinite plane the filling factor is k = 90.7 %. In reality the circles need not be 

closely packed to make an infinitely expanding sticking cluster in the plane. In the 

percolation theory, numerical calculations for the 2D problem of "hard" circles in the 

plane (the term hard circles means that they can only touch but not penetrate into 

each other) show, that the percolation threshold is reached when the area portion of 

the circles in the plane is about 68 %. This is a reasonable value for k as a starting 

point in our calculations. When the percolation threshold of spherical conducting 

grains in the layers around the insulating larger grains is reached, there is also a 
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bulk percolation threshold for electrical conductivity. In a real situation k could be 

even smaller: there may be individual conducting paths of conducting grains 

between the boundaries of the insulating grains even if most insulating grains are 

not covered by a connected layer of the conducting smaller grains – this can be 

expected when the difference in size between the insulating and conducting grains is 

not so large and the conducting grains are, therefore, not evenly distributed around 

the insulating ones. 

 
 

Figure 80: Sketch of an insulating ellipsoid with a layer of conducting spherical particles on its 

surface. Not all spheres need to be in contact in order to make an expanding percolation cluster on 

the surface of the ellipsoid.  

 
 

Taking into account all the factors, we obtain a final expression for the volume ratio 

of the conducting and insulating phases: 
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xy

xy
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,                               (28) 

 

where 
3 2ca

r
 ,  3

c

a
x  and  3 2)(

a

c
y . The parameter  is viewed as the 

ratio between the radius of a spherical conducting grain and the effective radius 

3 2caR   of an ellipsoidal insulating grain.  

 
For reference we add here simple formula for the case of spherical insulating 

particles of radius R instead of ellipsoids. The volume ratio of conducting and 

insulating phases is now: 
R

kr

R

Nr

V

V
VR

el

s 2

22 3

3

  The parameter k has the same 

meaning as above. Instead of the surface indicated by dotted line in Figure 80 we 
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take the direct surface of the core particle (we suppose r << R). From this ratio we 

calculate the mass ratio of the amount of core and shell particles (Equation 25, page 

38) 

 
Instead of the volume ratio VR of both phases, the volume fraction of the conducting 

phase (relative to the whole composite) is used in the literature of percolation 

theory: 

 

VR

VR
c 


1                                (29) 

 

with VR from Equation 28. This is our simple model (rough estimation) for the 

percolation threshold.  
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