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Abstract 

Sialon ceramics have a wide range of applications due to their excellent physical and 

chemical properties. However, the applications of Sialon materials are limited by the high 

cost of production and difficulty for machining into complex component shapes. This 

research mainly focuses on the fabrication of electrically conductive Sialon-matrix 

composites using cost efficient methods. One of the objectives is to synthesize Sialon 

powders by reaction bonding and silicothermal reduction methods using cheap raw materials 

and form ZrN from zirconia and aluminium metal with CaCO3 additive. The second objective 

is to fabricate Sialon-ZrN composites by different post sintering methods and investigate their 

properties. The main findings from this research include: 

Different z-value Sialon powders were successfully synthesized by both reaction bonding and 

silicothermal reduction methods at different nitriding temperatures. Low z-value β-Sialon 

reached the highest conversion of Si at 1400 °C for both of the methods, while the highest 

conversion of Si for high z-value β-Sialon was obtained at 1450 °C for reaction bonding 

method and 1400 °C for silicothermal reduction method, respectively. Sialons fabricated by 

the reaction bonding method had higher degrees of conversion of Si than the Sialons 

fabricated by the silicothermal reduction method.  

ZrN powders have been formed from ZrO2, Al and CaCO3 additives. During the processing 

to produce ZrN powders, an appropriate CaCO3 concentration (26.83 %~29.53 %),  heating 

temperature (1400 °C) and nitrogen gas pressure (0.4 MPa) were employed to avoid the 

formation of the deleterious ZrAl3O3N and ZrOxNy phases. The formed powders were 

composed of ZrN, calcium-aluminates and calcium-zirconate phases. The by-products, 

calcium-aluminates and calcium-zirconate were subsequently dissolved by HCl acid to obtain 

single phase ZrN with impurity elements less than 2 % and particle size around 1 um. 

The phase assemblage, microstructures, densification behaviour, mechanical properties and 

electrical resistivity of Sialon-ZrN composites sintered by both one-step and two-step 

sintering methods have been studied. Sintering temperature and nitrogen gas pressure played 

an important role in the fabrication of Sialon-ZrN composites with high density, low porosity 

and good mechanical properties and wear resistance. For one-step sintering, composites with 

low z-value Sialon sintered at 1700 °C under a nitrogen gas pressure of 0.7 or 1.0MPa had 

the highest relative density (>97%) and lowest open porosity (<2%). They also had the 

greater hardness, fracture toughness and wear resistance than those fabricated under other 

sintering conditions. Compared with one-step sintering, two-step sintering was an alternative 
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method employed to fabricate high density Sialon and Sialon-based materials with good 

mechanical properties. Although this method showed only a slight increase in relative density, 

it suppressed the grain growth of both matrix grains and reinforcing ZrN grains during 

densification, leading to improvement in mechanical properties. 

The amount of reinforcement (ZrN) also had a large influence on densification behaviour, 

mechanical properties and wear resistance of the composites. The reinforcing ZrN particles 

were able to pin at grain boundaries or triple junctions and decrease the grain size and aspect 

ratio of the Sialon matrix grains. At a given content, the addition of ZrN provided a positive 

effect on hardness, fracture toughness and wear resistance. Further increasing ZrN content 

was deleterious for hardness and wear resistance due to weakly bonded ZrN grains 

distributed to form a continuous network softening the composite. However, the more weak 

interfaces in these materials do lead to continuously improved fracture toughness due to crack 

deflection mechanisms.  

The composites with high z-value Sialon are more sensitive to sintering temperatures, 

sintering additives and ZrN content. With increase in ZrN content, more chemical reactions 

occurred during the sintering process, resulting in a complex phase assemblage of composites. 

They also have larger Sialon matrix grains and reinforcing ZrN particles than those of the low 

z-value Sialon-ZrN composites. These phenomena caused the composites with high z-value 

to have poorer mechanical properties than those containing Sialon with lower z-value.    

Finally, the possibility of fabricating electrically conductive Sialon-ZrN composites has been 

investigated. The electrical resistivity of the composites was predominately determined by the 

distribution of electrical conducting phase (ZrN) in the Sialon matrix. It was necessary to 

form a continuous electrically conductive network by adding sufficient ZrN particles, 

although this had a negative effect on hardness and wear resistance. The electrical properties 

of the low z-value Sialon-ZrN composites were similar regardless of sintering conditions due 

to no reactions between ZrN and other phases. The electrical resistivity for the sample with 

no ZrN content ranged between 10
10

 and 10
12

 Ω∙m, while sharply decreased to around 10 

Ω∙m for the composites with high ZrN content (>40 wt.%).  However, for high z-value 

Sialon-ZrN composite, the electrical resistivity was affected by the sintering parameters due 

to the uncontrollable chemical reactions taking place between the starting powders to form 

complex intermediate phases, which could break the formation of electrical conductive 

network. 
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Chapter 1 Introduction 

1.1 Introduction 

Compared with metallic materials, advanced ceramics show more excellent properties at 

high temperature. Advanced ceramics offer excellent physical and chemical properties, 

such as high hardness, high flexure strength, good wear resistance, low density, low 

thermal conductivity, chemical inertness, good oxidation and corrosion resistance 

properties[1]. Advanced ceramics can be used as cutting tools, precise instrument parts, 

turbine engine components, heat exchangers, pumps, bearings and so forth. Based on the 

work of Jürgen Rödel et al [2], in the next decades, advanced ceramics will have an 

important effect on electronics, energy generation, mechanical engineering, structural and 

functional properties, and manufacturing markets. As a kind of standard advanced 

ceramics, Sialon was first found by Jack (English) and Oyama (Japanese) in the 1970’s[3]. 

During the last 40 years, Sialon has been a promising ceramic material because of its 

excellent properties, such as high thermal shock resistance, high hardness, chemical 

inertness, good erosion resistance and low creep property [4-6]. Sialon is widely used for 

bearings, heat exchangers, cutting tools, and refractories. Normally, commercial Sialon 

ceramics [7-9] are fabricated from high purity commercial Si3N4, Al2O3 and AlN powders 

followed by spark plasma sintering or hot pressing sintering methods, leading to high cost 

of production. For monolithic Sialon ceramics machined by traditional machining 

processes, their high hardness and inherent brittleness lead to micro-cracks and subsurface 

cracks, which have negative effects on the mechanical properties and largely restrict their 

developments and applications [10-12]. Another limitation is that traditional machining 

methods are uneconomical, time consuming and difficult to produce complex shapes with 

accurate dimensions [13]. Various methods have been investigated to overcome these 

drawbacks, such as reducing production costs by using cheaper alternative raw materials 

(i.e. silicon metal or mineral clays) [14-16], densifying materials by common sintering 

methods with economical equipment [17-18], making Sialon matrix composites with 

improved properties and introducing advanced machining methods to fabricate complex 

shape components[19-21].     

Electrical discharge machining (EDM) [22-24] is an attractive cost effective method to 

fabricate small and complex shape components. However, the high electrical resistivity of 
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Sialons makes them difficult to machine by EDM. In order to provide electrical 

conductivity for Sialon ceramics, some electro-conductive materials [25-29], such as 

nitrides (TiN and ZrN), borides (TiB2 and ZrB2) and carbides (TiC and ZrC), can be 

introduced. Zirconium nitride (ZrN)[30-32] has many excellent properties, such as, 

melting point up to 2982°C, hardness of around 25GPa, coefficient of thermal expansion of 

7.2×10
-6

K
-1

 and coefficient of thermal conductivity of 21.9 Wm
-1

K
-1

, high shear modulus 

and high Young's modulus. ZrN still shows some metallic properties, like good electrical 

conductivity ( room-temperature electrical resistivity is 12.0 µΩ·cm) [33] and good 

superconductivity with transition temperature of around 10K. The thermal expansion 

coefficient of ZrN (7.2×10
-6

K
-1

) is lower than that of TiN (9.4×10
-6

K
-1

) and compared with 

TiN-Sialon composites, ZrN-Sialon have a smaller difference in expansion coefficient. 

Lower thermal expansion mismatch will cause fewer micro cracks, and have a positive 

effect on the hardness and strength of the composites. This work aims at fabricating Sialon 

ceramics using cheap raw materials in combination with one-step or two-step gas pressure 

sintering to produce Sialon materials with satisfactory properties. This work also aims at 

adding an electro-conductive ZrN phase into Sialon ceramics to form electro-conductive 

Sialon-ZrN composites, which can be machined by EDM for complex component shapes. 

1.2 Objectives 

The main objective of this research is to investigate the effects of sintering temperature 

and pressures on the formation of Sialon matrix composites using cheap alternative raw 

materials sintered by different methods, and to introduce an electro-conductive ZrN phase 

into the Sialon material to form electro-conductive Sialon-ZrN composites, with a view to 

producing composite materials that can be machined by EDM for complex component 

shapes. Specific objectives include: 

1. To investigate the effects of nitriding temperature on the formation of β-Sialon 

powders with different z-values by reaction bonding and silicothermal reduction 

methods with a view to reduce production cost. To determine a suitable route to 

form β-Sialon powders for subsequent densification processing. 

2. To synthesize ZrN from zirconia and aluminium powders in nitrogen gas and 

investigate the effects of reaction temperature, nitrogen gas pressure and amount of 

CaCO3 additive on the formation of ZrN. 



3 
 

3. To observe the effects of sintering temperature and gas pressure on densification 

and mechanical properties of Sialon-ZrN composites fabricated by one-step gas 

pressure sintering. 

4. To introduce a two-step gas pressure sintering method to fabricate Sialon-ZrN 

composites and investigate their densification behaviour and properties.  

5. To investigate the effects of mass ratios of ZrN to Sialon on the mechanical 

properties and electro-conductivity of Sialon-ZrN composites. 

6. To investigate the effects of z-value on densification and properties of Sialon-ZrN 

composites fabricated by two sintering routes. 

1.3 Thesis outline 

This thesis is composed of 9 chapters.  The literature review in Chapter 2 describes Sialon 

and Sialon-matrix materials, including the compositions, microstructures, properties and 

applications. It also focuses on the various production routes for these materials as well as 

the effects of processing variables on their structure and properties. Chapter 3 presents a 

description of common experimental methodologies applied through the whole thesis. 

Chapter 4 investigates the effects of nitriding temperature on pre-synthesis of β-Sialon 

powders by reaction bonding and silicothermal reduction methods from cheap alternative 

raw materials. It aims at determining a suitable method to form β-Sialon powders for 

fabrication of Sialon-matrix composites. Chapter 5 establishes the possibility for synthesis 

of ZrN powders using ZrO2, Al metal powders and CaCO3 by aluminum-reduction 

nitridation followed a simple acid dissolution, filtration and washing process. Chapter 6 

discusses the fabrication and properties of β-Sialon (Z=1)-ZrN composites densified by a 

one-step gas pressure sintering method. It reveals the effects of sintering temperature and 

gas pressure on phase assemblage, microstructures, densification behaviours and properties 

of composites with various amounts of ZrN.  Chapter 7 describes an assessment on the 

feasibility for fabrication of β-Sialon (Z=1)-ZrN composite with improved mechanical 

properties formed by a two-step gas pressure sintering method, and discusses the 

differences in features compared to composites produced by the one-step method in order 

to provide an alternative sintering route for fabrication of Sialon or Sialon matrix materials. 

Chapter 8 shows the effects of different levels of substitution of β-Sialon on formation and 

properties of composites fabricated by the two sintering routes. Overall conclusions drawn 

from the above study are presented in Chapter 9 along with suggestions for future research 

work. 



4 
 

  



5 
 

Chapter 2 Literature review 

2.1 Sialon Ceramics 

Sialon[34] was first observed by Jack and Oyama in the 1970’s, and is considered as a 

solid solution of alumina (Al2O3) into silicon nitride (Si3N4). Sialon is a group of 

compounds of the Si-Al-O-N system and its structure is based on Si3N4, with Si-N bonds 

being partially replaced by Al-O bonds [35]. Compared with Si3N4 ceramics, Sialon 

ceramics are more easily densified because they have lower vapour pressure and can form 

liquid at a lower temperature. Generally, α-Sialon and β-Sialon are the most commonly 

known phases in the Sialon family, although research is also carried out on the lesser 

known Sialon phases [36] such as O-Sialon, X-Sialon [37], AlN-polytype Sialon[38] and 

JEM-Sialon [39]. Each Sialon is characterized by its composition, structure and properties. 

As a solid solution of Si3N4 and Al2O3, Sialon may combine the properties of Si3N4 and 

Al2O3, such as high strength, hardness, fracture toughness, low thermal expansion, 

corrosion resistance, chemical stability and high temperature oxidation resistance [40-42].                                                                                                                                                                                                                                                                                                                        

2.1.1 β-Sialon 

β-Sialon [43] can be described by the formula Si6-zAlzOzN8-z (where Z ranges between 0 to 

4.2) due to the substitution of z Si-N bonds by Al-O bonds. β-Sialon is derived from β-

Si3N4, and it has a hexagonal crystal structure which is based on the that of β-Si3N4 [44], 

which is shown as Fig.2.1 [36] .  

 

Fig.2.1. The crystal structure of  β-Si3N4 [36] 
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Compared with silicon nitride, β-Sialon can be completely densified by conventional 

ceramic techniques because of the intermediate glass phase, created at the grain boundaries, 

which has a great effect on the mechanical properties of β-Sialon. β-Sialon is known for its 

excellent properties, such as high strength, good fracture toughness, chemically inert and 

good erosion resistance at both room and elevated temperature [45]. The properties of β-

Sialon are normally affected by its chemical composition and microstructure, such as the z 

value, porosity, the grain size, the intermediate phases and the grain boundary composition. 

With increasing z value, the aspect ratio of elongated grains increases, with values 

typically from 4 to 10 [46]. β-Sialon with low z value, has better mechanical properties, 

while good chemical resistance is achieved with high z value. Z-values have a large 

influence on the physical and chemical properties of Sialon ceramics, and also tailor the 

microstructures of Sialon ceramics [47]. Table 2.1 shows the relationship between the z-

value and some mechanical properties of β-Sialon [48].  

Table 2.1 The change of some mechanical properties with the z values [48] 

Z value Bending strength (MPa) Fracture toughness (MPa.m
1/2

) 

0.5 660 5.7 

1 377 2.6 

1.5 320 -- 

2 352 2.2 

4 170 1.6 

Compared with α-Sialon, β-Sialon has higher fracture toughness because of its whisker-

like morphology [49]. This morphology can promote the formation of a tough interlocking 

microstructure yielding improved mechanical properties. Typically, the fracture toughness 

of β-Sialon lies between 3-6MPa
1/2

, depending on different processing routes, additives 

and z-values [50-52]. 
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2.1.2 α-Sialon 

After β-Sialon was first reported, α-Sialon [53] was also found to exist in Me-Si-Al-O-N 

systems (Me is Li, Mg, Ca and Y). α-Sialon is derived from α-Si3N4 and its general 

formula is MexSi12-(m+n)Alm+nOnN16-n, where x is lower than 2, (m+n) Si-N bonds are 

replaced by m Al-N bonds and n Al-O bonds [54]. The position of the α-plane and the α-

phase region in the Jänecke prism is presented in Fig.2.2 [55].  

 

Fig.2.2  (a) Jänecke prism for Re-Si-Al-O-N system and (b) α-SiAlON region[55] 

In order to keep charge neutrality, if the valency of Me is υ, then x equals to m/υ [34].  

Because the oxides are incorporated in to the Sialon structure, less intergranular phases 

exist in α-Sialon network, which means α-Sialon has good thermal shock resistance. 

However, if the oxides cannot be incorporated into the structure, a glassy intergranular 

phase will be formed which reduces the mechanical and chemical properties of α-Sialon at 

high temperature. α-Sialon usually develops a microstructure of equiaxed grains, so it has 

good hardness (about 20 GPa)  but poor fracture toughness (between 2 to 4 MPa.m
1/2

) [56].  

Researchers have used various methods to improve the fracture toughness. Modifying the 

microstructure or changing the shape of grains is commonly used. Kaga et.al 

[57]synthesized elongated α-Sialon via a reaction bonding process. After being post-

sintered at 1900 °C for 3h, the α-Sialon had fine microstructure and high density, and 

showed high hardness and fracture toughness (5.1 MPa.m
1/2
). However, α-Sialon is still 

not a serious candidate for structural materials because of their high brittleness. In addition, 

when temperatures are higher than 1400 °C, they will convert to β-Sialon and an 

undesirable intergranular phase.  
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2.1.3 Other Sialons 

O-Sialon has the similar structure as Si2N2O, which was first reported in 1954. O-Sialon 

can be written as Si2-xAlxO1+xN2-x where x is ranging from 0.4 to 1. Compared with other 

Sialons, O-Sialon shows the most excellent oxidation resistance due to the high oxygen 

content. The research showed that no remarkable oxidation was detected before 1200 °C 

and the oxidation process was controlled by the nitrogen diffusion between 1200 °C and 

1450 °C [58]. It is not easy to form O-Sialon by reaction sintering due to its decomposition 

near the sintering temperature. O-Sialon can convert into β-Sialon with increasing the 

sintering temperature because of the evaporation of silica [59].   

X-Sialon has a similar structure to mullite and exists at a narrow solid solution between 

Si3N4 and mullite. Normally, X-Sialon is written as Si12Al18O39N8, however, its 

composition can range from SiAlO2N to Si16.9Al22.7O48.8N11.6 [60]. Compared with mullite, 

X-Sialon has a larger unit cell because of the increase in the proportion of SiO4 and AlO4 

tetrahedra to AlO6 octahedra. According to the literatures [60-62], several methods can be 

used to fabricate X-Sialon, such as reaction sintering (Si3N4-Al2O3-AlN mixtures or Si3N4-

Mullite gel mixtures), and carbothermal synthesis or silicothermal synthesis following by a 

post-sintering process. However, X-Sialon is one of the least researched Sialon phases 

because of its poorest mechanical properties. M. Sheppard et al compared the physical 

properties of sintered X-Sialon prepared by both single-step and two-step sintering 

methods [63]. According to their work, the X-Sialon has a hardness of 12-15 GPa, a 

strength of around 253 MPa, and low fracture toughness of 1.2 MPa∙m
1/2

 and the Young’s 

modulus of around 217 GPa [63]. 

AlN-polytype Sialons exist between β-Sialon region and AlN corner in the Si-Al-O-N 

phase diagram, as shown in Fig.2.3 [64].  
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Fig.2.3 Constitution diagram of the Si-Al-O-N system at 1760°C [64] 

AlN-polytype Sialons have a layered structure closely related to wurtzite-type AlN with 

either a hexagonal or rhombohedral unit-cell. The formula of AlN polytypes can be 

described as MmXm+1, where M means metal element (Al and Si) and X represents non-

metal element (O and N) and m ranged from 4 to 13. Generally, based on the M/X atomic 

ration, AlN polytypes are known by the Ramsdell notation [65], such as 8H, 15 R, 12H, 

21R, 27R, 2H, 6H, 20H, 33R and 24H[66]. AlN polytypes can be used to strengthen and 

toughen themselves in situ or on the matrix due to their needle like or elongated platelet 

morphologies. In literature it revealed that the hardness of AlN polytype ceramics varied 

between 11.5 and 14.4 GPa, depended on compositions and additives, while fracture 

toughness and flexural strength had no such close relationships to the type of AlN-

polytypes, varying in the range of 3.8–4.8 MPa·m
1/2 

and 313–366 MPa at room 

temperature, respectively[67]. They have a high-temperature flexural strength of around 

500 MPa at 1000 °C to 1300 °C, which was higher than that at room temperature [68].  

However, it is difficult to densify AlN polytype materials by conventional sintering 

methods because of the high nitrogen content. 
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2.2 Processing routes to synthesize Sialons  

In the last decades, various methods, such as carbothermal reduction and nitridation (CRN) 

[69-70], spark plasma sintering (SPS) [71], combustion synthesis (CS)[72-74], Hot-

pressed sintering [41], reaction bonding [17] and silicothermal reduction [59], have been 

used to synthesize Sialons. For those methods, Si3N4, Al2O3, AlN, Si powders, Al powders 

or minerals (containing silica and alumina) are used as starting powders. Compared with 

other methods, reaction bonding uses Si powders to form in situ Si3N4; silicothermal 

reduction takes Si powders and clay minerals (like kaolin or halloysite) as raw materials. 

The biggest advantage for these two methods is low cost of raw materials because 

expensive Si3N4 is replaced by cheaper Si powders or clays. 

2.2.1 Reaction bonding 

In a nitrogen atmosphere, Si3N4 can be formed by the reaction of Si and N2, when the 

reaction temperature is above 700 °C. With increasing temperature, the nitridation 

increases rapidly and Si powders can be completely nitrided with a suitable holding time at 

1300 °C. Usually, the reaction takes place between 1250 °C and 1450 °C [75-76]. In this 

temperature region, the product is comprised of mostly α-Si3N4 with small amounts of β-

Si3N4. The nitridation of Si powders can be presented as two overlapping steps. Firstly, the 

nitrogen gas diffuses and contacts with Si powders, and then they have a chemical reaction 

to form silicon nitride according to Eq. 2.1 to Eq.2.3 [76]. 

3Si (s) 2 2 (g) Si3 4                                                                                           (Eq.2.1) 

3Si (l) 2 2 (g) Si3 4                                                                                           (Eq.2.2) 

3Si (g) 2 2 (g) Si3 4                                                                                          (Eq.2.3) 

During the nitridation stage of Si powders, the two types of silicon nitride are formed by 

different mechanisms. The α-Si3N4 is formed from the reaction between the Si vapour 

phase and N2 gas. The main reason for the formation of β-Si3N4 is the formation of Si3N4 

nuclei starting on the surface of Si particles by a solid-gas reaction or by precipitation from 

the liquid phase [77]. The reaction rate and the formation of silicon nitrides are dependent 

on the temperature and pressure. The formation of nuclei is very important for the 

formation of silicon nitride and Si reaches to the growth site by both surface diffusion and 
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evaporation. Increasing pressure or decreasing temperature can enhance the areal density 

of nuclei. During the nitridation of Si powders, a coherent layer of β-Si3N4 is formed by 

the solid-gas reaction between solid Si and gaseous N2, which leads to a decrease in the 

free Si surface area and increase in the surface diffusion distance [78]. This can slow the 

reaction rate and affect the direct nitridation. On the other hand, the formation of α-Si3N4 

is determined by reactions involving the gaseous reactants SiO and N2. The intermediate 

gaseous SiO phase is formed by the reaction of the Si and SiO2 (an oxidation layer exists 

on the surface of Si powders), and act as the transport medium for the formation of α-Si3N4 

by Eq.2.4 [78]. 

3SiO(g) 2 2 (g) Si3 4(s) 1.5O2(g)                                                                (Eq.2.4) 

Finally, the formed Si3N4 reacts with Al2O3 and AlN to form Sialons. Enquan He et al[45] 

used Si and Al2O3 as raw materials to form β-Sialon (Z=1) by reaction bonded sintering. 

The study showed that the raw materials cannot achieve full nitridation, with some residual 

Si powders and α-Si3N4 being observed in the products. A post-sintering process was 

necessary for obtaining single phase β-Sialon (Z=1). They found that at the higher post-

sintering temperature (1750 °C), the microstructure of β-Sialon had a higher aspect ratio 

because of the lower liquid phase viscosity. Young-Jo Park et al fabricated β-Sialon with 

various z values using Si powder, Al2O3 and AlN as raw materials [79]. In their work, the 

nitridation rates were more than 90 % at 1400 °C, and residual Si was not detected in the 

products. The density of samples increased with both the increasing z value and the post-

sintering temperature, while pressureless sintering could not densify β-Sialons because of 

the lack of liquid phase.  

In the reaction bonding process, some pores and other phases exist in the products, which 

can be harmful for the mechanical properties [80]. This is the reason why reaction bonded 

Sialon is not suitable for advanced engineering applications which require high reliability 

and performance specifications. However, because of its low production costs and good 

chemical properties, reaction bonded Sialons can be used as refractory material.  

2.2.2 Silicothermal reduction 

In Silicothermal reduction, Si powder and a clay mineral with a kaolinite type structure are 

used as raw materials. As with reaction bonding, this method is advantageous to reduce the 

product cost. In this route [81], halloysite clay is often chosen as the raw material. The 
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halloysite clay has a chemical formula of Al2Si2O5(OH)4.nH2O, and is similar to  kaolinite 

except for the higher water content [82]. There are two kinds of water in halloysite, 

adsorbed water and constitution water [82]. When the temperature is below 150 °C, the 

adsorbed water is removed; however, the structure of halloysite remains intact. At 

temperatures between 450 °C and 600 °C, the constitution water is lost, which breaks the 

structure of halloysite [82]. At a higher temperature, the halloysite can be decomposed into 

SiO2 and mullite [82]. 

Compared with reaction bonding, this process uses halloysite to replace Al2O3. In this 

process, the reaction can be divided into three steps. The first step is the water loss and 

decomposition of halloysite, with the formation of mullite and SiO2 [62]. The second step 

is the nitridation of Si powders, the same as with the reaction bonding process [62]. The 

final step is the formation of Sialons [62]. In addition to the target Sialon composition, 

some intermediate phases can be detected in the products, which may affect the 

mechanical properties of the target Sialon [59]. However, this process uses cheaper Si 

powders and clay minerals to replace expensive Si3N4, which is a benefit to reduce 

production cost. 

2.2.3 Carbothermal reduction and nitridation (CRN) 

Carbothermal reduction and nitridation (CRN) is an economic and convenient process to 

synthesize nitride materials [69-70, 83-84], such as TiN, Si3N4, AlN and Sialons. Normally, 

CRN uses cheap silicoaluminate minerals as raw materials and utilizes carbon as a 

reducing agent. However, toxic CO gas is released as waste in the process. As with 

silicothermal reduction, the CRN process can also be divided into three steps. The first 

step is decomposition of the mineral into mullite and SiO2, the second step is the reaction 

and nitridation of SiO2, which can form intermediate phases of SiO gas, SiC or silicon-

oxynitride (Si2ON2). The formation of intermediate SiC phase depends on the carbon 

content. The Si2ON2 can react with Al2O3, leading to the formation of O-Sialon or X-

Sialon as an intermediate phase.  The last step is formation of Sialon. For this method, the 

amount of carbon and the presence of excess of N2 are important factors to affect the final 

products.  
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2.3 The densification of silicon nitride and Sialon materials 

2.3.1 Conventional liquid phase reaction sintering 

It is universally acknowledged that it is difficult to densify Silicon nitride by solid state 

sintering because of its high covalent bonding.  In order to obtain high density products, 

sintering additives are introduced to form a liquid phase, which is beneficial for producing 

a fully densified material.  The first Sialon was fabricated by sintering Si3N4 powders with 

Al2O3, AlN and a metal oxide, such as Li2O, CaO, MgO and rare earth oxides [66, 85]. 

The conventional liquid phase sintering process to densify Sialon ceramics can be divided 

into the following stages [86-87]. Firstly, when the temperature reaches the eutectic 

temperature, the sintering additives react with Al2O3 and SiO2 on the surface of Si3N4 

particles to form a liquid phase. The eutectic liquid phase can diffuse to wet and cause 

primary rearrangement of the particles, which leads to the first major shrinkage step. The 

characteristics of the eutectic melt, wetting AlN or Si3N4, are important to determine the 

reaction pathway and densification behaviour of the specimen. Menon and Chen’s research 

[86-87] indicated the wetting behaviour of the ternary oxides and reaction pathways in the 

M-Sialon system, where M represented Li, Ca, Mg or rare earth element. It showed that 

generally the more basic oxides wet Si3N4, whereas the more acidic oxides wet AlN. The 

second stage is considered as the wetting of AlN or Si3N4 particles and the formation of 

transient phases at higher temperature. In this stage [86-87], the rate and extent of the 

shrinkage depend on the wetting properties of the eutectic melt, preferentially wetting 

either Si3N4 or AlN. If the AlN is wetted preferentially, no shrinkage is observed and the 

duration of slow shrinkage is prolonged until the wetting of Si3N4 [87]. If the Si3N4 is 

wetted preferentially, then a gradual but substantial shrinkage step is always seen, and the 

shrinkage corresponding to AlN wetting can also be seen, leading to substantial shrinkage 

over time. The final stage consists of dissolution of the intermediate phase and the 

precipitation of final phase. Dissolution of the intermediate phase, which can occur at 

lower or higher temperatures, usually results in a shrinkage step or in the final 

densification step. In many cases, the formation of Sialon is found to be at relatively low 

temperature so that it is of little consequence in determining the densification temperature. 

Normally, the final densification stage proceeds in the same way as it does in a solid stage 

sintering mechanism which implies the coalescence of the newly formed grains and the 

elimination of the closed pores. 
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Generally, in liquid phase reaction sintering, the liquid phase is of central importance for 

the densification of the products [88]. Its eutectic temperature is expected to vary with the 

initial oxide composition. The amount of the liquid and it’s wetting properties and 

viscosity play important roles in the shrinkage and densification of the products. The liquid 

phase will exist at the grain boundaries in the final materials, and will affect the final 

properties of the products [88-89].  

Normally, the liquid phase reaction sintering has the advantage of producing the most 

dense and purest Sialons; however, it requires expensive Si3N4 as raw material and 

consumes a lot of energy and takes a long time.  

2.3.2 Hot pressing sintering 

Hot pressing sintering is an effective processing technology to fabricate high densification 

materials without or with a small amount of sintering additives. For this process, the 

powders are placed into a solid graphite die, and simultaneously pressed and sintered via a 

uniaxial pressure at a sintering temperature. Compared with the conventional sintering 

technologies, the hot pressing sintering can reduce the sintering temperature, shorten the 

holding time, and suppress grain coursing, to obtain a material with high densification and 

excellent mechanical properties. Hot pressing sintering can be used for sintering carbides 

[90], nitrides [91], borides [92] and some hard metals [93]. A. Demir and Z. Tatli 

investigated the mechanical properties of SiC fibre reinforced Si3N4 ceramics sintered by 

hot pressing sintering [94]. The results showed that the relative density of the sample could 

be higher than 99% between temperatures of 1550 and 1600 °C, and with a maximum 

bending strength of 693 MPa and a highest fracture toughness of 13.38 MPa∙m
1/2

 at 

1500 °C [94]. A single phase α-Sialon translucent ceramic was obtained by hot pressing at 

1800 °C for 1 h under 20 MPa in nitrogen atmosphere, where the material showed 

excellent high hardness of 20 GPa and good fracture toughness (5.1 MPa∙m
1/2

) [95]. Hot 

pressing is also a remarkable processing technology to fabricate Sialon ceramics. B. Joshi 

et al[96] fabricated α/β-Sialon ceramics by hot pressing sintering at 1850 °C for 1 h under 

30 MPa in nitrogen environment. They obtained a series of α/β-Sialon ceramics with good 

mechanical properties and high densification (shown in Table 2.2). 
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Table 2.2 Mechanical properties of different Sialon ceramics by hot pressing sintering [96] 

Sialons 
Hardness 

(GPa) 

Fracture toughness 

KIC, (MPa.m
1/2

) 

Flexural strength 

(MPa) 

Relative 

density 

Mg-Sialon 
18.96 5.27 519.82 

99.05 

Mg-Sialon:Y
3+ 21.48 6.00 638.91 

99.65 

Mg-Sialon:Er
3+

 
19.94 5.91 521.61 

99.30 

Mg-Sialon:Nd
3+

 
19.96 5.68 518.70 

99.41 

Mg-Sialon:La
3+

 
19.45 5.82 547.17 

99.52 

However, hot pressing sintering has a disadvantage for its high production cost due to the 

complicated instruments, high quality graphite die, and highly energy consuming.  

2.3.3 Spark plasma sintering 

Spark plasma sintering (SPS) is one of the advanced sintering process technologies used to 

densify the low-sinterable oxides, nitrides, carbide and hard metals, which are difficult to 

densify by conventional sintering methods [97]. The SPS method utilizes simultaneous 

high DC current and uniaxial pressure to consolidate powders. It is characterized by the 

low sintering temperature, rapid heating rate (up to 600 °C/min) and short dwell time [98-

100]. At present, researchers pay considerable attention to the SPS process due to its 

noteworthy success, such as, cleaner grain boundaries in the sintered ceramic, remarkable 

increase in superplasticity of ceramics, the suppression of phase transformation and 

inhibition of grain growth [8]. These achievements are beneficial for improving the 

properties of the materials. The SPS processing technology is an alternative method to 

densify Sialon ceramics. M. Hotta and T. Goto [101] fabricated β-Sialon-cBN composites 

by SPS process at 1600 °C-1900 °C under a pressure of 100 MPa. They successfully 

obtained high density β-Sialon-cBN at 1700 °C, with slight phase transformation (cBN 

transferred into low hardness hBN). Combustion synthesized Y-α-Sialon and Ca-α-Sialon 

were sintered by SPS at 1400 °C and 1500 °C for 10 min, respectively. The results showed 

that fully dense Sialons were fabricated and no obvious α-Sialon transformed into β-Sialon 

for Ca-α-Sialon. The Y-α-Sialon had a maximum Vickers hardness of 18.95 GPa and the 

Vickers hardness of the Ca-α-Sialon reached to 19.95 GPa [99].  
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The process of the SPS technique is determined by the electrical conductivity of the 

sintered material, the die wall thickness and the presence of graphite papers (to prevent 

direct contact between graphite parts and the specimen). During the sintering, the 

temperature distribution inside the specimen is affected by the electrical contacts between 

all parts, and has great influence on the final properties of the samples. At present, the SPS 

technique is primarily used as a research tool due to the need for a high quality graphite die, 

normally sinters small sized samples, consumes lots of energy and is not suitable for large 

production. 

2.3.4 Gas pressure sintering 

Gas pressure sintering (GPS) is suitable for mass production of Sialon ceramics and other 

ceramics as a laboratory and industrial technique. During the sintering process, the gas 

pressure is ranged from 0 to 20 MPa. GPS is applied to fabricate the Si3N4 and Sialon 

ceramics. During the densification of Si3N4 and Sialon ceramics, the decomposition of 

Si3N4 and Sialon make a negative effect on sintering behaviour and properties of the 

materials. For the GPS technique, the high nitrogen gas pressure could prevent the 

decomposition of Si3N4 and also provide an extra driving force for the sintering which 

helps to lower the amount of additives [102]. At present, there are many researches 

focused on the GPS technique. They indicate that high pressure is not necessary for the 

whole sintering process.  In the early stages of sintering, the gas under high pressure could 

be entrapped inside the pores, which is detrimental to densification. However, a sufficient 

nitrogen pressure in the final stages of GPS is very important to prevent decomposition to 

avoid the pressurising with a non-interacting gas [102]. Normally, the GPS can be 

described as two stages: the first step is under lower pressures to allow densification, and 

the second stages use higher pressure to suppress decomposition at the higher temperatures 

where the shrinkage has been achieved [103-104]. Normally, for the reaction bonding 

Si3N4 ceramics, there are two stages of the whole process. First stage is the nitridation of 

Si powders and the second stage is the post-sintering process (GPS).  A summary of results 

from [105-112] Si3N4 and Sialons sintered by GPS can be seen in Table 2.3.   
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Table 2.3 Summary of earlier results on gas pressure sintering of silicon nitride and 

Sialons [105-112] 

Temperature 

(°C) 

Pressure 

(MPa） 
Additives 

Strength 

(MPa) 

Toughness 

(MPa∙m
1/2

) 

Elasticity 

modulus 

(GPa) 

Density 

(TD) 

1850 
1.5 10 wt.% YAG 764±24 7.05±0.40 285±6.8 

---- 

1850 
10 

5% Y2O3 and 

3.5 % Al2O3 
-- 6.51-6.74 -- 

99.8% 

1950 
4 

5 wt% Y2O3- 

2 wt % Al2O3 
-- 7.3–8.4 -- 

<95 % 

1950 
6 

5 mass% Y2O3 

-2 mass % 

Al2O3 

632-731 7.8-8.0 -- 
99.7% 

1900 
1 

2 mol% Y2O3- 

5 mol % MgO 
843±33 -- -- 

99.6% 

1750 
0.1 0-6 wt % Sm2O3 460-520 3.5-4.4 260-285 

-- 

1940 
2.2 

3 mol% rare-

earth oxide and 

CaO 

-- 5.43-5.89 -- 
-- 

1800 
0.2 Al2O3-Y2O3 -- 6.95±0.39 -- 

-- 

It can be seen that fully dense materials have been obtained by GPS method under 

different sintering temperatures, pressures and additives. The sintering behaviour of Si3N4 

and Sialons is not ascertained by a single factor, but is influenced by several factors [17, 

47, 110, 113-114], such as sintering methods, temperatures, gas pressures, compositions of 

the gas, sintering additive content. 

 

In GPS, the composition of the gas also has a great influence on the sintering behaviour of 

the materials. Normally, for the GPS sintering of Si3N4 and Sialons, nitrogen gas is the 

most common gas [105-107], and argon gas could also be used as an inert protective gas 

for GPS sintering [115-117]. During the sintering process of Si3N4 and Sialon, a sufficient 

N2 pressure can prevent the decomposition of the materials and is beneficial for 

improvement of the properties. Silicon monoxide (SiO) is always produced during the 

sintering process because of the thermal decomposition of Si3N4 or Sialon [118]. The 

partial pressure of SiO in the compact is dependent on whether N2 is in a flowing condition 

or a static condition. In the flowing N2, SiO is taken away from the compact which will 

reduce the partial pressure of SiO, which will increase the β-Si3N4 contents [104]. Whereas, 

a relative higher SiO partial pressure in static N2 leads to a higher amounts of α-Si3N4, 

which would enhance the formation of Sialons [119].  
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2.3.5 Two-step sintering  

The microstructures of polycrystalline ceramics have a large influence on their properties. 

Researches [97, 120-122] have been carried out in order to improve the properties and 

reliability of ceramics by controlling the density, grain size and presence of heterogeneities 

in the microstructure. Sintering is an important stage to fabricate ceramics. For sintering, it 

requires relatively high temperatures to facilitate diffusion to densify the materials. The 

conventional sintering techniques of ceramics require a long time at the high temperature 

to allow full densification, but this can also cause the grain growth which has a negative 

effect on the properties [123]. Some manufacturing routes, such as controlling distribution 

of particle sizes [124-125], using sintering additives [126], advanced sintering techniques 

[127-128], are available for fabrication of high dense ceramics with nanometer or 

submicron grain size. However, these methods have some limitations because of the 

complex devices, expensive production cost. A lot of attentions have been focussed on the 

sintering condition to allow high densification without simultaneously stimulating grain 

growth.  In the 1990s, a two-step sintering technique was introduced by Chu et.al [129], 

denoted as TSS-C, to obtain MgO and Al2O3 ceramics with more uniform and finer 

microstructure than that of conventional sintering method. For TSS-C method, the 

compacted powders are pre-treated at a relative low sintering temperature to precoarsen 

the initial powders without densification, and then followed by a conventional isothermal 

sintering. In 2000, a new two-step sintering was conducted by Chen and Wang (TSS-CW) 

[130]. They sintered the ceramic powders at high temperature, and followed by a rapid 

cooling down to a relative lower temperature for a long period. A schematic of the heating 

schedules for the two-step sintering techniques are shown in the Fig.2.4.  TSS-C method 

can increase the densification with homogeneous microstructures, but also the grains 

coarsen at the higher temperature in the second stage. For the TSS-CW technique, the 

purpose is to increase the densification and simultaneously suppress the grain growth.  In 

the first stage, the critical density must be achieved (higher than 70 % TD) to produce 

sufficient triple points. The network of grain boundaries anchored by joints in the triple 

points is important for the densification of ceramics, due to the high activation energy for 

migration. 
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At the final stage of the TSS-CW technique, the residual porosity is eliminated and the 

densification occurred, without grain growth.  

 

Fig.2.4 The schematically diagrams of the two-step sintering techniques 

The TSS-CW has been widely used to obtain a series of ceramics, including traditional 

oxides, carbides, piezoelectric ceramics and bio-ceramics, with a controlled microstructure. 

Liu et al [131] applied TSS-CW to fabricate magnesium aluminate spinel and measured its 

mechanical properties, and compared with the ceramics obtained by conventional 

specimen. They fabricated a high density (96.17%) and a homogeneous microstructure 

with small grains (680 nm) under optimum conditions, where T1 was 1650 °C for 0 h and 

T2 was 1550 °C for 10 h.  Compared with the samples sintered by conventional method, 

the bending strength and Vickers hardness of the samples sintered by TSS-CW were 

increased by 54.8% and 52.2%, respectively. The significant improvement of mechanical 

properties could be attributed to the synergism of relative high density, suppression of 

grain growth and better grain size distribution. SiC is a very interesting ceramic material 
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due to its excellent properties, however, it is difficult to fabricate SiC with good properties 

via conventional methods, normally, the sintering temperature is up to 2200 °C. TSS-CW 

was applied to manufacture SiC at a relative lower temperature. The sintering conditions 

were T1=2100 °C for 0 h and T2=2050 °C for 7 h. The mechanical properties of the 

investigated specimen fabricated by conventional sintering and TSS-CW method are 

shown in Table 2.4[132]. It indicated that the SiC sintered by TSS-CW could enhance the 

mechanical properties at a relatively lower temperature (2050 °C) instead of 2200 °C.  

Table 2.4 The mechanical properties of the investigated SiC materials [132] 

Mechanical Properties CS-SiC TSS-SiC 

Hardness (GPa) 23.3±0.7 24.4±0.7 

Fracture Toughness (MPa.m
1/2

) 3.1±0.2 3.4±0.1 

Young Modulus (GPa) 409±1 418±2 

Flexural Strength (MPa) 341±43 556±56 

The two-step sintering method can be used in combination with other sintering techniques 

(such as hot pressing sintering, spark plasma sintering and microwave sintering) to 

fabricate other ceramic materials. A WC-matrix composite toughened by elongated β-Si-

3N4 was investigated by one/two-step spark plasma sintering [133]. Compared with the 

pure WC, the toughness of the WC-matrix composite increased from 6.69 MPa∙m
1/2

 to 

10.94 MPa∙m
1/2

.  The WC-Si3N4 specimen sintered at 1800 °C for 0 min had an average 

WC grain size of 1.42 μm, hardness of 16.88 GPa and fracture toughness of 9.54 MPa∙m
1/2

, 

while those of the specimen sintered by a two-step sintering condition (T1=1700 °C and 

T2= 1600 °C for 30 min) were 1.26 μm, 17.65 GPa and 10.49 MPa∙m
1/2

. At the final stage 

of the two-step sintering, the relative lower temperature suppressed WC grain growth and 

simultaneously kept the active energy for the elongated β-Si3N4 grain growth. This 

indicated that the specimen by two-step sintering method showed a relative high hardness 

and remarkable fracture toughness. 
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2.4 Influence of sintering additives on the densification of Sialons  

Oxide additives, such as MgO, CaO, ZrO2, and rare earth oxides, are always used as 

additives to improve the properties of Sialon ceramics due to the formation of intergranular 

phases. Different kinds of oxide aids have different effect on Sialon ceramics, such as 

Re2O3 (ZRe ≥62) can enhance the stability and hardness of α-Sialon, Re2O3 (ZRe ≤62) can 

increase the fracture toughness of β-Sialon, and CaO can prevent α-Sialon from 

transferring into β-Sialon [47]. A suitable additive can provide a liquid intergranular phase 

to help the sintering and densification of Sialon, which is good for enhancing the high 

temperature properties of Sialon. Nurcan and Oguzhan [47] researched the relationship 

between z value and intergranular phase crystallization of Sialon-TiN composites with 

various oxide aids. They found that the types of oxides had no considerable effect on z 

value, but affected the intergranular phase crystallization. The oxide content had a large 

influence on z value, intergranular phase crystallization, and α β transformation [134]. 

With oxide aids, the metallic cations incorporate into the Sialon structure to reduce the 

amount of intergranular secondary glassy phases. This is the reason why Sialon shows 

better high-temperature properties than Silicon nitride. Y2O3 is a common sintering 

additive used to stabilize α-Sialon, and can also aid the development of elongated α-Sialon 

grains, which can increase fracture toughness. C. Santos et al [135] used Y2O3 and rare 

earth oxides as sintering additives to obtain elongated α-Sialon with high aspect ratios 

(about 5). The hardness and fracture toughness of the α-Sialon were 18.5 GPa and 5 

MPa
1/2

.  Y2O3 can incorporate into the α-Sialon lattice, and thus can improve the chemical 

and mechanical properties. Rare earth oxides also can be used as sintering additives to 

promote the densification and sinterability of Sialon. S. B Roman and C. I Wei [136] 

found that when using La2O3 as an extra additive, the grain size of α-Sialon was reduced 

because of the formation of a low viscosity liquid phase. It also promoted incorporation of 

Y
3+

 cations
 
into the structure and formed more oxygen-rich liquid phase at grain 

boundaries.   

2.5 Applications of Sialons 

Sialon ceramics are characterised by their excellent properties, such as high hardness, good 

corrosion and oxidation resistance, mechanical strength and thermal stability, at room 

temperature and high-temperature. They are widely used as cutting tools, refractories and 
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structural materials, but can also be used as functional materials (phosphor materials and 

optical materials). 

2.5.1 Cutting tools 

Compared with traditional diamond, steel and hard alloys, advanced ceramic cutting tools 

have the merits of high hardness, chemical stability and are economical [137]. Sialon or 

Sialon-based ceramics show good strength and high hardness (shown in Table 2.5), so they 

are considered to be ideal candidates for machining alloys at high speed [138].  

Table 2.5 A summary for typical properties of silicon nitride or Sialon cutting tools. The 

values of the properties are determined by various compositions, sintering temperatures 

and pressures. 

 
Flexural strength 

(MPa) 

Toughness 

(MPa.m
1/2

) 

Hardness 

(HV10, GPa) 

Reference  

No. 

Sialon-Ti(C,N)  __ 6.1-7.0 16.0-18.4 [137] 

Sialon-Si3N4 810-950 8-10 16-18 [139] 

Si3N4-(W, Ti)C 700-980 7-9 16-18 [140] 

Si3N4-TiN 650-1018 6.8-7.6 11-15 [141] 

However, their brittleness is detrimental for the application. Adding a secondary phase, 

such as SiC, TiC, ZrO2 and Si3N4, can improve the mechanical properties (also observed in 

Table 2.5). G. M Zheng and his co-workers[142] formed Sialon-Si3N4 graded nano-

composite cutting tool material, and tested the cutting performance via turning of Inconel 

718 alloy. They found that their cutting tool had a longer tool life than common tools 

because nano-sized particles can enhance the toughness (varying from 7.4 to 9.5 MPa.m
1/2

) 

and strength (ranging from 645 to 980 MPa) [142].  

2.5.2 Refractory materials 

Sialon ceramics have more excellent properties at high temperature than that of Si3N4 

ceramics, such as oxidation resistance, corrosion behaviour, fracture toughness and 

thermal shock resistance. Sialon or Sialon-matrix composites have been extensively used 
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as refractories for the steel and aluminium industries. F. Ye et al[143] found a novel 

refractory self-reinforced α-Sialon with 5 wt % barium aluminosilicate as sintering 

additive. This refractory showed excellent mechanical properties, with flexure strength of 

626-774 MPa and fracture toughness of 5.8-6.8 MPa m
1/2

, which were much higher than 

conventional α-Sialon. It also had an excellent thermal shock resistance. As applications 

for metallurgical industry, good high-temperature erosion wear resistance of Sialon is very 

important. J.Z Yang and co-workers [144] investigated the erosion wear resistance of 

Fe/FeMo-Sialon. The Fe-Sialon composite consisted of β-Sialon and Fe3Si phases, 

distributed into the Sialon grain boundaries. Erosion temperatures, microstructure and 

phase compositions were important factors in the erosion rate of Fe-Sialon ceramics. 

2.5.3 Phosphor materials 

Recently, solid state luminescence has become a hot research topic. Rare earth doped 

oxynitride or nitride phosphors are known for long excitation and emission wavelengths, 

high thermal and chemical stability. Rare-earth doped Sialon phosphors are a positive 

candidate for light emitting diodes. R.J Xie and his research team [145-147] have carried 

out extensive research on the luminescence properties of Sialon. Both α-Sialon and β-

Sialon can be used as the host lattice, and when doped with different types of rare earth 

cations, such as Eu
2+

 and Ce
3+

, different kinds of emissions can be observed. 

2.6 Zirconium Nitride (ZrN) 

 Transition metal carbides and nitrides (TMCN) have obtained many researchers' attention 

because of their excellent physicochemical properties. As a TMCN, zirconium nitride (ZrN) 

has some important applications in mechanical processing, electronics industry and 

decoration field due to its good chemical stability, high hardness, high electrical 

conductivity, metallic luster and other properties. 

2.6.1 Basic information of ZrN 

ZrN has a NaCl-prototype cubic structure with a lattice parameter a=0.4586 nm. ZrN has 

many excellent properties, such as, melting point up to 2982 °C, hardness reaches around 

25 GPa, the coefficient of thermal expansion is 7.2×10
-6 

K
-1

 and the coefficient of thermal 

conductivity is 21.9 Wm
-1

K
-1

, high shear modulus and high Young's modulus[30-31]. ZrN 

can be incorporated as a second phase into Zr-based glass alloys to improve their 



24 
 

mechanical properties [148-150]. ZrN still has some metallic properties, like good 

electrical conductivity (room-temperature electrical resistivity is 12.0 µΩ·cm [33]) and 

good superconductivity with transition temperature of about 10K.   

2.6.2 Processing routes to synthesize ZrN   

At present, the research focus for ZrN is concentrated on ZrN coatings or ZrN thin films. 

There are many methods used to prepare this film material, such as physical vapor 

deposition (PVD) including magnetron sputtering[31], micro-arc oxidation and 

electrophoresis[151], chemical vapor deposition (CVD)[152] like plasma chemical vapor 

deposition and metal organic chemical vapor deposition. Some other processes are also 

used to prepare ZrN materials, such as carbothermal reduction and nitridation[153], hot 

pressing sintering[154], and spark plasma sintering[155]. 

2.6.2.1 Magnetron sputtering 

Magnetron sputtering is one of the most common technologies to prepare metal nitrides or 

carbides coatings and films. In this method, high purity metal Zr is used as a target 

material, with argon and nitrogen gases used as sputtering gas. During the deposition 

process, the Zr target is bombarded by argon ions to sputter Zr ions which react with 

nitrogen ions and then deposit on the substrate. The target-substrate distance, total pressure 

and nitrogen partial pressure have great influence on the properties of zirconium nitride 

films. Different chemical composition of zirconium nitride (ZrNx) can be obtained through 

magnetron sputtering. R. Lamni et al [156] used this method to study the optical properties 

of sputtered ZrNx with x ranging from 0.81 to 1.35. From the results, with the chemical 

composition change, the compounds had an o-Zr3N4 crystal structure and the optical 

properties continuously changed from metallic to semiconducting behavior. J. Musil et al 

[157] took ZrSi2 alloyed target to sputter a kind of Zr-Si-N film with a high Si content on 

steel and silicon substrates. With change of nitrogen pressure and substrate temperature, 

the deposited film has a high hardness (as high as 30GPa) and high oxidation resistance 

temperature in flowing air (greater than 1300°C). 

2.6.2.2 Chemical Vapor Deposition 

In the chemical vapor deposition process[152], ZrCl4 is taken as a deposition resource. 

After being heated to its boiling point, the ZrCl4 vapor mixes and reacts with a mixture of 
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argon and nitrogen in the reaction chamber, then deposits on the substrates to form ZrN 

films. The reaction equation of this method is shown as 2ZrCl4+N2+4H2 2ZrN+8HCl. 

High purity ZrN film can be prepared by this method, however, the by-product HCl 

corrodes the equipment, so the application of this method has some limitations and it is not 

suitable for large scale production. 

2.6.2.3 Other methods 

H. L. Zhao et al[158] used commercially available Zr and BN powders as starting 

materials, and the samples were heat-treated from 800 to 1700 °C for 2 h in argon 

atmosphere, resulting in ZrB2-ZrN composites being synthesized in situ. From their results, 

needle-like ZrN was formed at first and then ZrB generated as an intermediate phase and 

finally transformed to ZrB2 at a relatively high temperature. It was considered that a long 

holding time at formation temperature was beneficial for the grain growth of needle-like 

ZrN and this morphology should be beneficial to improve the mechanical properties of 

ZrB2-ZrN composite. 

A. Maglica et al[29] prepared β-Sialon/ZrN nano-composites by in situ reaction sintering 

using ZrO2-coated Si3N4 powders as starting powders, with Al2O3, Y2O3 and AlN as 

sintering additives in a flowing nitrogen gas. In this experiment, it was considered that 

Si3N4 reacted with ZrO2 to form ZrN when the temperature was at 1600 °C and the 

reaction was as follows: 6ZrO2+4Si3N4 6Zr  12SiO(g)  5 2(g). Finally, electrically 

conductive β-Sialon/ZrN nano-composites were formed, although their conductivity was 

lower than expected, and were deemed as requiring more research. Preparation of electro-

conductive composites had two advantages: one was that it made it possible to produce 

complex shapes by electrical discharge machining and the other was the availability of 

materials appropriate for high-temperature heaters and igniters. 

J. Y. Li et al [153] synthesized novel ZrN fibers by carbothermal reduction and nitridation 

of the PVP/zirconium oxychloride composite fibers prepared by an electro-spinning 

method. After being treated at 1600 °C, the diameter of ZrN crystals ranged from 100 to 

500 nm and ZrN fibers had a NaCl-structure cubic cell and better crystallinity of grains.  

ZrN is a kind of refractory material due to its many outstanding properties, such as, high 

hardness, high melting point, wear resistance and abrasive resistance. However, it is 

difficult to get high density bulk ZrN. Some new sintering methods, such as hot pressing 
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sintering (HP) [159]and spark plasma sintering (SPS) [160-161], have been used to get 

high density ZrN using commercial ZrN powders as starting powders. These sintering 

methods are good for obtaining high-density bulk ceramics. However, they have some 

disadvantages that they need high temperatures and expensive equipment which will limit 

large scale production. 

2.6.3 Applications of ZrN 

2.6.3.1 Coating or film materials  

At present, TiN is a common coating material used in tribological applications[162]. 

However, TiN is oxidized into TiO2 at temperatures above 600°C. There are also 

compressive stresses existing in TiO2 layers because of the large difference in molar 

volume between TiO2 and TiN, and this can result in spallation and exposure of 

unoxidized TiN to further oxidation which is bad for the applications [163]. ZrN has 

similar properties to TiN, such as high hardness (about 25GPa, higher than TiN), high 

melting point (2982°C), high corrosion and abrasion resistance. Used as high temperature 

oxidation resistance coatings, ZrN is an alternative candidate to replace TiN . ZrN has 

been used as coating material and film material on cutting tools and steel. ZrN films also 

can be used as decorative materials due to its golden color. 

  ZrN film is a promising candidate for diffusion barriers in the Cu/Si contact systems 

because ZrN has low electrical resistivity and larger negative heat of formation compared 

with TiN and TaN [164]. 

2.6.3.2 Reinforcing and Toughing Materials 

ZrN can be introduced into a matrix as a reinforcing or toughing phase because of 

excellent chemical and physical properties. X. J. Zhao et al[165] introduced ZrN nano-

particles to reinforce AlON composites. They found that the mechanical properties and 

fracture resistance of the composites had been remarkably improved. Some other ZrN 

reinforced composites[158, 166] have been prepared, such as Sialon-ZrN nano-composites, 

ZrB2-ZrN composites and Zr-ZrN alloy. 
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2.7 Silicon nitride/Sialon-based electro-conductive composite 

Sialon materials are famous for their excellent mechanical properties and have various 

applications. However, the inherent brittleness is the major limiting factor in development 

and machining of Sialon Ceramics. In order to overcome this drawback, some 

electroconductive phases [25-27, 166-167], such as nitrides (TiN, ZrN and TaN), carbides 

(SiC, TiC and graphite), borides (TiB2 and ZrB2) and MoSi2, have been introduced into 

Sialon or Si3N4 materials and are beneficial to the machining of Sialon. In addition, an 

electroconductive second phase can also improve the mechanical properties. Currently, 

numerous articles are focused on the use of TiN as the conductive phase. L. Gao et al [168] 

fabricated TiN-Si3N4 composites by an in situ method and post hot-pressed sintering. TiN 

particles were distributed into the Si3N4 matrix, and no glassy phases existed at the 

interfaces between TiN and Si3N4. The TiN-Si3N4 composites showed a good sinterability 

(relative density was up to 98 %), and the fracture toughness was higher than that of 

monolithic Si3N4. However, the hardness was decreased because TiN is softer than Si3N4.  

When the content of TiN was up to 25 %, the composites had the lowest electrical 

resistivity (0.11 Ω cm) which is sufficient for EDM. Erhan and Alpagut [169] investigated 

a new kind of electroconductive α/β-Sialon-TiCN composites. They introduced the 

segregated network concept to achieve high electrical conductivity with low conductive 

phase content. By this method, they formed composites with a lowest resistivity value of 

1.8×10
-3
Ω cm when adding 5 vol.% TiC .  

However, the thermal expansion coefficient of TiN is 9.4×10
-6 

K
-1

, significantly larger than 

that of Sialon (about 3.0 ×10
-6 

K
-1

). This large thermal expansion mismatch causes 

microcracks in the composites and reduces the mechanical properties of the composite. 

ZrN has similar properties to TiN, but lower thermal expansion coefficient (7.2×10
-6 

K
-1

). 

Compared with TiN-Sialon composites, ZrN-Sialon may have better mechanical properties. 

2.8 Summary of literature 

Sialon materials are divided into five groups where each group exhibits specific properties 

that make them suitable for many different applications. As their mechanical properties 

depend mainly on the microstructure and density of the material, they can be modified by 

tailoring these characteristics. Various methods can be used to produce Sialon powders and 
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densify Sialon ceramics, but each method possesses advantages and disadvantages that 

make them suitable for different applications.  

Most of the investigations carried out on Sialon ceramics have been aimed at the 

improvement of their properties and at the development of cheaper routes that can be 

applicable to mass production in industry. The most common route for the production of 

these materials (i.e. liquid phase sintering of Si3N4 based powders) requires high sintering 

temperatures typically in excess of 1800°C under high pressure. This kind of temperature 

and pressure requires specialised furnaces that are often highly capital intensive. 

Fabricating Sialon ceramics at lower sintering temperature and pressure whilst still 

maintaining properties suitable for a given application should allow for wider industrial 

adoption of these materials. 

Sialon ceramics have many potential industrial applications due to their excellent 

mechanical and chemical properties. However, the applications of Sialons are limited by 

the difficulty in machining using traditional mechanical machining methods, due to their 

intrinsic high hardness and poor fracture toughness. Near net shape production of ceramics 

is very difficult to achieve with conventional sintering processes.  Traditional machining 

processes, including grinding processes, are cost ineffective and labour intensive.  It is also 

difficult to generate an advanced ceramic component with complex shape without 

producing micro-cracks by traditional machining method. Therefore, advanced machining 

methods, such as electrical discharge machining (EDM), can overcome the disadvantages 

offered by the traditional machining methods due to differences in material removal 

mechanisms. EDM is suitable to machine three-dimensional complex shapes efficiently 

and effectively, independent of the hardness of the work piece and irrespective of the 

dimensions of the products[170].  However, EDM is unable to machine electrically non-

conducting materials. Materials[171], suitable machined by EDM, should have an 

electrical resistivity less than 100 Ω ∙cm, while material with high electrical resistivity 

(500 Ω ∙cm) is able to be machined by this method[172]. Tailoring electrical conductivity 

of Sialon ceramics, which can be machined by EDM, should allow for their wider 

industrial applications.  
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Chapter 3 Research Methodology 

This chapter provides a general description of the experimental methodology employed 

throughout this project, and includes details on the experimental materials, sintering 

processes and characterization methods. More detailed and specific experimental design 

can be seen in each individual chapter. 

3.1 Experimental materials 

In this project, the starting materials were Si (Sicomill, grade 4D, D50 ≈ 7 μm), halloysite 

clay (NZCC, ultrafine-H, D50 ≈ 0.3 μm), Al2O3 (Sumitomo, AKP-30, D50 ≈ 0.3 μm), Al  

(Tokuyama, grade E, D50 ≈ 1 μm), Al powder (ECP, particle sizes less than 40 μm), ZrO2 

(Sigma-aldrich, particle sizes less than 5 μm), Zr  (Sigma-aldrich, particle sizes less than 

5 μm), CaCO3 (>99%, Sigma-Aldrich Ltd.,) and isopropanoal (ECP, AR grade). 

3.2 Formation of pre-β-Sialon powder and pre-ZrN powder 

Sialon ceramics are typically synthesized from commercial Si3N4, Al2O3 and AlN powders. 

In this project, in view of the cost, Si metal powders and halloysite clay were chosen as 

raw materials to synthesize the pre-β-Sialon powders via reaction bonding method and 

silicothermal reduction methods. The ZrN powders were formed from ZrO2, Al and 

CaCO3. The full procedure for the preparation of these pre-powders is described in detail 

in Chapter 4 and Chapter 5. 

 3.3 Formation of Sialon-ZrN composites 

3.3.1 Preparation and sintering of the samples 

The mass fraction of the series of Sialon-ZrN mixtures are shown in Table 3.1, where the 

Sialon powders were produced as described in Chapter 4, and commercial ZrN replaced 

the pre-synthesized ZrN powders because the current furnace was not suitable for forming 

large amounts of ZrN. An excess of 8 wt% of YAG (composed of Y2O3 and Al2O3) was 

added as sintering additive to achieve high density Sialon-ZrN composites. 
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Table 3.1 The mass fractions of the Sialon-ZrN composites 

 

The mixtures were planetary milled in isopropanol for 4 h at 280 rpm with Si3N4 balls in a 

plastic container, then dried in a rotary evaporator, and passed through a 250 μm sieve. 

The dried powders were compacted into pellets (approximately ø12 mm×5-8 mm) by 

uniaxial pressing at 50 MPa followed by cold isostatic pressing at 400 MPa for 5 min. The 

pressed pellets were sintered in a high-temperature graphite furnace at various sintering 

temperatures and nitrogen pressures. 

3.3.2 Grinding and polishing 

Sintered samples were ground with diamond discs progressively from 120 to 20 m using 

a Struers Labopol-5, with water as lubricating liquid. The ground samples were polished 

with 9 m, 3 m and 1 m diamond suspensions with lubricating liquid (water and oil 

based) to a mirror surface by the same equipment.  

3.4 Characterization techniques

3.4.1 Phase identification 

The phase identification was carried out by XRD analysis with a Bruker 2D Phaser, using 

Cu Ka radiation (=0.15406 nm) as X-ray source. The data of Sialon and ZrN was recorded 

in range of 2θ=10°-70°, or 10°-80° with a Lynxeye detector (approximately 4° wide) at a 

step count of 0.2s and a step size of 0.02°. Peak analysis was carried out using DIFFRAC 

EVA v1.4 software. 

 SZ0 SZ1 SZ2 SZ3 SZ4 SZ5 
Sintering 

Additives 

Sialon (wt.%) 100 90 80 70 60 50 
4.56 % Y2O3- 

3.44% Al2O3 ZrN (wt.%) 0 10 20 30 40 50 
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3.4.2 Morphology 

The morphologies of Sialon and ZrN powders were observed with field-emission gun 

scanning electron microscope (ESEM, FEI QUANTA 200, USA). For viewing the samples, 

the samples were coated with conductive Pt. 

3.4.3 Degree of conversion of Si to β-Sialon (Z=1 or 4) 

During the nitridation of silicon powder, the starting mixture is often not fully converted 

into β-Sialon due to unreacted silicon or evaporation of the Si element. In this experiment, 

the degree of conversion of Si to Sialon represents the amount of N2 that actually entered 

the structure in comparison with that required theoretically to fully convert the starting 

mixture to Sialon. For both of the methods, the process can be described as two steps, 

firstly, Si reacts with nitrogen to form Si3N4, then reacts with Al2O3 to form Sialon. 

Therefore, to calculate the degree of conversion of Si to β-Sialon synthesized by reaction 

bonding and silicothermal reduction, the amount of N2 required to fully convert to Sialon 

can be considered as that of elemental Si into Si3N4. According to the actual mass change 

and theoretical mass change, the degree of conversion of Si to Sialon can be calculated by 

equation 3.1.  

Degree of conversion=
Actual mass gain

Theoretical mass gain
 100%=

mnitrided-ms

m100% nitrided-ms
 100%      (Eq.3.1)    

Where    represents the mass of the starting mixture,            is the real mass of the 

nitrided powders, and                is the theoretical mass of the fully nitrided powders. 

The calculation is made without taking into account the mass of the unreacted Si or the Si 

evaporation, therefore, the calculated degree of conversion of Si is higher than the actual 

value. 

3.4.4 Relative density and open porosity 

Generally, the relative density cannot be determined accurately due to the presence of 

intermediate phases. Instead, bulk density and open porosity are frequently used to 

evaluate the samples. These are measured by Archimedes’ method. In brief, samples are 

evacuated in water and then the mass is measured three times. The values of bulk density 

(ρ) and open porosity (p) can be determined by the following equations respectively.  
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ρ=
m1

m2-m3
 ρ

0
                                                                                                             (Eq.3.2) 

p=
m2-m1

m2-m3
                                                                                                            (Eq.3.3) 

where ρ is the bulk density of sintered sample (g∙cm
-3

), m1 is the mass of the dry sample in 

air (g), m2 is the mass of the sample infiltrated with water but measured out of water, m3 

is the mass of the sample infiltrated with water measured while immersed in water, and ρ0 

is the density of deionized water (g∙cm
-3

). 

The relative density is the ratio of the measured bulk density to the theoretical density, 

shown by the following equation: 

 D=
ρ

ρth
 100%                                                                                                        (Eq. 3.4) 

Where the  D signifies the relative density, ρ is the measured bulk density (g∙cm
-3

),     is 

the theoretical density (g∙cm
-3

), which is calculated from a rule of mixtures based on the 

mass fraction and density of each element and is expressed as: 

ρ
th
=100/∑ mi/ρii                                                                                                       (Eq.3.5) 

Where     and    represent the weight percentage and theoretical density of the 

components   and j, respectively. 

3.4.5 Vickers hardness and indentation fracture toughness 

Hardness and fracture toughness are important elements to evaluate the properties of the 

ceramics. In this experiment, a load of 10 kg and a dwell time of 15 s are applied on the 

polished surface, which is sufficient to generate radial-median cracks to calculate the 

indentation fracture toughness. The indents and the cracks are shown in Fig.3.1. 
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Fig.3.1 Schematic and light microscope images illustrating the cracks from the indent 

The values of the Vickers hardness and the indentation fracture toughness, obtained from 

the average of 6-10 indentations, are calculated by the following principles. The hardness 

is determined using the Vickers formula (Eq. 3.6): 

H 10=18.19 
 

(2a)
2                                                                                                     (Eq.3.6) 

Where the F is the applied load in N, and a is the half-diameter of the indented section in 

mm. The indentation fracture toughness was determined by the following equation 

(Eq.3.7): 

 IC=(0.016 0.004) (
E

H 
)
0.5
(

P

c3/2
)                                                                            (Eq.3.7) 

In the Eq.3.7, the Hv is the tested  ickers hardness in GPa, E is the Young’s modulus in 

GPa, P is the load in N, and c is the mean length of the four radial cracks. The value of c is 

measured by Optical microscopy. In this experiment, the Young’s modulus of the 

composite (EC) is estimated by Rule of mixtures. 

3.4.6 Wear properties  

After being polished using 1 μm diamond suspension to a mirror finish, the wear tests 

were conducted using a computer controlled NANOVEA Tribometer in pin-on-disk 

configuration under a reciprocating sliding motion. In the wear testing, an alumina ball 

with a diameter of 6 mm was chosen as the friction counterpart. The wear testing was 
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conducted with a load of 10 N for 15 min, with a sliding speed of 100 rpm under non-

lubricated conditions. After the test, the wear tracks were observed by optical microscopy, 

and the wear track width was measured by the ImageJ software. Fig.3.2 shows the diagram 

for derivation of wear volume loss in wear testing. 

 

Fig.3.2 The diagram for derivation of wear volume loss in wear testing 

 Based on the Fig.3.2, the wear volume was calculated by the following equation: 

  = 
 r2

180
arcsin

w

2r
-
w√r2-(

w

2
)
2

2
 L                                                                                  (Eq.3.8) 

Where    is the wear volume, r is the radius of the ball in mm, w is the wear scar width 

(mm) and L is the length of the track (mm). The length of the track (L) was calculated by 

the Eq.3.9. 

L=2 (  
w

2
)                                                                                                            (Eq.3.9) 

R is the sliding radius (mm). The wear rate is calculated according to the wear volume 

(mm
3
), sliding speed and sliding time, shown as Eq.3.10 

 =
  

PD
                                                                                                                     (Eq.3.10) 

Where P is the load in N, D is the total sliding distance (mm), shown as: D=L s t, L is the 

sliding length of the track, s is sliding speed in rpm, t is sliding time in min. 
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3.4.7 Electrical conductivity 

The electrical conductivity of the composites was evaluated by measuring the electrical 

resistivity, carried out using the two-probe method at room temperature on disc shape 

samples. A precision source/measure unit (B2901A, Agilent Technologies, USA), shown 

in Fig.3.3, was used to record the I-V curve to calculate the electrical resistance. Silver 

paste electrodes were deposited on both sides of the samples. 

 

Fig.3.3 The equipment and schematic for two-probe measurement 

The electrical resistivity (ρ) is calculated by the following equation,  

ρ=
 S

h
(Ω∙m)                                                                                                            (Eq.3.11) 

Where R is the electrical resistance in  , S is the cross section in m
2
, and h is the thickness 

of the sample in m.  
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Chapter 4 Effect of nitriding temperature on formation of β-

Sialon (Z=1 and 4) powders by reaction bonding and 

silicothermal reduction methods 

4.1 Introduction 

Compared with metallic materials, advanced ceramics show more excellent properties at 

high temperature. Advanced ceramics are known for their great durability, high hardness, 

high mechanical strength, low density and other properties[2]. As one of the standard 

advanced ceramic materials, Sialon has been a promising ceramic material because of its 

high thermal shock resistance, high hardness, chemical inertness, good erosion resistance 

and low creep property[173-174]. In recent decades, various methods have been used to 

synthesize Sialons. In the thesis, in view of the cost, we choose the reaction bonding and 

silicothermal reduction methods to form pre-Sialon powders. β-Sialon was chosen as the 

research powders.  or the β-Sialon, z-value ranges from 0 to 4.2 and affects its properties. 

Some of the experiment was based on the work of the  ouquié’s [175], which investigated 

the nitridation of β-Sialons which were pressed as pellets. In this research, the starting 

powders were nitrided as powders, which are helpful for the nitrogen pick-up and good for 

the nitridation of powders. Based on the research of  ouquié’s [175], the nitrogen pressure 

was chosen as 0.4 MPa. The effect of nitriding temperatures on the phase compositions, 

morphologies and degrees of nitridation of powders was investigated. 

4.2 Experimental section 

4.2.1 Starting Materials 

In these experiment, the starting materials were Si (Sicomill, grade 4D, D50 ≈ 7 μm), 

halloysite clay (NZCC, ultrafine-H, D50 ≈ 0.3 μm), Al2O3 (Sumitomo, AKP-30, D50 ≈ 0.3 

μm), Al  (Tokuyama, grade E, D50 ≈ 1 μm). 

4.2.2 Pre-β-Sialon (Z=1 and 4) powder preparation 

In these experiments, β-Sialon (z=1 and 4) powders were formed by reaction bonding and 

silicothermal reduction, respectively. The reactions governing the formation of β-Sialon by 

the two methods are shown in Table 4.1.  
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Table 4.1 The reactions to synthesize β-Sialon (z-value equals to 1 and 4 respectively) by 

reaction bonding and silicothermal reduction 

β-Sialon Methods Reactions 

Si5AlON7 
Reaction 

bonding 
195Si + 13Al2O3 + 13AlN + 130N2(g)   39β-Si5AlON7 

Si2Al4O4N4 
Reaction 

bonding 
78Si + 52Al2O3 + 52AlN + 52N2(g)   39β-Si2Al4O4N4 

Si5AlON7 
Silicothermal 

reduction 

5(Al2O3·2.4SiO2·2.2H2O) + 29AlN + 183Si + 122N2(g) 

  39β-Si5AlON7 + 11H2O(g) 

Si2Al4O4N4 
Silicothermal 

reduction 

20(Al2O3·2.4SiO2·2.2H2O) + 116AlN + 30Si + 20N2(g) 

  39β-Si2Al4O4N4 + 44H2O(g) 

 

When weighing the raw materials, the oxygen contents of AlN and Si were taken into 

consideration. The starting powders were fully mixed by ball milling in isopropanol for 2 h 

at 300 rpm using Si3N4 balls as milling medium. The mixture was dried in a rotary 

evaporator, and then passed through a 250 μm sieve.  or all β-Sialons, the starting 

powders were put in boron nitride (BN) crucibles and fired in a graphite gas pressure 

furnace with the following schedule (Fig.4.1).  
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Fig.4.1 The schedule of nitriding temperatures and nitrogen pressure of the nitridation 

stage of β-Sialon (Z=1 and 4) 

4.2.3 Characterization techniques 

Crystalline phase identification was carried out using XRD analysis with a Bruker 2D 

Phaser with Cu α radiation. The morphologies of powders were observed with a field-

emission gun scanning electron microscope (ESEM, FEI Quanta 200F, USA). Degrees of 

conversion of silicon were calculated by equation 3.1. Details of the procedures were 

described in Chapter 3. 

4.3 Effects of nitriding temperatures on the phases and morphologies of 

β-Sialon 

4.3.1 β-Sialon (Z=1) synthesized by reaction bonding 

The X D patterns of β-Sialon (Si5AlON7) produced by reaction bonding at six different 

nitriding temperatures are shown in Fig.4.2.  
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Fig.4.2 The XRD patterns of the target β-Sialon (Z=1), the starting powders were Si, Al2O3 

and AlN, nitrided at various temperatures 

When the nitriding temperature was 1250 °C, Si had the highest intensity but some α-Si3N4 

and β-Sialon (z=1) were detected. Diffraction peaks of Al2O3 and AlN were also shown in 

the X D pattern, indicating a small amount of Si was nitrided into α-Si3N4 and β-Sialon 

(z=1) at this temperature. When the nitriding temperature was increased to 1350 °C, all the 

Si powders were nitrided into α-Si3N4 and β-Sialon (z=1). However, the product was 

mainly composed of α-Si3N4, indicating that the nitriding temperature was not high enough 

to form single phase β-Sialon (z=1). For nitriding temperatures higher than 1350 °C, the 

products were composed of β-Sialon (z=1) phase and a minor α-Si3N4
 
phase. 

 or the products of β-Sialon (z=1) synthesized by the reaction bonding method, some 

white fibrous material (shown in Fig.4.3) was collected at the inside wall and lid of the 

crucible, and the X D analysis showed that it was made of α-Si3N4. 
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Fig.4.3 The morphologies of the white materials collected from the inside wall and lid of 

the crucible 

During the nitriding process, the Si could evaporate as Si (g) and then react with N2 to 

form α-Si3N4 fiber. Another reason for the formation of the α-Si3N4 fiber was that Si could 

react with the SiO2 on the surface of the silicon to form SiO gas phase, the SiO gas then 

react with nitrogen to form Si3N4 and oxygen. Therefore, the processing for formation of 

α-Si3N4 could be summarized by following reactions (4.1 to 4.4) 

Si(s) Si(g)                                                                                                                                     (4.1) 

3Si(g) 2 2 α Si3 4(s)                                                                                                               (4.2) 

Si(s) SiO2 2SiO(g)                                                                                                                     (4.3) 

6SiO(g) 4 2 2α Si3 4 3O2                                                                                                     (4.4) 

As above, for β-Sialon (Si5AlON7) produced by reaction bonding method, nitriding 

temperature has only a small effect on the phase assemblage of the products. 

Fig.4.4 presents the morphologies of the targeted β-Sialon (z=1) nitrided at 1400, 1450 and 

1500 °C under a nitrogen pressure of 0.4 MPa. 
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Fig.4.4 The morphologies of the target β-Sialon (Z=1), the starting powders were Si, 

Al2O3 and AlN, nitrided at 1400 °C (a), 1450 °C (b) and 1500 °C (c and d) 

As shown in Fig.4.4, the nitride powders had distinct morphologies at different nitriding 

temperatures. At a nitriding temperature of 1400 °C, the powders had distinct 

morphologies with elongated β-Sialon (z=1) grains, with an average length of 1.38±0.47 

μm and aspect ratio of 2.43 0.44. A small amount of fibrous material was observed along 

with the elongated grains. And from the phase assemblage results in Fig.4.2, it is 

considered that this material is the α-Si3N4.  With increase in nitriding temperature, more 

fibrous α-Si3N4 was observed.  

4.3.2 β-Sialon (Z=4) synthesized by reaction bonding 

The phase compositions of β-Sialon (Z=4) synthesized by reaction bonding at 1250, 1350, 

1375, 1400, 1450 and 1500 °C are shown in Fig.4.5. 
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Fig.4.5 The XRD patterns of the target β-Sialon (Z=4), the starting powders were Si, Al2O3 

and AlN nitrided at various temperatures. 

When using the Si, Al2O3 and Al  as starting powders to synthesize target β-Sialon (Z=4), 

the nitriding temperature showed a great influence on the final products. When the 

nitriding temperature was 1250 °C, some of the Si powders were transformed into α-Si3N4. 

The final product was composed of α-Si3N4, Si, α-Al2O3 and Al ; no β-Sialon was formed 

at 1250 °C. When increasing the nitriding temperature to 1350 °C, all the Si powders were 

transformed into α-Si3N4 whilst β-Sialon (z=3) started to form.  When the nitriding 

temperature was lower than 1450 °C the target β-Sialon (Z=4) was not detected, however, 

the product consisted of β-Sialon (Z=3), Al , α-Si3N4 and α-Al2O3 phases. As nitriding 

temperature increased to 1400 °C, AlN was no longer observed while 15R-Sialon was 

detected in the product. With a further increase in temperature (1450 °C and 1500 °C), the 

target β-Sialon (Z=4) was successfully formed, although α-Al2O3 and 15R-Sialon still 

existed in the products. The formation of target β-Sialon (Z=4) processing, a series of 

reactions could exist as equations 4.5 and 4.9: 

3Si( ) 2 2( ) Si3 4( )                                                                                                           (4.5) 

Si3 4( ) Al2O3( ) Al ( ) β Si3Al3O3 5( )                                                                  (4.6) 

Si3 4( ) 2Al2O3( ) 8Al ( ) 3 15  SiAl4O2 4( )                                                       (4.7) 
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β-Si3Al3O3 5( ) 3Al2O3( ) Si3 4( ) 3Al ( ) 3β-Si2Al4O4 4( )                            (4.8) 

15 -SiAl4O2 4( ) 2Al2O3( ) Si3 4( )  2β-Si2Al4O4( )                                         (4.9) 

These results indicated that enhancing nitriding temperature was helpful for the formation 

of target β-Sialon (z=4), however, it was difficult to obtain single-phase β-Sialon (z=4) via 

reaction bonding route. 

The morphologies of β-Sialon (Z=4) synthesized by reaction bonding at 1400 °C, 1450 °C 

and 1500 °C are shown in Fig.4.6. 

 
 

Fig.4.6 The morphologies of the target β-Sialon (Z=4), the starting powders were Si, 

Al2O3 and AlN, nitrided at 1400 °C (b), 1450 °C (c) and 1500 °C (d), a is for starting 

powders 

Fig.4.6 (a) and (b) showed there is no big difference in the morphologies of starting 

powders and that of 1400°C. The morphologies were much more distinct with the 

increasing nitriding temperature (Fig.4.6 c and d).  
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4.3.3 β-Sialon (Z=1) synthesized by silicothermal reduction 

Fig.4.7 shows the phase compositions of β-Sialon (Si5AlON7) formed by silicothermal 

reduction at 1250, 1350, 1375, 1400, 1450 and 1500 °C.  

 

Fig.4.7 The XRD patterns of the target β-Sialon (Z=1), the starting powders were 

Si, Halloysite clay and AlN, nitrided at various temperatures. 

When using Si powders, Halloysite clay and AlN as starting powders, some of the Si 

powders were nitrided into α-Si3N4 and Si2ON2 detected in the products at 1250 °C. 

During the nitriding process, the halloysite was decomposed into SiO2 and mullite. Some 

Si powders were transformed into Si3N4. Therefore, the formation of Si2ON2 is following 

as reactions 4.10 and 4.11[176]: 

SiO2 Si3 4  2Si2O 2                                                                                                  (4.10) 

Si SiO2  2  2Si2O 2                                                                                                 (4.11) 

As nitriding temperature increased to 1350 °C or 1375 °C, Si2ON2 disappeared while β-

Sialon (Z=2) and a small amount of O-Sialon were detected due to the following reactions 

(4.12 to 4.14)  

Si2O 2 2 Al  Al2O3 2 Si3 4 2 β Si4Al2O2 6                                                       (4.12) 

4Si3 4 2Al2O3 2Al  3β Si4Al2O2 6                                                                                 (4.13) 
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(2-x)Si
2
O 2 xAl2O3 2 O-Si2-xAlxO1 x 2-x                                                            (4.14) 

Targeted β-Sialon (Z=1) was not detected at this temperature, indicating  temperature of 

1350 °C could supply enough driving force to nitride Silicon into Si3N4 based materials 

(i.e. O-Sialon, Si2ON2), while was not high enough to yield β-Sialon (Z=1). Increasing 

temperature to 1400 °C, the peaks of β-Sialon (Z=2), O-Sialon and AlN were no longer 

observed, but targeted β-Sialon (Z=1) was detected.  ormation of β-Sialon (Z=1) could be 

confirmed by the following reactions (4.15 and 4.16): 

3β-Si4Al2O2 6 Si3 4 Al  6β-Si5AlO 7                                                              (4.15) 

  -Sialon Si3 4 Al   β-Si5AlO 7                                                                        (4.16)  

 When nitride temperature was 1450 °C or 1500 °C, the product was composed of β-Sialon 

(Z=1) and a small amount of α-Si3N4. During the nitridation process of Si powders, 

gaseous phases of SiO or Si (g) was produced and reacted with N2 via the gas-gas reaction 

mechanism to form fibrous α-Si3N4 (shown in Fig.4.8c).   

 

Fig.4.8 The morphologies of the target β-Sialon (Z=1), the starting powders were Si, 

Halloysite and AlN, nitrided at 1400 °C (b), 1450 °C (c) and 1500 °C (d), a is for starting 

powders 
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4.3.4 β-Sialon (Z=4) synthesized by silicothermal reduction 

The XRD patterns of β-Sialon (Si2Al4O4N4) synthesized by silicothermal reduction at 1250, 

1350, 1375, 1400, 1450 and 1500 °C are described in Fig.4.9.  

 

Fig.4.9 The XRD patterns of the target β-Sialon (Z=4), the starting powders were Si, 

Halloysite and AlN nitrided at various temperatures. 

When the nitriding temperature was 1250 °C, the nitride product was composed of mullite, 

SiO2, α-Si3N4, AlN. This indicated that halloysite clay decomposed into mullite and SiO2, 

and Si powders were nitrided into α-Si3N4 at this temperature, however, this temperature 

was not high enough to form β-Sialon. When nitriding temperature was 1350 °C, the 

product was composed of β-Sialon (z=1), α-Si3N4, α-Al2O3, AlN and Si2ON2. At this 

temperature, mullite completely decomposed into Al2O3 and SiO2, and the SiO2 then 

nitrided into α-Si3N4 or reacted with Si3N4 to form Si2ON2. β-Sialon (z=1) began to form 

at this temperature. When nitriding temperature was higher than 1375 °C, β-Sialon (z=2) 

was the major phase in the products, and co-existed with a small amount of AlN, α-Si3N4 

and O-Sialon. When nitriding temperature increased to 1400 °C, β-Sialon (z=4) and 15R-

Sialon were detected in the products. When nitriding temperature was 1500 °C, the 
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diffraction peaks of β-Sialon (z=4) had highest intensities;  β-Sialon (z=4) was the main 

phase in the products, and a small amount of 15R-Sialon and α-Al2O3 still existed. 

It can be seen from the Fig. 4.10 that a higher nitriding temperature is beneficial to the 

growth of grains. The products show unclear morphologies at 1400 °C and 1450 °C, 

however, the boundaries of the grains was clear at 1500 °C. 

 

Fig.4.10 The morphologies of the target β-Sialon (Z=4), the starting powders were Si, 

Halloysite and AlN, nitrided at 1400 °C (b), 1450 °C (c) and 1500 °C (d), a is for starting 

powders 

4.3.5 Effect of nitrided temperatures on the degree of conversion of Si of β-Sialon 

For fabrication of pre-β-Sialon powders, phase assemblage and microstructures of nitrided 

products were not the only evaluation standards for determining nitriding temperature. The 

amount of nitridation, indicated by the degree of conversion of Si should also be 

considered. Fig.4.11 presents degree of conversion of Si of pre-synthesized β-Sialon 

powders by reaction bonding and silicothermal reduction at various nitriding temperatures. 
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Fig.4.11 Effect of nitrided temperatures on degree of conversion of Si of β-Sialon (Z=1 

and 4) formed by reaction bonding (RB) and silicothermal reduction (SR) methods 

For β-Sialon (z=1) syntheiszed by the two methods, the degree of conversion of Si to β-

Sialon at 1250 °C was less than 20%, indicating a large amount of residual Si exsited, in 

agreement with XRD results in Figs.4.2 and 4.5. As temperature increased to 1375 °C, the 

degree of conversion increased sharply, reaching almost 97% for reaction bonding method 

and 89% for silicothermal reduction method at 1400 °C, then decreasing at higher nitriding 

temperature. For β-Sialon (z=4) synthesised by both of the methods, nitriding temperature 

had similar effect on degree of conversion of Si. While the greatest degree of conversion 

of Si was 87% for reaction bonding method at 1400 °C without targeted β-Sialon (and 

slightly decreased to 85% at 1450 °C with formation of targeted β-Sialon) and 85% for 

silicothermal reduction method, less than β-Sialon (z=1). Actually, the degree of 

comversion of Si to β-Sialon was determined by various factors (i.e, nitriding temperature, 

nitriding pressure, SiO partial pressure, nitriding additives). In this experiment, nitriding 

temperature was the major factor to influence the formation mechanisms of β-Sialons. 

Based on Q. L. Chen and co-authors’ work[177], Si started to react with N2 around 700 °C 

and nitridation ratio of Si was only 57.4% at 1250 °C for 5 h. Reaction processing of 

reaction bonded Sialon involved two partly overlapping steps, firstly, formation of Si3N4 

by chemical reaction between Si and N2, secondly, formation of Sialons by chemical 
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reactions between formed Si3N4, Al2O3 and AlN. For nitridation of Si, α and β Si3N4 were 

formed by different chemical mechanisms. α-Si3N4 is formed by vapour phase reaction 

between volatilisation of Si and N2. Si3N4 nuclei are fomed on surface of Si particles by 

solid-gas reaction or by precipitation from the liquid phase, leading to the growth of β-

Si3N4. In literature there are three possibilities describing the reaction paths which lead to 

formation of β-Si3N4, depended on the activation energies associated with chemical 

changes and intermediates [178-179]. Fig.4.12 presents the schematic paths for reaction 

bonding of Sialon based on reaction bonded Si3N4.  

 

Fig.4.12 Schematic mechanism for reaction bonding of Sialon 

Initial formation of β-Si3N4 started on the silicon surface. If silicon melted, nitrogen gas 

can diffuse through the liquid and form β-Si3N4. This had the lowest activation energy and 

therefore the fastest kinetics. A coherent layer of β-Si3N4 surrounding Si particles could 

suppress nitridation of Si. For further nitridation of Si, nitrogen must be transported 

through the coherent β-Si3N4 layer, requiring a large amount of energy.   

According to the Arrhenius Equation[180],  temperature has a great influence on the rates 

of chemical reactions. For reaction bonded β-Sialon, at low temperature (1250 °C), 

without melting, silicon is directly exposed to and reacted with nitrogen to form β-Si3N4 

and/or coherent β-Si3N4 layer. All reactions have slow rate and diffusion of nitrogen in 

Si3N4 is slow, leading to poor nitridation of silicon. While increase in temperature could 

enhance the rate of chemical reactions, it can also accelerate diffusion of nitrogen in Si3N4 

and molten silicon, resulting in more silicon transformed into Si3N4. A higher temperture 
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was beneficial for promoting nitridation of silicon, but also increase vaporation of silicon 

and formation of SiO gas. This was why reaction bonded β-Sialon had a poorer degree of 

conversion of Si at 1450 °C and 1500 °C.   

Nitriding temperature had similar effect on the silicothermal reduction method. However, 

for this method, gaseous phases played important role in formation of β-Sialon. The 

formation of β-Sialon involved several overlapping steps: halloysite decomposing into 

mullite and amorphous SiO2, formation of Si3N4 from reaction between silicon and 

nitrogen gas, formation of intermediate sialons and finally formation of targeted sialon. 

For this method, halloysite and silicon metal were the main sources for silicon element, 

where mass ratio SiO2/Si was 0.12 for z=1 and 3.25 for z=4. This caused more gaseous 

SiO formed by reaction of Si and SiO2. This resulted in poor nitridation of silicon and SiO2 

into targeted Sialon due to large amount of evaporation of SiO. Combined with XRD 

resluts, more intermediate Si3N4-based phases were observed in products dependent on 

temperature. The intermediate Si3N4-based phases finally transformed into targeted Sialon. 

 or both of the methods, β-Sialon (Z=1) had greater degree of conversion of Si than that of 

β-Sialon (Z=4). This could be caused by composition of starting materials.  or β-Sialon 

(Z=4), relative small amount of silicon in starting powders led to relative greater loss of 

SiO and evaporation of silicon, resulting in lower conversion of silicon.  

4.4 Summary 

 or both methods, the target β-Sialon (z=1) was obtained when nitriding temperature was 

higher than 1375 °C and the product was composed of β-Sialon (z=1) and a small amount 

of α-Si3N4. Compared with β-Sialon (z=1), a higher nitriding temperature (higher than 

1400 °C) was required to obtain target β-Sialon (z=4).  or all β-Sialons, they had clear 

morphologies at higher temperature. Formation method, nitriding temperature and z-value 

could affect the conversion of silicon (including silicon from halloysite). β-Sialons 

synthesized by reaction bonding had a greater conversion of silicon than silicothermal 

reduction. Conversion of silicon of β-Sialon (z=1) was higher than that of β-Sialon (z=4). 

Taking all above results into account, the reaction bonding method should be considered as 

appropriate method to synthesize pre-β-Sialons powders for future experiment.  or β-

Sialon (z=1), optimal nitriding temperature was 1400 °C, while 1450 °C was chosen to 

form β-Sialon (z=4).  
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Chapter 5 Synthesis of ZrN powders by aluminum-reduction 

nitridation of ZrO2   powders with CaCO3 additive 

5.1 Introduction 

Zirconium nitride (ZrN) has attracted much attention due to its excellent physical and 

chemical properties[181], but also has some metallic properties, like good electrical 

conductivity and good superconductivity with transition temperature of approximately 10 

K because of its metallic bonding. In some researches, ZrN was employed as a secondary 

phase to form new composites, such as, ZrN-ZrB2 composites with needle-like ZrN to 

improve mechanical properties[158], and electrically conductive β-Sialon/ZrN nano-

composites [29]. 

ZrN particles have been synthesized by several methods, such as magnesium reduction and 

nitridation[182-183], the benzene-thermal method[184], a wire explosion process 

method[185], and a mechanical alloying method [186]. However, there are some 

drawbacks for these methods, such as high energy consumption (mechanical alloying), 

potential dangers in the process (toxic and high-temperature organic solvents were used in 

benzene-thermal route) and normally high cost of high-purity starting materials (such as, 

Zr metal, ZrCl4, ZrOCl2∙8H2O or Li3N).   

In this chapter, Al metal powders are employed to react with zirconia to form pure ZrN 

powders at different reaction temperatures and nitrogen pressures. CaCO3 is chosen as an 

additive for some experiments. The effect of reaction temperatures, nitrogen pressures and 

the amounts of additive on phase assemblage and morphologies of the product has been 

investigated. The scope of this chapter is to synthesise high purity ZrN particles, to be used 

as the electrically conductive phase to form electrical conductive composite, which can be 

machined by EDM for complex component shapes. 

5.2 Experimental Works 

5.2.1 Materials and methods 

In the first set of experiments, Zirconia (>99 %, ZrO2 Sigma-Aldrich Ltd., average particle 

size of 5 μm.) and Al metal (>99.5 %, LR from ECP Ltd. average particle size < 40 μm) 
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powders were chosen as raw materials. For subsequent experiments, CaCO3 (>99%, 

Sigma-Aldrich Ltd.,) was used as an additive. The raw materials were mixed base on the 

following stoichiometric reactions. 

 6ZrO2(s) 8Al(s) 3 2(g) 6Zr (s) 4Al2O3(s)                                                            (5.1) 

6ZrO2 8Al 2CaCO3 3 2 6Zr  2CaAl4O7 2CO2(g)                                                 (5.2) 

6ZrO2 8Al 4CaCO3 3 2 6Zr  4CaAl2O4 4CO2(g)                                                 (5.3)  

The theoretical amounts of CaCO3 based on equations 5.2 and 5.3 are 17.33 to 29.53 

mass %.  In this study, additional compositions both within this range, and a higher CaCO3 

containing powder were prepared, giving CaCO3 contents (mass fraction %) of 17.33 %, 

20.76 %, 23.91 %, 26.83 %, 29.53 % and 33.33 %, respectively. 

The powder mixtures were ball milled in isopropanol for 4 h with Si3N4 balls, then dried in 

a rotary evaporator and passed through a 250 μm sieve. The precursor powders were 

placed in boron nitride (BN) crucibles and fired in a graphite gas pressure furnace in high 

purity oxygen free nitrogen. The powders were nitrided at different temperatures and 

nitrogen pressures for 6 h, following the schedule of nitridation shown in Fig.5.1.  

 

Fig.5.1 The schedule of heating temperatures and nitrogen pressures of the nitridation 

stage of ZrN 
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Following the nitridation, the furnace was cooled down to 1000 °C at 10°C/min, and then 

free cooled down to room temperature. After the nitridation, dissolvable phases (i.e: Al2O3, 

CaAl2O4 and CaAl4O7) were completely dissolved by HCl (20 wt% HCl) for 72 h at room 

temperature, and then washed by distilled water to obtain the final material.  

5.2.2 Characterisation 

Crystalline phase identification was carried out using XRD analysis with a Bruker 2D 

Phaser with Cu α radiation. The morphologies of powders were observed with a field-

emission gun scanning electron microscope (ESEM, FEI Quanta 200F, USA). The 

impurity content of the sample were analysed by EDS, ICP-MS (Agilent 7700, USA) and 

Oxygen gas analysis (ON736, LECO, USA) using a commercially available ZrN powder 

as comparison ((>99 %, ZrN Sigma-Aldrich Ltd., average particle size of 1~2 μm). The 

details of procedures of the ICP-MS and oxygen gas analysis were shown in Appendixes 

III and IV. The mean particle size of the acid-dissolved powders was measured on 

representative SEM micrographs using ImageJ by counting 150 particles. 

5.3 Results and Discussions 

5.3.1 Effects of nitride temperatures and nitrogen pressures on the products formed 

from ZrO2 and Al 

For the samples produced from ZrO2 and Al based on equation 5.1, the standard Gibbs free 

energy of the compounds are shown in Table 5.1[187]. 

Table 5.1 The standard Gibbs free energy of compounds (ZrO2, ZrN and Al2O3) 

Name Reaction Equation 

Standard Gibbs Free Energy 

 fG
θ
/J∙mol

 1
 

ZrO2 Zr(s)+O2(g)=ZrO2(s) -1092000+183.7T (25 °C<T<1850 °C) 

ZrN Zr(s)+0.5N2(g)=ZrN(s) -363600+92.0T (25 °C<T<1850 °C) 

Al2O3 2Al(l)+1.5O2(g)=Al2O3(s) -1682900+323.24T (660 °C<T<2042 °C) 
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The Gibbs free energy of Equation 1 could be calculated by Table 5.1, given as following:  

 G5.1= -2361200 742.76T-3 Tln
P 2

Pθ
⁄                                                          (5.4) 

Where R is gas constant (8.314 J.mol
-1

.K
-1

), T is reaction temperature, PN2 is the pressure 

of nitrogen, and P
θ
 is the pressure of standard atmosphere. According to the experimental 

parameters, the value of  G5.1 is always less than zero, indicating that theoretically the 

reaction based on equation 1 could produce ZrN and Al2O3.  

The phase assemblage of the products from ZrO2 and Al powders are shown in Fig.5.2. 
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Fig.5.2 The X-ray diffraction spectra of products nitrided at 1400, 1500, 1600 and 

1700 °C in a) 0.2 MPa, b) 0.4 MPa and c) 0.6 MPa nitrogen gas, when using ZrO2 and Al 

powders as starting powders. Prior to HCl treatment. 
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The main phases of the products were ZrN and ZrAl3O3N at all temperatures and pressures. 

At 1400 °C, residual ZrO2 existed as monoclinic zirconia (m-ZrO2) and tetragonal zirconia 

(t-ZrO2) in the products under a nitrogen pressure of 0.2 MPa and 0.4 MPa respectively, 

but was not seen in the samples fired under 0.6 MPa. Zirconium oxynitride (ZrOxNy) 

phases existed in the products fired under 0.2 MPa and 0.6 MPa at all temperatures but the 

intensity decreased with increasing temperature.  Al  and α-Al2O3 also appeared in these 

samples at lower temperatures but was not present at temperatures above 1500 °C. 

 The phase assemblage during heating could be understood in terms of the Al metal 

melting around the melting point (660 °C) with some of the Al reacting with ZrO2 and 

some of it reacted with nitrogen. These two phases then reacted with the ZrN to form the 

ZrAl3O3  phase. These reactions could be described with the following reactions 5.5 to 

5.9[188]. 

Al(s) Al(l)                                                                                                                     (5.5) 

Al(l) 0.5 2(g) Al (s)                                                                                                              (5.6) 

4Al(l) 2ZrO2(s)  2(g) 2Zr (s) 2Al2O(g)                                                               (5.7) 

 Al(l)  ZrO2(s)   2(g)  Zr (s)  Al2O3(s)                                                           (5.8) 

Al (s) Al2O3(s) Zr (s) ZrAl3O3 (s) O2(g)                                                          (5.9) 

ZrAl3O3N is a compound existing in the Zr-Al-O-N system, and its structure appears as a 

superlattice of ZrN. The strongest X-ray diffraction peaks of ZrAl3O3N phase overlap with 

that of ZrN, however, and so its composition cannot be unambiguously established by 

XRD[189]. There are only a very few research papers focused on the ZrAl3O3N phase, 

however, based on the work of C. Toy and E. Savrun[190], this phase showed a high 

electrical resistance above 20 MΩ. ZrOxNy is a series of compounds in the ZrO2-ZrN 

system. ZrOxNy exhibits a dielectric constant of approximately 25, and could be used as 

dielectric layer[191]. With a view to producing ZrN for using as conducting fillers, the 

presence of these phases is deleterious and it is important to remove them along with any 

other impurities. 

Fig.5.3 shows XRD patterns from samples fired at different conditions, and subsequently 

treated with HCl acid (20 wt% HCl) for 48h at room temperature. The results indicated 
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that ZrAl3O3N and ZrOxNy could not be dissolved by the acid and it was difficult to 

separate them from the ZrN.  

 

 

Fig.5.3 The phase assemblage of the products, dissolved by HCl acid and without HCl 

acid treatment. a) 1400 °C under 0.2 MPa and b) 1500 °C under 0.4 MPa 
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5.3.2 Effects of CaCO3 addition on the phase assemblage of pre-ZrN 

Y. B. Li et al used Al, TiO2 and MgO powders to form MgAl2O4/TiN composites in 

nitrogen gas, where the MgAl2O4 was soluble in acid[192]. ZrN has similar properties to 

TiN, so a similar method to achieve single-phase ZrN was employed. CaCO3 was 

employed instead of MgO as an addition to the starting powders. This section describes the 

effects of heating temperatures, nitrogen pressures and amounts of CaCO3 additive on the 

phase assemblage of the products.   

5.3.2.1 Effect of amount of CaCO3 additive on the phase assemblage of pre-ZrN 

Fig.5.4 shows the phase compositions of the products, prepared with different amounts of 

CaCO3, nitrided at 1400 °C under 0.4 MPa nitrogen pressure. 

 

Fig.5.4 The X-ray diffraction spectra of products with various CaCO3 concentrations 

nitrided at 1400 °C in 0.4 MPa nitrogen gas pressure 

 The phase assemblage of the products was made up of ZrN, calcium aluminates (CaAl2O4 

and CaAl2O4), calcium zirconate (CaZrO3) and zirconium oxynitride (ZrOxNy). Compared 

with the samples fired without CaCO3, it can be seen from Fig.5.4 that the ZrAl3O3N phase 

was not detected. The phase assemblage in these samples could be understood by the 
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CaCO3 decomposing into CaO and CO2 at around 800 °C, and the CaO could react with 

the Al2O3 to form CaAl2O4 or CaAl4O7 and with ZrO2 to form the zirconate phase. This 

will promote the formation of ZrN from Al and ZrO2 and avoid the formation of ZrAl3O3N. 

There was some ZrOxNy detected in the samples, when the CaCO3 concentration was less 

than 26.83%. For the sample produced based on equation 5.2 (17.33% of CaCO3) the 

product was composed of ZrN, CaAl4O7 and Zr7O8N4.  With increasing the amount of 

CaCO3, the Zr7O8N4 disappeared, and peaks assigned to Zr7O11N2 and Zr2ON2 phases were 

detected. No ZrOxNy phases were detected when the amount of CaCO3 was higher than 

26.83%. According to Fig.5.3, the ZrOxNy was acid-insoluble and disadvantageous to 

obtaining high purity ZrN. The minimum CaCO3 concentration required to avoid 

formation of ZrOxNy is therefore considered to be 26.83%. With increasing CaCO3 

concentration, CaZrO3 and CaAl2O4 phases appeared in the XRD patterns indicating that 

the formation of these phases were beneficial for the formation of ZrOxNy. At low CaCO3 

concentrations, the formation of the less Ca rich CaAl4O7 was observed (CaO:Al2O3 = 1:2) 

but with increasing amounts of CaCO3, the more Ca rich phase (CaAl2O4, CaO:Al2O3 = 

1:1) was observed. It is considered that, at low CaCO3 concentrations, CaAl2O4 is an 

intermediate phase and reacts with Al2O3 to form CaAl4O7. With increasing CaCO3 

concentrations, CaAl4O7 was replaced by intermediate CaAl2O4 because of insufficient 

Al2O3. When CaCO3 content was increased from 17.33% to 29.53%, more amounts of 

CaAl2O4 formed while less CaZrO3 formed. However, excess CaCO3 concentration 

(higher than 29.53%) caused more CaZrO3 to be formed. This indicated that appropriate 

CaCO3 concentration was important for minimising the formation of CaZrO3 and avoiding 

the formation of ZrOxNy, which would improve the conversation of ZrO2 to ZrN. In 

summary, the optimum CaCO3 content for obtaining pre-ZrN (suitable for subsequent acid 

processing) varied from 26.83 % to 29.53 %. 

5.3.2.2 The role of heating temperatures on the phase assemblage of pre-ZrN  

The heating temperature is important for influencing the phase assemblage of the pre-ZrN 

powders. Fig.5.5 shows the phase assemblage of the powders based on equation 5.3 (29.53% 

of CaCO3) heated at 1300, 1400 and 1500 °C, respectively.  
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Fig.5.5 The XRD results of products based on reaction 5.3 (29.53% of CaCO3) nitrided at 

1300, 1400 and 1500 °C, respectively, under a nitrogen pressure of 0.4 MPa 

As shown in Fig.5.5, at 1300 °C, the product was made up of ZrN, CaAl4O7, CaZrO3, 

Zr7O11N2 and AlN. At this lower heating temperature, less ZrO2 reacted with Al and the 

residual ZrO2 reacted with CaO to form CaZrO3. This results in insufficient CaO to form 

the CaAl2O4 phase and instead the CaAl4O7 was observed. At 1400 °C, the Zr7O11N2 and 

AlN had disappeared, CaAl2O4 existed, and the intensity of CaZrO3 decreased sharply. In 

the heating process, several reactions are possible between the starting powders: 

CaO(s) ZrO2(s)=CaZrO3(s)                                                                                                 (5.10) 

CaO(s) Al2O3(s)=CaAl2O4(s)                                                                                              (5.11) 

CaO(s) 2 Al2O3(s)=CaAl4O7(s)                                                                                          (5.12) 

CaO(s) CaAl4O7(s)=2 CaAl2O4(s)                                                                                     (5.13) 

 According to the standard Gibbs free energies for reactions 5.10 to 5.13 shown in Fig.5.6, 

a higher temperature would promote the formation of the calcium aluminate phases. This 
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is beneficial for the formation of ZrN since it restricts the amount of zirconia being 

consumed in the formation of calcium zirconate and, at the same time, the alumina being 

used in the formation of the aluminates would drive the ZrN reaction (reaction 5.1) 

 

Fig.5.6 Standard Gibbs free energies for reactions 5.10 to 5.13. 

However, with further elevating the temperature to 1500 °C, the intensities of CaAl4O7 and 

CaZrO3 increased. In this process, the CaZrO3 was formed from ZrO2 and CaO by solid-

state reaction, which was controlled by slow diffusion mechanisms. Elevating heating 

temperature could increase the diffusion rate of the reaction, indicating more CaZrO3 

formed at 1500 °C. More CaZrO3 forming results in less ZrO2 being converted into ZrN. 

For these reasons the optimum temperature was considered to be 1400 °C. 

5.3.2.3 The influence of nitrogen pressures on the phase assemblage of pre-ZrN 

Nitrogen pressure is another important factor influencing the phase compositions of the 

product, and the phase assemblage of the samples treated at 1400°C under various nitrogen 

pressures are shown in Fig.5.7. 
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Fig.5.7 The X-ray diffraction spectra of products based on reaction 5.3 (29.53% of CaCO3) 

nitrided at 1400 °C under a nitrogen pressure of 0.2, 0.4 and 0.6 MPa, respectively 

According to the XRD patterns of the products (Fig.5.7) heated at 1400 °C under 0.2, 0.4 

and 0.6 MPa nitrogen atmospheres, the phase assemblage of the three pressures were made 

up of ZrN, CaAl2O4, CaAl4O7 and CaZrO3. Increasing the nitrogen pressure from 0.2 MPa 

to 0.4 MPa, the peak intensities of CaZrO3 reduced, indicating that under the latter 

condition, more ZrO2 was transferred into ZrN. It is considered that, during the nitridation 

of ZrO2, N2 gas acted as a reactant to form ZrN and increasing the nitrogen pressure would 

accelerate the ZrO2 being transferred into ZrN. With further increasing the pressure to 0.6 

MPa, more CaZrO3 existed in the product. This was because of both CaCO3 and CaO 

could react with ZrO2 to synthesize CaZrO3, as shown in reaction equations 5.10 and 5.14. 

According to the Gibbs free energies for these two reactions [187, 193], reaction 5.10 is 

thermodynamically more favourable.  

CaO(s) ZrO2(s) CaZrO3(s)                                                                                (5.10) 

 fG5.10= 39300 0.42T (J∙mol
 1
) 

CaCO3( ) ZrO2(s) CaZrO3(s) CO2(g)                                                             (5.14) 

 fG5.14=147290 41.1T  T ln
p
CO2

Pθ
 (J∙mol

 1
) 
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Increasing the nitrogen pressure resulted in an increase the speed of formation of CaZrO3 

by solid-gas reaction of CaCO3 and ZrO2, and also solid-state reaction of CaO and ZrO2.  

To sum up, the optimum pressure for synthesis of pre-ZrN was 0.4 MPa. 

5.3.3   Dissolving the pre-powders to obtain pure ZrN 

The samples fired with calcium carbonate were subsequently dissolved in HCl acid (20 wt% 

HCl) for 48 h and 72 h at room temperature and then washed with distilled water. The 

phase compositions of the final product are shown in Fig.5.8.  

 

Fig.5.8 The phase assemblage of the products ( reaction 5.3), nitrided at 1400 °C under 

0.4 MPa nitrogen pressure, dissolved by HCl for 48 h and 72 h, respectively. 

The results show that prior to treatment with HCl acid, the powder was mainly composed 

of ZrN with CaAl4O7, CaAl2O4, and CaZrO3. After being treated by HCl acid for 48 h at 

room temperature, the main phase of the product was ZrN, with a small amount of 

CaAl4O7 and CaAl2O4 which were not completely dissolved by HCl acid. However, with 

increasing the treatment time to 72 h, the residual calcium aluminates were completely 

dissolved, and only the ZrN phase was detected in the final product (the four small peaks 

were the Cu β peaks of Zr ).  
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Fig.5.9 shows the morphologies of the starting powders and fired products (without acid 

treatment and dissolved by acid) based on reaction 5.3 and the EDS of the products being 

dissolved by acid for 72 h. 

 

Fig.5.9 The morphologies of starting powders and the products based on reaction 5.3, a): 

Starting powders; b) and c): obtained by using a secondary electrons detector and a 

backscattered electrons detector, respectively; d) and e): dissolved by HCl acid for 48 h 

and 72 h at room temperature, respectively; f): EDS for the powders being dissolved by 

HCl for 72 h at room temperature 
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The ZrO2 and Al metal powders were observed attached on the CaCO3 (Fig.9a). Fig.5.9c 

was measured using a backscattered electron detector and shows samples after being fired 

at 1400 °C under 0.4 MPa nitrogen gas. Bright contrast, granular particles were observed 

on the surface of the darker contrast particles, and based on the XRD results, it is 

considered that the darker regions are the calcium aluminates composed of lighter 

elements, and the bright contrast particles are the heavier ZrN. After being dissolved by 

HCl acid for 48 h or 72 h at room temperature, the calcium aluminate agglomerates were 

dissolved and the clear ZrN particles were obtained, shown in Fig.5.9d and 5.9e. The 

results of the impurity analysis, carried out by ICP-MS, LECO Gas Analysis and EDS are 

shown in Table 5.2.   

Table 5.2 Elemental analysis of the as prepared material and commercially available ZrN 

powder by ICP-MS, LECO Gas Analysis and EDS 

Elements 
ICP-MS Gas Analysis EDS 

Pure ZrN Prepared ZrN Pure ZrN Prepared ZrN Prepared ZrN 

Zr 88.52±2.40 % 88.34±1.60 % -- -- 88.1% 

Ca 0.88±0.05% 0.47±0.04% -- -- 0.1% 

Al 0.07±0.007% 0.19±0.003% -- -- 0.3% 

O -- -- 2.20±0.059% 1.20±0.053% 1.3% 

N -- -- -- -- 10.2% 

The ICP-MS shows that the elemental concentration of Zr in the as formed material was 

very similar to that of the pure ZrN powder (88.34 of 88.52 wt%) and is consistent with the 

theoretical weight percent of single phase ZrN which is 86.67%.  This result is also 

consistent with the EDS results which gave a Zr content of 88.1 wt% for the as prepared 

material. The ICP-MS results also showed that the Ca content of the as prepared material 

was lower than that found in the commercial material, and the Al content was slightly 

higher. The oxygen content of the as prepared powder (1.19 wt%) as determined by the 

LECO gas analysis was lower than that of the commercial material and was also consistent 

with the EDS results, although it is recognised that EDS is only semi-quantitative at best 

for light elements. The particle sizes analysis showed that the mean particle size was 

around 0.96 μm with a standard deviation of 0.36. 

The aim of this work was to produce single phase ZrN powder with a view to producing 

electrical conductive filler for use in ceramic composite materials. The work has shown 
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that it was not possible to obtain pure ZrN based on firing mixtures of zirconia and 

aluminium metal powders due to the formation of deleterious oxynitride phases that could 

not be subsequently removed. However, the addition of calcium carbonate to the starting 

mixture avoided the formation of the oxynitride phases and instead promoted calcium 

aluminate and calcium zirconate phases. These could subsequently be removed with a 

simple acid washing treatment resulting in essentially pure ZrN. Adding a small amount of 

CaCO3 could not avoid the formation of oxynitride, while excess amount of CaCO3 caused 

the formation of calcium zirconate. Both of these reactions consume ZrO2 leading to a 

lower amount of ZrN being formed. Thus, an appropriate CaCO3 concentration 

(26.83%~29.53%) was significant for forming ZrN. Suitable heating temperature and 

nitrogen gas pressure were effective for avoiding the formation of the calcium zirconate 

phase, and beneficial for the formation of ZrN. From all of the results, the optimum 

parameters for synthesis of ZrN were CaCO3 concentration ranging from 26.83 % to 

29.53 %, heating temperature of 1400 °C and a nitrogen gas pressure of 0.4 MPa. An acid 

washing treatment of 72 h resulted in the removal of secondary phases, resulting in single 

phase ZrN. 

5.4 Conclusions 

This work investigated the formation of ZrN powders by the aluminothermic reduction 

nitridation of ZrO2. Without CaCO3 additive, there were no large differences in the phase 

assemblage of the products fired at the same temperature, under nitrogen pressures of 0.2 

MPa and 0.6 MPa. With increasing temperature, ZrAl3O3N existed in all of the products. 

ZrN, ZrAl3O3N and ZrOxNy were the main phases in the fired products and these nitrides 

could not be dissolved by HCl acid and are difficult to be separated from ZrN. The 

formation of the deleterious ZrAl3O3N and ZrOxNy can be avoided with an appropriate 

CaCO3 concentration (26.83%~29.53%), heating temperature (1400 °C) and nitrogen gas 

pressure (0.4 MPa). The product consisting of ZrN, calcium-aluminates and calcium-

zirconate phases were treated by a simple acid dissolution process (HCl acid), and 

following filtration and washing in distilled water, the calcium-aluminates and calcium-

zirconate were removed to obtain ZrN powders. Finally, the purity of ZrN is higher than 

98% and the mean particle size is around 0.96 μm. The highly pure ZrN can be used as 

electrical conductive phases to form electrical conductive composite, which can be 

machined by EDM for complex component shapes. 



69 
 

Chapter 6 Fabrication and properties of Sialon-ZrN composites 

sintered by one-step gas-pressure sintering processing 

6.1 Introduction 

Chapter 4 has shown that the reaction bonding method was the better route for fabricating 

β-Sialon (Z=1) as the starting material for subsequent experiments. The final nitriding 

temperature for β-Sialon (Z=1) was 1400 °C. Gas pressure sintering is a remarkable 

sintering method to form ceramic materials. This chapter discusses the effects of sintering 

temperature and nitrogen pressure on formation and properties of the Sialon-ZrN 

composites.  

6.2 Experimental procedure 

The starting powders were reaction bonded β-Sialon (Z=1) powder and commercial ZrN 

(Sigma-Aldrich, particle size 1-2 μm, ≥99%). Commercial ZrN was used for this part of 

the research due to technical issues around the suitability of the furnace equipment for 

producing large quantities of ZrN by the route described in Chapter 5.  See Appendix VII 

for further details. For fabrication of Sialon-ZrN composites, mass fractions of ZrN were 

chosen as 0%, 10%, 20%, 30%, 40% and 50%, respectively. YAG (Y3Al5O12) could be 

used as sintering additives for fabricating Sialon ceramics[105]. In these experiments, 

YAG was replaced by individual Y2O3 and Al2O3 as sintering additives, in a ratio of 3:5 to 

give the YAG composition, and with a total mass content of YAG was 8 %.   

The starting powders were fully mixed by ball milling in isopropanol for 2 h at 300 rpm 

using Si3N4 balls as the milling medium. The mixture was dried in a rotary evaporator, 

then passed through a 250 μm sieve and pressed into green samples of around Ф 10 mm 

×7 mm by uniaxial pressing at 50 MP, followed by cold isostatic pressing at 400 MPa for 5 

min. The final mass, diameter and height of each green sample were recorded prior to 

sintering. In these experiments, different sintering schedules were chosen to densify the 

Sialon-ZrN composites, as shown in Fig.6.1. 
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Fig.6.1 The heating schedule and nitrogen pressure profile for the gas pressure sintering 

to sinter the specimen 

6.3 Results and Discussions 

6.3.1 Effect of sintering temperature and nitrogen pressure on the formation and 

densification of composites 

6.3.1.1 Phase assemblage and microstructures 

The phase assemblage of the starting powders and the sintered samples are shown in 

Fig.6.2.  
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Fig.6.2 Phase assemblage for the starting powders composed of reaction bonding 

synthesized β-Sialon (Z=1) with different ZrN contents and the specimen sintered at 1600, 

1700  and 1800 °C for 6 h under 0.7 MPa nitrogen gas. (a) Starting powders, (b) 1600 °C, 

(c) 1700 °C and (d) 1800 °C 
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Fig.6.2a indicates that the starting powders were composed of mainly β-Sialon (Z=1), ZrN, 

Y2O3 and Al2O3. The α-Si3N4 observed in the powder synthesis trials was not observed, 

although there was a small amount of Si remaining in the Sialon powder, indicating that it 

had not completely transformed to β-Sialon (Z=1). The differences between the Sialon 

powder used here and that produced in the pre-synthesised powder trials at the same 

temperature (1400 °C) in Fig.4.2 are thought to be due to the larger scale of production 

where for these experiments the amount of starting powder was 100g compared to the 5g 

used for the investigation of the pre-synthesized powders, resulting in different nitrogen 

diffusion or heat transfer characteristics.   

The XRD patterns of specimens sintered at 1600, 1700 and 1800 °C are presented in 

Fig.6.2b-d. The Si peaks observed in the starting powder were not evident in any of these 

samples due to the residual Si being fully converted into Sialon during the post sintering 

process. According to these XRD patterns, at 1600 and 1700 °C, the samples were mainly 

composed of the targeted β-Sialon (Z=1) and ZrN, with an intermediate phase of YAG 

(Y3Al5O12) at 1600 °C and Y5Si4Al2O17N at 1700 °C. For these two sintering temperatures, 

the ZrN content did not affect the final phase assemblage.  When the sintering temperature 

was increased to 1800 °C, the sample without ZrN was composed of the targeted β-Sialon 

(Z=1), with a minor phase of Y5Si4Al2O17N. When the ZrN content was increased to 10 

wt%, the peak intensities of the β-Sialon (Z=1) decreased and Y-α-Sialon appeared in the 

product and with further increase of Zr  to 20 wt%, the targeted β-Sialon (Z=1) 

disappeared and was transformed into Y-α-Sialon, along with some new intermediate 

phases, such as Y2Si3O3N4 for 10, 20 and 30 wt% ZrN, and 21R-Sialon (SiAl6O2N6) for 40 

wt% and 50 wt% ZrN. The phase assemblages showed that ZrN was the only Zr 

containing phase indicating that Zr  did not react with either the targeted β-Sialon (Z=1), 

the sintering additives (Y2O3 and Al2O3) or the other intermediate phases. 

There are thought to be two reasons for the disappearance of β-Sialon (Z=1) at 1800 °C. 

The first is the thermal decomposition of Sialon, and the second is the reverse reaction of 

α↔ β Sialon phase transformation[194-195] . These are supported, respectively, by the 

lower density of the samples sintered at 1800°C (will be discussed in Fig.6.9) and by the 

presence of the Y-α-Sialon in these samples. During the sintering of Sialon ceramics, 

intermediate phases normally exist in the Re-Si-Al-O-N system, for instance, all known 

phases existing in the Y-Si-Al-O-N system are shown in the Fig.6.3[196].   
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Fig.6.3 Jänecke's triangular prism for the Y-Si-Al-O-N system showing all known 

phases[196] 

 

It has been observed[134] that phase transformations are commonly encountered during 

the sintering of Sialon ceramics. At low temperature, α-Sialon is less stable than β-Sialon 

and can decompose into an intergranular phase and a β-Sialon. However, the α β phase 

transformation can reverse at higher temperatures. The reverse reaction of  β↔α Sialon is 

determined by the starting composition, the type and amount of sintering additives, the 

amount and viscosity of the liquid phase, the presence or absence of β-Sialon in the initial 

sintered material, and the sintering temperature[194-195]. In this work, the β-Sialon (Z=1) 

was observed in the starting powders, and at relatively lower sintering temperatures, and 

no phase transformation occurred between α and β Sialons. However the β↔α Sialon 

phase transformation was observed at the highest sintering temperature of 1800 °C and 

was seen to be more pronounced with increasing ZrN content at this temperature. 



75 
 

The effect of adding ZrN to the starting powder, whilst maintaining a constant level of 

sintering additives (Y2O3 and Al2O3), is to increase the YAG/β-Sialon (Z=1) mass ratio 

(MR), as shown in Table 6.1.  

Table 6.1 The effect of ZrN content on the YAG to β-Sialon (Z=1) mass ratio  

ZrN (wt.%) 0% 10% 20% 30% 40% 50% 

M  of YAG/β-Sialon (Z=1) 8.00% 8.89% 10.00% 11.43% 13.33% 16.00% 

 

The increased amount of YAG relative to β-Sialon (Z=1) could effectively promote the 

formation of α-Sialon by the β α Sialon phase transformation at the higher temperature 

(shown as the possible reactions 6.1 and 6.2 where M1 and M2 are undetermined 

intermediate products formed through the reactions between YAG and the starting 

powders). These reactions would also result in mass loss through the evolution of SiO gas, 

and this could explain the increased mass loss seen with increasing ZrN content. 

β-Si5AlO 7 M1(s) α-Y0.5Si9.75Al2.25O0.75 15.25 M2 SiO(g)                                     (6.1) 

β Si5AlO 7 M1(s)  

                       α-Y0.5Si9.75Al2.25O0.75 15.25 21 -Sialon (SiAl6O2 6) M2 SiO(g)        (6.2) 

 

Fig.6.4 shows the morphology and distribution of ZrN particles into the Sialon matrix, and 

indicates that the sintering temperature did not affect the distribution of ZrN particles. 
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Fig.6.4 The microstructures of the specimen β-Sialon (Z=1) with different ZrN contents 

sintered at 1600, 1700 and 1800 °C for 6 h under 0.7 MPa nitrogen gas 
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The Zr  grains were equiaxed with a typical grain size of around 4 μm. During sintering, 

ZrN particles located on the grain boundaries or triple junctions, resulting in inhibiting 

grain boundary migration and supressing matrix grain growth, in agreement with the 

results shown in Table 6.2, where composite were composed of matrix grains with smaller 

grain length and smaller aspect ratio with increase in ZrN content. 

Table 6.2 Effect of ZrN contents on grain length and aspect ratio of β-Sialon (Z=1) grains 

of composites sintered at 1700 °C.  The mean grain sizes of β-Sialon (Z=1) grains were 

measured on representative SEM micrographs using ImageJ by counting 150 particles. 

ZrN content Length (μm) Aspect ratio 

0% 11.8±4.4 5.1±1.3 

10% 11.3±4.3 5.1±1.3 

20% 11.3±5.5 5.1±2.2 

30% 9.2±3.4 4.5±1.2 

40% 9.2±3.6 4.9±1.7 

50% 7.4±4.0 4.0±1.5 

 

Residual pores existed in all of the sintered samples, illustrating that it was difficult to 

obtain a completely dense composite under the current sintering conditions. Increasing the 

sintering temperature would promote the decomposition of β-Sialon, resulting in more 

gaseous SiO being produced, and this could be responsible for the formation of the 

macropores in the sintered samples, shown in Fig.6.5.  
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Fig.6.5 SEM of macropores in the samples sintered at 1800 °C 

 

For gas pressuring sintering, applied pressure is another factor for influencing the sintering 

behaviour and properties of the material. Fig.6.6 shows the phase assemblage of 

composites sintered at 1700 °C under an applied nitrogen pressure of 0.4 and 1.0 MPa, 

with XRD results for 0.7 MPa having been shown in Fig.6.2c. 
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Fig.6.6 Phase assemblage of the composites sintered at 1700 °C under nitrogen pressure 

of 0.4MPa and 1.0 MPa, respectively 
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The results showed that variation in applied pressure had no influence on the major phases 

(β-Sialon (Z=1) and ZrN, while it affected the formation of minor phases. Composites, 

sintered under low applied nitrogen pressure (0.4 MPa), were composed of mainly β-

Sialon (Z=1) and ZrN as major phases, with several kinds of secondary phases, including 

Y2SiAlO5N, Al2SiO5 and Y2Si2O7, depending on the of ZrN content. According to these 

XRD results, under 0.7 or 1.0 MPa, the samples were mainly composed of the targeted β-

Sialon (Z=1) and ZrN, with an intermediate phase Y5Si4Al2O17N. For these two applied 

nitrogen pressures, the ZrN content had no effect on the final phase assemblage. For this 

sintering process, the nitrogen pressure mainly served as an external pressure to assist the 

densification of composites, and it had limited influence on their phase assemblage.  

During gas pressure sintering, pressure also plays an important role on grain growth, pore 

elimination and grain boundary mobility, leading to difference in microstructure of the 

composites, shown in Fig.6.7. 

 

Fig.6.7 The morphologies of the composites sintered at 1700 °C under nitrogen pressure 

of 0.4MPa and 1.0 MPa, respectively 
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As can be seen in Fig.6.7.A column, monolithic Sialon sintered under 0.4 MPa had more 

residual pores with larger sizes than those under higher pressure. As can be seen in Fig 6.7 

A column, a larger number of high aspect ratio β-Sialon (Z=1) grains were observed under 

a nitrogen pressure of 1.0 MPa. Whereas, for all of the samples, less amounts of pores 

were observed with increase in ZrN content. For the composites sintered under 0.4 MPa 

and 1.0 MPa, abnormal grain growth of the ZrN particles was found and some pores 

became trapped within the surface of ZrN particles. 

During the sintering of the composites, since sintering additives were added to form liquid-

phase sintering, the pores were filled with liquid phase and eliminated during the 

infiltration. These phenomena were affected by the differences in pressure in the pores and 

the sintering atmosphere pressure, shown in Fig.6.8[197].  

 

Fig.6.8 Schematic showing the liquid filling of a pore during the grain growth, a) before 

pore filling, b) critical moment for the filling, and c) liquid flow right after the critical 

moment. Where assumed no effect of gases entrapped in the pore. P is the pore and ρ is the 

radius of curvature of liquid meniscus (ρ1<ρ2, ρ2 ≥ρ2’) [197] 
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An analysis shows that the pore filling occurs by breaking a pressure balance of liquid 

between the specimen surface and the pore surface, when the liquid meniscuses at the pore 

surfaces touch one another while those at the specimen surface do not. The pressure of the 

gas entrapped in the pore can be calculated by following equation, assuming uniform 

pressure in the liquid[198]. 

PP=Pext 2 lv/r 

The calculated gas pressure in the pores (PP) is always higher than that of the external gas 

pressure (Pext). The increased gas pressure in the pore is considered to occur as result of 

thermal decomposition of material at the pore surface after the interconnected pores have 

been sealed off [198]. Theoretically, the net pressure difference in inside the pore and 

outside the specimen decreases with sintering gas pressure to impede the pore filling and 

densification. However, the experimental results (in Fig.6.7 and late Fig.6.11) indicated 

that the composites sintered under high pressure had less pores and higher density. It is 

believed that excess gas pressure can be established at the moment of closure of 

interconnected pores, and gases are soluble in the matrix and can subsequently diffuse 

through the liquid. This would be a slow process, and controlled by gas dissolution in the 

matrix and diffusion through it. It is believed that gases can dissolve easily in the matrix 

and diffuse out under high gas pressure, and a chemical potential gradient of gas species 

will be established. This results in homogeneous porosity and pore shrinkage in the 

specimen.   

In sintering process, high pressure is beneficial for improving driving forces for increasing 

growth rate by following equation [199]. 

G =(
f0D

 

a0
) [1 e

  β G 
 AkT ] 

Where f0 is the fraction of sites at the interface where atoms can be added or removed, a0 is 

the jump distance,       is the driving force and is a constant at a given pressure and 

temperature, and    is the diffusion coefficient for atoms at the interface. In general, the 

growth rate of nucleated phases is also controlled through a diffusion process. Research 

[199] indicates that increasing gas pressure has a negative effect on diffusivity, 

outweighing the effect on increasing driving force. Thus, the applied high pressure reduces 
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the overall grain growth rate. This would mean that composites should have smaller grains 

with increase in pressure, confirmed by comparison between microstructures of the 

composites sintered under 0.4 and 0.7 MPa. However, the composites sintered under 1.0 

MPa had larger Sialon matrix grains and reinforcing ZrN particles than those under 0.7 

MPa. This could be caused by the retarding effect of open pores on grain growth 

diminishing as the pore volume decreased[200]. As a consequence, grain growth occurred 

due to the disappearance of the retarding force presented by the pores. 

6.3.1.2 Densification behaviour 

During the sintering process of ceramics, sintering temperature has an important effect on 

the densification behaviour, playing an important role on the final properties. In order to 

study the densification behaviour of the Sialon-ZrN composite, the mass loss, relative 

density and open porosity were used to evaluate the densification, and are presented in 

Fig.6.9. 
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Fig.6.9 Effect of sintering temperature on the densification behaviour of the β-Sialon 

(Z=1)-ZrN composite with different ZrN contents under 0.7 MPa nitrogen for 6h. (a): 

mass loss, (b): relative density and open porosity 

For all samples, sintering at a higher temperature resulted in a higher mass loss due to 

greater thermal decomposition. At sintering temperatures of 1600 and 1700 °C, the mass 

loss increased with increasing ZrN content, although the total mass loss was not excessive 

(less than 3%). However, at 1800 °C, the mass loss of the sample without ZrN reached 

10 %, decreased to around 6% for a ZrN content of 10%, and increased with further ZrN 

content. The thermal decomposition of Sialon was thought to be the main reason for the 

mass loss of the samples at 1600 and 1700°C, whilst at 1800 °C it is thought to be due to 

both thermal decomposition and the β↔α Sialon phase transformation (discussed in 

section 6.3.1.1). A gaseous SiO phase is normally formed during the decomposition 

process, and a higher mass loss would result in samples with a lower density and a higher 

porosity, which can affect the final properties of the samples[201]. At the end of the 

sintering, white fibrous materials were collected from the lid and the inner wall of the 

crucible and confirmed by X D to be composed of α-Si3N4. The α-Si3N4 formed through 

reaction between the gaseous SiO, decomposed from β-Sialon[202], with the N2 gas from 

the atmosphere, by the following reaction (6.3)[203].  
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6SiO(g) 4 2(g) 2Si3 4(s,α) 3O2(g)                                                                             (6.3) 

The commercial ZrN contains around 2.2% oxygen present as ZrO2 on the surface of the 

ZrN particles[204]. At high sintering temperatures, a transformation reaction between 

ZrO2 and ZrN could take place according to (Eq.6.4)[205]. 

2ZrO2(s)  2(g) 2Zr (s) 2O2(g)                                                                                    (6.4) 

This is considered to be the reason for the increased mass loss with increasing ZrN content.  

As shown in Fig.6.9b, all the sintered samples had low open porosities (below 3%) and 

high relative densities (greater than 93%). The samples sintered at 1700 °C had the highest 

relative densities (97-98%) and the lowest open porosities (0.5-2%), indicating that a 

moderately elevated temperature could assist the densification. However, a further increase 

in sintering temperature to 1800 °C was harmful for the densification because of the 

greater thermal decomposition. 

Fig. 6.10 shows the mass loss of composites sintered at 1700 °C under a nitrogen pressure 

of 0.4, 0.7 and 1.0 MPa, respectively. 

 

Fig.6.10 Effect of nitrogen pressures on mass loss of composites with different ZrN 

contents sintered at 1700 °C for 6h 
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The results indicated that composites sintered under low pressure (0.4 MPa) had the 

highest mass loss, and this decreased with increase in nitrogen pressure. The previous 

results in Fig.6.9 revealed sintering temperature was a predominant factor for influencing 

thermal decomposition of β-Sialon. Variation in mass loss of composites, shown in 

Fig.6.10, shows that the thermal decomposition of β-Sialon was also affected by the 

magnitude of the gas pressure. It has been shown that the partial pressure of SiO is 

important for the stability of β-Sialon[202]. If it is assumed that PN2+PSiO=1 tam, at 

1800 °C, the single phase β-Sialon would be stable when the SiO partial pressure was 

between 0.39 atm and 0.60 atm. During the decomposition process of β-Sialon, SiO gas 

could escape from the bulk sample under a low sintering atmosphere pressure. This could 

decrease the partial pressure of SiO in the bulk sample, leading to further thermal 

decomposition of Sialon. Increasing pressure makes it more difficult for SiO gas to diffuse 

out the sample, causing the increased SiO partial pressure to halt thermal decomposition of 

Sialon, finally resulting in less mass loss. High pressure was believed to be a suppression 

of thermal decomposition of Sialon matrix, resulting in the decreased mass loss with 

pressure. Under a nitrogen pressure of 0.4 MPa, the mass loss of composites was lower 

than that of monolithic Sialon and varied slightly with increase in ZrN content. However, 

under nitrogen pressure of 0.7 and 1.0 MPa, the mass loss increased with increasing ZrN 

content, reaching around 4% for a ZrN content of 50% under 0.7 MPa.   

Fig.6.11 describes the relative density and open porosity of the composites with different 

ZrN contents, sintered at 1700 °C for 6h under nitrogen pressures of 0.4, 0.7 and 1.0 MPa. 
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Fig.6.11 Effect of nitrogen pressure on relative density and open porosity of composites 

sintered at 1700 °C 

For all samples, sintering under a lower pressure resulted in a poorer densification, 

although the relative density was higher than 93% and open porosity was less than 3%. 

The samples sintered under 0.7 and 1.0 MPa had similar densification with the highest 

relative densities (97-98%) and the lowest open porosities (less than 1.5%), indicating that 

increasing pressure could assist the densification. This was because the densification 

occurred by diffusional processes under the influence of surface energy as a driving force. 

The driving force increased with applied pressure and resulted in higher relative density 

and low open porosity. However, during the sintering, it was impossible to avoid thermal 

decomposition of the Sialon matrix, the formation of intermediate phases and the existence 

of residual closed pores located at grain-boundary intersections, indicating the difficulty in 

obtaining 100% full dense composites.  

6.3.2 Effect of sintering temperature and nitrogen pressure on the mechanical 

properties of the composites 

6.3.2.1 Hardness and fracture toughness 

Fig.6.12 shows the hardness (H 10) of the β-Sialon -ZrN composite with different ZrN 

contents fabricated at different sintering conditions for 6 h.  
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Fig.6.12 The hardness of the β-Sialon -ZrN composite with different ZrN contents sintered 

at various sintering conditions for 6h. 

This figure demonstrates that it is possible to improve the mechanical properties of the 

Sialon through a combination of sintering conditions and amount of reinforcing ZrN phase. 

The highest hardness was seen for samples sintered at 1700 °C under high gas pressure 

(0.7 or 1.0 MPa) regardless of ZrN content, thought to be due to the higher density of these 

samples (Fig.6.9b and Fig.6.11). Compared to the sample with no reinforcement, the 

addition of ZrN resulted in an increased hardness up to a ZrN content of 30 wt%, with the 

highest hardness around 16.10 GPa being observed with 20 wt% ZrN under both 0.7 and 

1.0 MPa. The hardness decreased for higher ZrN content, but this was not related to 

density since they were similar for all samples. Similar results of hardness going through a 

maximum with increasing volume fraction of reinforcement has been observed in 

particulate-reinforced ceramic composites comprised of Y-α-Sialon containing cBN, and 

was attributed to weak bonding between the matrix grains and the reinforcing 

particles[206]. In the present work, such weakening may also have been present, and 

caused by residual stresses due to the fact that ZrN has a lower sinterability than the Sialon 

matrix, typically requiring a sintering temperature of up to 2000 °C for densification[207], 

or by differences in thermal expansion coefficients of the two materials, where the thermal 
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expansion coefficient of β-Sialon is around 2.7~4.1×10
-6 

K
-1

 depending on z-value [208-

210], and that of ZrN is  7.2×10
-6 

K
-1 

[211].  

This weakening is increased with increasing amounts of ZrN, since the distribution of ZrN 

grains tends towards a continuous network, softening the composite and resulting in the 

decrease in hardness.  

An effect of the sintering conditions and amount of ZrN was also observed on the fracture 

toughness of the samples, shown in Fig.6.13. 

 

Fig.6.13 Effect on sintering temperature and pressure on fracture toughness of composites 

with various ZrN content 

Again the samples sintered at 1700 °C under an applied pressure of 0.7 and 1.0 MPa had 

the highest fracture toughness due to the higher density, with little difference in the 

fracture toughness between these two pressures. Unlike hardness, which went through a 

maximum with increasing ZrN content, the fracture toughness increased continuously up 

to a value of 5.40 MPa∙ m
1/2 

for 50 wt% ZrN. SEM images of the crack paths in selected 

samples are shown in Fig.6.14, where all of the toughening mechanisms known in ceramic 

materials can be observed (i.e. crack branching, crack deflection and crack bridging)[212-

213].  
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Fig.6.14 Summarized crack paths and toughening mechanisms of selected Sialon-ZrN 

composites sintered at different sintering conditions, including the crack deflection (white 

arrows), crack bridging (red arrows), transgranular fracture (blue arrows) and crack 

branching (yellow arrows). 
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As can be seen in Fig.6.14, for the monolithic Sialon material, the fracture toughness was 

predominantly influenced by crack bridging, whilst with increasing in ZrN content, the 

presence of the ZrN particles led to more crack deflection and crack branching. 

These phenomena all consume energy and/or make the propagation of cracks more 

difficult, and lead to the increased toughness.  There are numerous works describing the 

toughening mechanisms in Si3N4 and Si3N4-based materials[214-216] and report the 

effects of different microstructural features such as grain size and shape, the chemistry and 

amount of grain boundary phase, and the size and amount of any reinforcing phase. 

Debonding of the interface between the matrix and the reinforcing phase is a necessary 

condition for the toughening mechanisms of crack bridging and crack deflection, and is 

sensitive to the characteristics of the grain boundary phase[217].  Although the weaker 

interface with increasing ZrN results in decreasing hardness when the amount of 

reinforcement is increased, it allows for more debonding and crack deflection, and thus 

results in a higher toughness.  

6.3.2.2 Wear properties 

In general, wear behaviour is dependent on the material’s physical and chemical 

characteristics, as well as the wear test parameters. In this experiment, all the wear tests 

were conducted under the same experimental conditions. The wear behaviour would be 

primarily affected by the composite’s characteristics, such as, phase composition, 

microstructure, relative density, open porosity, hardness and fracture toughness. There are 

numerous reports [55, 142, 218] focusing on the influence of elastic modulus, hardness 

and fracture toughness on the wear behaviour of materials. Several models [219] are 

proposed to estimate the sliding wear behaviour in the tribo-contact of brittle materials in 

the absence of any transfer layer formation, such as a sharp indenter model and a blunt 

indenter model.  For the two models, the wear volume of the brittle material can be 

estimated by following equations[219]: 

 s=α
P9/8
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Where P is the given load, R is the radius of the ball, S is the total sliding distance, H is the 

hardness, s is the stroke length of the sliding indenter, KIC is the fracture toughness, E is 

the elastic modulus,   is a material property depending upon Poisson’s ration of the 

material,   and β are constants.  

From the results in section 6.3.1, compared with other composites, the samples sintered at 

1800 °C under 0.7 MPa and 1700 °C under 0.4 MPa had more complicated intergranular 

phases, lower relative density, higher open porosity, relative lower hardness and fracture 

toughness. These would suggest a lower wear resistance, which is in agreement with the 

results given in Fig.6.15.   
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Fig.6.15 The worn volume and wear rate of the samples with ZrN contents sintered at 

different conditions 

As was described in section 6.3.1.1,  for the composite sintered at 1800 °C, when the ZrN 

content was higher than 20 wt%, the β-Sialon (Z=1) was transformed into Y-α-Sialon, 

which showed equiaxed grains. Lopes et al[220] estimated that a material with elongated 

grains had a better wear resistance than that of a material with equiaxed grains, duo to a 

hard interlocking network of elongated grains. This could be one of the reasons why the 

composites sintered at 1700 °C had the greater wear resistance than other composites. The 

wear results in Fig.6.15 indicate that a moderate increase in sintering temperature 

(from1600 to 1700 °C) could reduce the wear volume and wear rate of the composites, due 

to the better densification behaviours and greater mechanical properties. At a given 

sintering temperature, the samples sintered under higher pressure had better wear 

properties. Under a nitrogen pressure of 1.0 MPa, the samples showed only a slightly 

better wear resistance than that of composites under 0.7 MPa, due to the fact that these 

samples had similar relative density, open porosity, hardness and fracture toughness.  

For all the composites, the ZrN content had a similar effect on the wear resistance. When 

the ZrN content was less than 20 wt%, the Sialon-ZrN composite showed appreciably 
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better wear resistance than that of monolithic Sialon material. For ZrN contents higher 

than 30 wt%, the trend was reversed. As described in sections 6.3.1 and 6.3.2.1, ZrN 

particles were distributed into the Sialon matrix. During the sintering processing, they 

could suppress the grain boundary migration and reduce the grain sizes, resulting in 

increasing in hardness of composite with ZrN. However, more weak bonding interfaces 

were formed with increase in ZrN content, leading to the decrease in hardness to decrease 

wear property. This should be the reason why composite with high ZrN content (>20%) 

showed poorer wear resistance.  

Optical images of the worn surfaces of the sintered samples are shown in Fig.6.16.  As can 

be seen in the optical images, the samples, sintered at 1700 °C under 0.4 MPa and 1800 °C 

under 0.7 MPa, had more amounts of pores with larger sizes, which was deleterious for the 

wear properties. This is consistent with the worn volume and the wear rate results showed 

in Fig.6.15.  

 

Fig.6.16 Optical images of worn surfaces of the sintered composite samples following pin-

on-disk experiment at 10 N 
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Fig.6.17 presents SEM images of the worn surface of the composites against the alumina 

ball under a load of 10 N.  

 

Fig.6.17 SEM images of worn surfaces of the sintered composite samples following pin-

on-disk experiment at 10 N 

It can be observed from the images that tribolayers covered the worn surfaces of the 

specimens and some scattered wear debris could be observed on the worn surfaces. As can 

be seen on the worn surfaces of all specimens, the abraded grooves, micro-fractures and 

micro-cracks were observed. These worn morphologies can be used to discuss the wear 

characteristics of the composites. During unlubricated sliding wear testing, the material 

removal mechanisms are predominately controlled by mechanical fracture and 

tribochemical reactions, which are believed to occur simultaneously and interact with each 

other. However, Q.T Sun et al[7] reported the dry sliding wear behaviour of β-Sialon 

ceramics from room temperature to 800 °C, and stated that no new phases were detected at 
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room temperature, indicating that no tribochemical reactions took place. This illustrated 

that the spalling and abrasion wear were considered as the primary wear mechanism for 

the β-Sialon material. As shown in Fig.6.17, the tribolayers were mainly caused by plastic 

deformation, accumulation and subsequent fracture at the asperities of the contacting 

surfaces. During the wear testing, the produced wear debris could accumulate the wear loss 

of the composite.  

However, during the sliding wear testing, a higher temperature would generate at the 

localized contacts between the contacting surfaces of the composites and alumina ball, due 

to the frictional heat. According to Q.T Sun et al[7], at room temperature and normal load 

of 5 N, the calculated local sliding contact temperature for β-Sialon (Z=1) was 360°C. It is 

generally accepted that β-Sialon material has excellent oxidation properties, implying that 

the frictional heat is not high enough for the tribochemical reaction of the β-Sialon. 

Whereas, thermo gravimetric analysis (TGA) data of the ZrN powders, shown in Fig.6.18, 

revealed that ZrN started to be oxidized at 400 °C according to the following chemical 

equation 6.5: 

2Zr  4O2 2ZrO2  2                                                                                                       (Eq.6.5) 

 

Fig.6.18 TGA analysis of a powder of 25.0222 mg in air atmosphere with a heating rate of 

5°C/min using thermo gravimetric analyser (TGA-50, Shimadzu).    
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In these experiments, with increasing wear testing time, the wear conditions became more 

severe, and the Zr  particles tended to detach from the β-Sialon matrix and spalling of 

composite ceramic grains occurred in areas where the ZrN were aggregated. This resulted 

in the subsequent formation of wear debris on the worn surfaces of the composites and 

could expose more ZrN particles. The wear debris could accumulate further wear by 

abrasion to reduce the wear resistance. In this condition, it was possible to have sufficient 

time to generate the tribochemical reaction for ZrN particles, which could cause the 

formation of reaction layers.  

6.3.2.3 Electrical Conductivity 

For Sialon-ZrN composites, the insulating Sialon matrix is surrounded by conducting ZrN 

particles (which is considered as the minor or second phase). It is a typical insulator-

conductor composite, and its conductivity is governed by the volume fraction of 

conducting ZrN. When the volume fraction reaches a particular value, the conductivity of 

the composite will change dramatically[221]. This value of the volume fraction is often 

called the percolation threshold[222], noted as   . Within a slight change near the 

percolation threshold, the composite can go from being an insulator to a conductor or vice 

versa. The percolation point is characterized by a sharp transition from insulator to 

conductor, and can be described by the following Eq[223]: 

  ρ
1
(1 

 2
   

)
 

 

Where, ρ presents the electrical resistivity of composite, ρ1 denotes the electrical resistivity 

of insulator, υ2 indicates the volume fraction of conducting phase,    is the value of the 

percolation threshold (mentioned above) and   is a critical constant for the conductivity 

that depends upon dimensionality ranging from 1.65-2.0[223]. 

The effect of ZrN content on the electrical resistivity of composites is presented in 

Fig.6.19. 
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Fig.6.19 Electrical resistivity of β-Sialon (Z=1)-ZrN composites sintered at different 

temperatures and under various pressures. The horizontal broken line indicates the 

suitable electrical resistivity of a material machined by EDM method[171].  

As can be seen from this figure, the sintering temperature and applied pressure had only a 

slight effect on the electrical resistivity of composites. For monolithic Sialon material, the 

electrical resistivity ranged between 10
10

 and 10
12

 Ω∙m. The introduction of a small 

amount of ZrN (less than 30 wt%) was insufficient to reduce the electrical resistivity of the 

composites. While with a certain content of ZrN (between 30 and 40 wt%), the electrical 

resistivity sharply decreased to around 10 Ω∙m, indicating that the percolation threshold 

had been reached at these concentrations. 
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6. 4 Conclusions 

The study of the effect of sintering temperature and nitrogen pressure on phase assemblage 

microstructure, and densification behaviours of the β-Sialon (Z=1)-ZrN composite has 

been investigated. The study of the effect of sintering temperature and nitrogen pressure on 

the mechanical properties and electrical conductivity of the β-Sialon (Z=1)-ZrN 

composites has also been described in this chapter. Several conclusions from this work 

have been drawn: 

1. Under 0.7 MPa of nitrogen pressure, the composites sintered at 1600 °C and 

1700 °C were mainly composed of the elongated β-Sialon (Z=1) and equiaxed ZrN, 

with an intermediate phase of YAG (Y3Al5O12) at 1600 °C and Y5Si4Al2O17N at 

1700 °C. As the sintering temperature was increased to 1800 °C, for ZrN contents 

higher than 10 wt%, the targeted β-Sialon (Z=1) was transformed into Y- α-Sialon, 

with some new intermediate phases, such as Y2Si3O3N4 for 20 wt% and 30 wt% 

ZrN, and 21R-Sialon (SiAl6O2N6) for 40 wt% and 50 wt% ZrN. 

2. At 1700 °C, the nitrogen pressure did not affect the major phase assemblage of the 

composites, which were composed of the elongated β-Sialon (Z=1) and equiaxed 

ZrN. However, the nitrogen pressure affected the intermediate phases, such that 

under 0.4 MPa of nitrogen pressure, the intermediate phases were Y2SiAlO5N, 

Al2SiO5 and Y2Si2O7, whilst under 0.7 MPa and 1.0 MPa of nitrogen pressures, 

Y5Si4Al2O17N was the secondary phase existing in the composites. 

3. Under 0.7 MPa of nitrogen pressure, the composites sintered at 1800 °C had the 

greatest mass loss, due to the greater thermal decomposition of β-Sialon. Though 

the composites sintered at 1600 °C had the lowest mass loss, this temperature was 

not high enough to obtain high density composites. The composite sintered at 

1700 °C had the best densification behaviour with a relative density in excess 

of >97% and open porosity <2%. 

4. At 1700 °C, an increase in nitrogen pressure assisted the densification behaviour of 

the composites. Under 0.4 MPa, the composites had the greatest mass loss, 

decreasing with increase in ZrN content. With an increase in nitrogen pressure, the 

composites had a lower mass loss, although this increased with increasing ZrN 

content. Under 0.7 MPa and 1.0 MPa nitrogen pressure, the relative density and 

open porosity of the composites were around 98% and less than 1.5%, respectively. 
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5. Under 0.7 MPa of nitrogen pressure, the composites sintered at 1700 °C had better 

mechanical properties than those sintered at 1600 and 1800 °C, such as the higher 

hardness, fracture toughness and better wear resistance. This was attributed to their 

high relative density and low open porosity. 

6. At 1700 °C, an increase in nitrogen pressure showed a positive effect on the 

improvement of mechanical properties. Compared with the sample sintered under 

0.4 MPa nitrogen pressure, the composites sintered under 0.7 MPa had greater 

hardness and fracture toughness and better wear resistance. However, a further 

increase in nitrogen pressure (1.0 MPa) showed only a slight effect on enhancing 

the mechanical properties. 

7. For all the sintering conditions, the ZrN content affected the mechanical properties 

of the composites. ZrN contents below 20 wt% enhanced the hardness of the 

composites, although the hardness decreased when the ZrN content was higher than 

30%. The composites with higher hardness also showed greater wear resistance, 

and the wear behaviour were considered to be controlled by abrasive wear and 

tribochemical reactions. Increasing ZrN content led to an increase in the fracture 

toughness of the composites, due to a combination of toughening mechanisms such 

as crack deflection, crack bridging, transgranular fracture and crack branching. The 

introduction of ZrN modified the electrical properties of the Sialon materials. 

Composites with more than 30 wt% ZrN content had good electrical conductivity, 

but showed a decrease in hardness and wear resistance, due to more amount of 

weak bonding interfaces between the reinforcement ZrN and the Sialon matrix. 

  



101 
 

Chapter 7 Effect of sintering temperature and nitrogen 

pressure on the formation and mechanical properties of 

the Sialon composite sintered by two-step sintering  

7.1 Introduction 

In 2000, a new two-step sintering was conducted by Chen and Wang (two-step sintering-

CW)[130] who sintered ceramic powders at high temperature, followed by a rapid cooling 

down to a relative lower temperature for a longer period. The objective of this work was to 

increase the densification and simultaneously suppress the grain growth.  In the first stage, 

the critical density must be achieved (higher than 70 % TD) to produce sufficient triple 

points. The network of grain boundaries anchored by joints in the triple points is important 

for the densification of ceramics, due to the high activation energy for migration. Some 

reports claimed a much higher initial density around 92 % of TD at T1 was more 

beneficial for improving the final density [224-225].They proposed this density is the 

transition point for the pores from open to closed status and could trigger grain growth. To 

determine an appropriate the first-step sintering temperature (T1), at which could obtain a 

higher initial density while less residual porosity whilst could suppress the grain growth, is 

essential for producing a high final dense material. At the final stage of the two-step 

sintering-CW technique, the residual porosity is eliminated and densification occurred, 

without grain growth. This two-step sintering technique has been used successfully to 

fabricate high density ceramics with excellent mechanical properties[131]. 

This chapter describes experiments where the, two-step sintering-CW technique has been 

employed to fabricate Sialon-ZrN composites and the effect of sintering parameters on 

densification behaviour and mechanical properties of the composites has been investigated. 

The difference in phase assemblages, microstructures, densification behaviours and 

mechanical properties of composites sintered by conventional gas-pressure sintering 

method (Chapter 6) and two-step sintering-CW are also discussed. The purpose of this 

chapter is to demonstrate that two-step sintering-CW is an alternative sintering technique 

to fabricate Sialon-matrix composites.  
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7.2 Experimental Procedure 

7.2.1 Preliminary sintering for optimizing the first-step sintering temperature (T1) 

for the two-step sintering 

T1 is important for the two-step sintering process, and based on the results of the single-

step sintering, presented in Chapter 6, three temperatures (1700, 1750 and 1800 °C, 

respectively) were chosen to determine the T1 for two-step sintering. In this test, samples 

with 0 and 50 wt% ZrN were sintered with no holding time at the three temperatures using 

a heating rate of 5 °C/min and then cooled at 10 °C/min to 1000 °C, then cooled directly to 

room temperature. The optimum T1 was determined by the results of the mass loss, 

volume shrinkage, relative density, open porosity, mean grain size and morphology of the 

samples, which are discussed in the following section. 

For the two-step sintering, samples with various amount of ZrN were sintered in the same 

graphite furnace with a heating rate of 5 °C/min to the determined T1, and then rapidly 

cooled down at 50 °C/min to T2, which was chosen as 1650 and 1700 °C, respectively. In 

these experiments, a total mass content of 8 wt.% sintering additives, being composed of 

individual Y2O3 and Al2O3 with a molar ratio of 3:5 (as the YAG composition), were used 

for all of the samples. During the sintering, the samples were sintered at the second-step 

sintering temperature (T2) for 6h under a certain nitrogen pressure. The detailed sintering 

schedules of two-step sintering are presented in Fig.7.1.  
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Fig.7.1 The heating schedule and nitrogen pressure profile for the two-step sintering 

7.2.2 Characterization of the sintered samples 

Phase assemblage of the composites was characterized by XRD. The morphologies were 

observed by ESEM. Bulk density and open porosity of the polished composites were 

measured by Archimedes’ method using deionized water as the immersion medium. 

Relative density was determined by comparison to the theoretical density of the 

composites determined from a rule of mixtures for each composition. Vickers hardness 

(according to ASTM C1327-15) and indentation fracture toughness were measured with a 

load of 98 N for 15 s. Wear behaviour was carried out under dry sliding conditions in pin-

on-disk configurations. The size of the grains and the pores were calculated using ImageJ 

software. The details of these characterization methods were described in Chapter 3. 

7.3 Results and Discussions 

7.3.1 Determination of the first-step temperature (T1) for two-step sintering 

Fig.7.2 shows the morphologies of the samples with 0 wt% and 50 wt% ZrN sintered at 

various T1 for 0 min.  
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Fig.7.2 SEM images of samples with 0 wt.% and 50 wt.% ZrN sintered at T1 without 

holding time, T1=1700, 1750 and 1800 °C, respectively. Blue arrows and white arrows 

indicate the macropores and micro-pores existing in the samples, respectively. 

As can be seen in Fig.7.2, residual pores were observed in all of the sintered samples, with 

the samples sintered at 1700 and 1800 °C having more large-size pores than those sintered 

at 1750 °C. In order to evaluate the densification level, the residual pores were classified 
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into two groups based on their sizes, denoted as micro-pores (<20 μm, white arrows) and 

macro-pores (>20 μm, blue arrows). Table 7.1 shows the average size of macropores 

measured by ImageJ, counting more than 100 macropores with pore size larger than 20 μm 

on representative SEM images.  

Table 7.1 The average sizes (μm) of macropores distributed in samples sintered in first 

stage of two-step sintering method at various T1 for 0 min 

Temperature for first stage of 

two-step sintering 
0 wt% ZrN 50 wt% ZrN 

T1=1700 °C 43±31 50±26 

T1=1750 °C 30±17 37±22 

T1=1800 °C 131±48 99±54 

 

As a combination of the results in Fig.7.2 and Table 7.1, at 1700 °C, the average size of 

the macropores was 43 ±31μm for monolithic Sialon and 50±26 μm for the composite with 

50 wt.% ZrN, which was larger than these of the samples sintered at 1750 °C. This was 

due to the temperature (1700 °C) not being high enough to supply sufficient driving force 

to eliminate the pores in a short period (0 min).  However, when T1 was increased to 

1800 °C, a large number of macropores were distributed among the sintered samples. The 

formation of macropores could be attributed to two reasons. One was the thermal 

decomposition of β-Sialon at high temperature, which was confirmed in section 6.3.1.  The 

other reason was that increasing sintering temperature could speed up the grain boundary 

migration, which could suppress the elimination of pores, resulting in the existence of 

macropores. 

The densification behaviour of samples sintered at various T1 was also revealed by other 

criterions, shown in Fig.7.3.  
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Fig.7.3 Relative density, open porosity, grain size, volume shrinkage and mass loss of the 

samples to determine the T1 for two-step sintering 

Following sintering at the three T1 temperatures, an initial density, higher than 88 % of TD, 

was observed, which is sufficient for achieving full densification following the two-step 

sintering method. Compared with the samples sintered at 1700 and 1800 °C, the sample 

without ZrN content had the greatest relative density around 94% and lowest open porosity 

around 2% at 1750 °C, whilst the pores with the smallest sizes were homogeneously 

distributed in the samples, and the grain sizes were slightly higher than that sintered at 

1700 °C.  For the sample with 50 wt% ZrN, T1 temperature had a similar effect on the 

densification behaviour and grain growth as for the monolithic Sialon sample. However, 

the relative density for this sample was higher, and the grain size larger than those of the 

monolithic Sialon sample.  

Temperature lower than 1750 °C caused a greater residual porosity with large-size micro-

pores, whereas temperature higher than 1750 °C resulted in a lower densification, larger 

grain size, higher mass loss and the presence of numerous large-size macropores. Taking 

into account the difficult densification of Sialon ceramics, 1750 °C could be set as the 

optimal temperature for the first stage of two-step sintering for the composites, and was 
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beneficial for enhancing initial density, minimizing residual porosity, and reducing the 

pore size, even though a slight grain growth was observed (compared with 1700 °C).  

7.3.2 Effect of the second-step sintering temperature (T2) and nitrogen pressure on 

the formation and densification of the composites 

Determination of the temperatures T1 and T2 are crucial for the success of the two-step 

sintering method. A suitable T1 should yield a critical density and render the pores 

unstable, while an appropriate T2 should be restricted within a range, where the grain 

boundary diffusion operates for densification whilst grain boundary migration is supressed 

to avoid grain growth. As shown in section 6.3.1, composites showed a poor relative 

density less than 97 % at 1600 °C and had relative density higher than 97 % at 1700 °C. As 

a combination of the determination of optimum T1 (1750 °C) in section 7.3.1, the 

temperature T2 for two-step sintering was set as higher than 1600 °C but lower than 

1750 °C. Finally, the temperature 1650 and 1700 °C were chosen as T2 for the second step 

of two-step sintering method for fabrication of Sialon-ZrN composites. 

7.3.2.1 Phase assemblage and microstructures 

The phase assemblage of composites sintered by the two-step sintering method, where the 

T2 was 1650 and 1700 °C, respectively, were characterized using XRD and are shown in 

Fig.7.4.  
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Fig.7.4 Phase assemblage of the β-Sialon (Z=1)-ZrN composites sintered by two-step 

sintering method under a nitrogen pressure of 0.7 MPa for 6h 
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As described in section 6.3.1, the starting powders were composed of major phases of β-

Sialon (Z=1) and ZrN, with the sintering additives Y2O3 and Al2O3, as well as residual Si 

being observed. As shown in Fig.7.4, when the T2 was 1650 and 1700 °C, β-Sialon (Z=1) 

and ZrN were the main phases, and Y5Si4Al2O17N was observed as an intermediate phase. 

The phase assemblage of monolithic β-Sialon (Z=1) sintered at various T1 is shown in 

Table 7.2.  

Table 7.2 The phase assemblage of the β-Sialon (Z=1) sintered at various T1 for 0 min 

and sintered at T1=1750 °C/T2=1700°C and T1=1750°C/T2=1650 °C for 6h 

Temperatures Phases 

First stage of 

 two-step 

sintering 

 for 0 min 

T1=1700 °C 
β-Si5AlON7 (Z=1), 12H-

Sialon(SiAl5O2N5) 

T1=1750 °C 

β-Si5AlON7 (Z=1), 

Y0.5Si9.75Al2.25O0.75N15.25, 

12H-Sialon 

T1=1800 °C 
β-Si5AlON7 (Z=1), Y0.5Si9.3Al2.7O0.9N15.7, 

12H-Sialon, Y2SiAlON5 

Second stage of 

two-step 

sintering for 6 h 

T1=1750°C/T2=1650°C β-Si5AlON7 (Z=1), Y5Si4Al2O17N 

T1=1750°C/T2=1700°C β-Si5AlON7 (Z=1), Y5Si4Al2O17N 

 

Combined with the analyses of phases for the starting powders and final sintered 

monolithic β-Sialon (Z=1), these results revealed the phase transitions taking place during 

the two-step sintering processing. As the results shown in Table 7.2, for a T1 of 1700 °C, a 

small amount of 12H-Sialon phase was detected. It might be formed by thermal 

decomposition of β-Sialon (Z=1) represented by the reaction (7.1), being similar as the 

work of M. Mitomo et.al[226].  

5 β Si5AlO 7(s) 12H Sialon (SiAl5O2 5) (s) 3 SiO(g) 21 Si(l) 15  2(g)            (7.1) 

When T1 was increased to 1750 or 1800 °C, new phase of Y-α-Sialon was observed due to 

the phase transformation between β-Sialon and α-Sialon. These phase transformation 

reactions can be expressed by the possible reactions (7.2) or (7.3), where M1 and M2 are 
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undetermined intermediate products formed through the reactions between YAG and the 

starting powders. 

β-Si5AlO 7 M1(s) α-Y0.5Si9.75Al2.25O0.75 15.25 M2 SiO(g)                                          (7.2)      

12H-Sialon (SiAl5O2 5) (s) M1(s) α-Y0.5Si9.75Al2.25O0.75 15.25 M2 SiO(g)              (7.3)    

After being sintered at the lower temperature T2 for 6h, the Y-α-Sialon and the 12H-Sialon 

were eliminated whilst a small amount of intermediate phase Y5Si4Al2O17N was observed 

in all the samples.  irstly, at lower temperature, α-Sialon could transform into β-Sialon via 

the reaction (7.4)[227]. 

α-Sialon β-Sialon  liquid phase/M1 β-Sialon M2                                                     (7.4) 

Y5Si4Al2O17N could also be formed by reaction 7.5, where Si3N4 formed by reaction 

between residual Si and N2 gas from the sintering atmosphere and finally reacted with 

Al2O3 and 12H-Sialon in the holding stage. 

12H Sialon (SiAl5O2 5) (s) Si3 4(s) Al2O3(s) Y2O3(s) Y5Si4Al2O17                     (7.5) 

A further investigation shows that the phase assemblage is also affected by the sintering 

pressure. Fig.7.5 presents the phase assemblage of composites sintered under various 

nitrogen pressures, where T2 was 1700 °C.  
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Fig.7.5 Phase assemblage for β-Sialon (Z=1)-ZrN composites sintered by two-step 

sintering under various nitrogen pressures for 6h, where T2 was 1700 °C 
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The results showed that the composites, sintered under a nitrogen pressure of 0.4, 0.7 or 

1.0 MPa, were composed of mainly β-Sialon (Z=1) and ZrN phases, with intermediate 

phases (shown in Table 7.3) 

Table 7.3 Intermediate phases of the composites sintered by the two-step sintering method 

under various nitrogen pressures 

Nitrogen Pressure Intermediate Phases 

0.4 MPa Y5Si4Al2O17N, Y0.54Si9.57Al2.43O0.81N15.19 

0.7 MPa Y5Si4Al2O17N 

1.0 MPa Y0.54Si9.57Al2.43O0.81N15.19,  Zr0.82Y0.18O1.91 

Researches  [134, 227-228] have indicated that the transformation reactions from α- to β-

Sialon are determined by the starting composition, the viscosity of liquid phase, the 

presence or absence of β-Sialon and the sintering temperature, as summarized in possible 

reactions 7.6 to 7.8 (where M is an undetermined intermediate product formed through the 

reactions between YAG and the starting powders). 

α-Sialon  liquid phase β-SiAlO  M 21 -(SiAl6O2 6)                                            (7.6) 

α1-Sialon  liquid phase 21 -(SiAl6O2 6)  α2-SiAlO  M 21 -(SiAl6O2 6)         (7.7) 

α1 Sialon  liquid phase 21  (SiAl6O2 6)                                                                                   

                                            β-Sialon α2-SiAlO  M 21 -(SiAl6O2 6)  liquid phase      (7.8) 

In this experiment, variation of nitrogen pressure could affect the viscosity and diffusion of 

the liquid phase, and influence driving force for grain boundary mobility. The gas pressure 

could also affect the partial pressure of SiO which is important for thermal decomposition 

of Sialon. These phenomena result in the difference in the formation of intermediate 

phases, microstructures, and the densification behaviours (including relative density, open 

porosity and mass loss). 
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Fig.7.6 demonstrates the morphologies of the polished surface of selected samples. The 

composites were composed of an elongated β-Sialon matrix, with ZrN particles showing 

up as the white particles, and intermediate phases showing as grey contrast. Residual pores 

existed in all of the selected samples, indicating that it was difficult to obtain a fully dense 

composite by this two-step sintering method due to the sinterability of the β-Sialon and 

ZrN. The samples sintered at T2=1650 and 1700 °C, showed a similar distribution of ZrN 

particles in the Sialon matrix with a more uniform distribution being observed with 

increasing in ZrN content.  

 

Fig.7.6 The microstructural morphologies of the specimen with 0, 20 and 40 wt.% sintered 

by two-step sintering method under 0.7 MPa of nitrogen pressure for 6h. 

Additionally, when T2 was increased to 1700 °C, there was a slight grain growth occurred 

for both of the matrix grains and the refining particles, shown in Table 7.4. 
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Table 7.4 The grain sizes of selected sample with 20 wt.% ZrN sintered by the two-step 

sintering with T1=1750°C/T2=1650°C or T1=1750°C/T2=1700°C. The mean grain sizes 

of β-Sialon (Z=1) grains and ZrN grains were measured on representative SEM 

micrographs using ImageJ by counting 150 particles. 

 

Matrix phase (β-Sialon (Z=1)) Reinforcing phase (ZrN) 

Length (μm) Aspect ratio Grain sizes (μm) 

T2=1650 °C 8.3±2.9 4.2±1.1 1.9±0.4 

T2=1700 °C 9.3±3.6 4.7±1.7 2.4±0.8 

 

7.3.2.2 Comparison between two-step sintering and one-step sintering   

This section describes differences in phase assemblage and microstructure of composites 

sintered by two-step sintering and one-step sintering methods. Table 7.5 shows the phase 

assemblage of composites fabricated by the two different methods.  

Table 7.5 Differences in phase assemblage of composites sintered by two-step sintering 

and one-step sintering under a nitrogen pressure of 0.7 MPa 

Sintering Method Phase Assemblage 

One-step sintering ( T=1600 °C) β-Sialon (Z=1), ZrN, YAG (Y3Al5O12) 

One-step sintering ( T=1700 °C) β-Sialon (Z=1), ZrN, Y5Si4Al2O17N 

Two-step sintering (T1=1750°C/T2=1650 °C) β-Sialon (Z=1), ZrN, Y5Si4Al2O17N 

Two-step sintering (T1=1750°C/T2=1700 °C) β-Sialon (Z=1), ZrN,Y5Si4Al2O17N 
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As shown in Table 7.5, composites fabricated by the two-step sintering, at both values of 

T2, had the same phase assemblage as those fabricated by one-step sintering at 1700 °C, 

but were different to those fabricated at 1600 °C. This suggests that the final phase 

composition of the composites was mainly determined by the temperature of holding, and 

that the sintering method did not affect the phase assemblage of the composites.   

Fig.7.7 presents the morphologies of the selected samples fabricated by the two methods 

under a nitrogen pressure of 0.7 MPa.  

 

Fig.7.7 SEM images of polished surfaces of selected samples sintered by one-step sintering 

and two-step sintering method 

As can be seen in Fig.7.7, composites fabricated by the one-step sintering were composed 

of elongated β-Sialon grains with greater grain lengths and higher aspect ratios, 

corresponding with the measured results shown in Table 7.6.   
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Table 7.6 Comparison of length and aspect ratio of β-Sialon grains sintered by one-step 

sintering and two-step sintering methods. The mean grain sizes of β-Sialon grains were 

measured on representative SEM micrographs using ImageJ by counting 150 particles. 

ZrN 

content 

One-step sintering Two-step sintering  (T1=1750°C) 

1700 °C-0.7 MPa T2=1650 °C, 0.7 MPa T2=1700 °C, 0.7 MPa 

Length 

(μm) 

Aspect 

ratio 

Length 

(μm) 

Aspect 

ratio 

Length 

(μm) 

Aspect 

ratio 

0 % 11.8±4.4 5.1±1.3 8.4±2.8 4.6±1.2 9.7±4.2 4.6±1.1 

20 % 11.3±5.5 5.1±2.2 8.3±2.9 4.2±1.1 9.3±3.6 4.7±1.7 

40 % 9.2±3.6 4.9±1.7 5.4±1.5 3.5±0.8 6.9±2.6 3.9±0.9 

50 % 7.4±4.0 4.0±1.5 -- -- 6.0±1.6 3.8±0.8 

 

The results in Table 7.6 also indicated that increase in ZrN content could inhibit the 

growth of matrix grains because the ZrN particles distributed in to the matrix grain 

boundaries. These results demonstrated that the two-step sintering method could assist in 

supressing the growth of β-Sialon matrix grains and ZrN reinforcing particles. 

For normal one-step sintering, the compacted composite is heated at a determined heating 

rate and held at the final sintering temperature to reach the highest density. However, the 

grain size of composites sintered at this way increases continuously due to the active grain 

boundary migration and diffusion at the increasing temperature. In the process of final 

sintering, grain boundary migration and diffusion remain active, leading to large grain size 

and inhomogeneous microstructures. In addition, normal one-step sintering induces rapid 

grain coarsening when the relative density exceeds 85%, due to the breakdown of pore 

channels at three grain junctions and the resulting reduction of pore drag on grain 

boundary migration[229]. For the two-step sintering, a sufficiently high intermediate 

density is obtained at T1, where the pores become subcritical and unstable against 

shrinkage due to capillary action[130]. To succeed in two-step sintering, T2 temperature is 

adjusted to progress the densification but suppress the grain growth, which relies on the 
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suppression of grain boundary migration while keeping grain-boundary diffusion active. 

During the two-step sintering, the grains coarsen with increase in temperature (T1) while 

frozen by the rapid cooling process to T2. The frozen microstructure has slower kinetics, 

which is sufficient for reaching full density whilst impeding grain growth[229].  

Mechanisms of grain growth in the two different sintering processes are summarized in 

Fig.7.8, revealing the differences in sintering mechanisms and grain growth of composites 

sintered by one-step sintering and two-step sintering.  

 

Fig.7.8 Different mechanisms of grain growth in the one-step sintering method and two-

step sintering method [230-231] 

7.3.2.3 Densification behaviour 

Fig.7.9 presents the mass loss of composites sintered by the two-step sintering method, 

indicating that the mass loss of composites sintered by two-step sintering was determined 

by the temperature of second step and the applied sintering pressure.  
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Fig.7.9 Effect of second step temperature (T2) and nitrogen pressure on the mass loss of β-

Sialon (Z=1)-ZrN composites sintered by two-step sintering method 

For composites sintered under same nitrogen pressure (0.7 MPa), it appears that the slight 

difference in T2 had a small effect on the mass loss, ranging from 4% to 5%.  According to 

these results, it can be considered that the applied pressure had a more obvious influence 

on mass loss. Composites had the greatest mass loss under lower pressure (0.4 MPa), and 

this decreased with increase in nitrogen pressure, reaching the lowest value under 1.0 MPa. 

In chapter 6, it was discussed how thermal decomposition of the Sialon matrix was the 

main reason for the mass loss of the composites.  

Fig.7.10 indicates the influence of the T2 temperature and applied pressure on the relative 

density and open porosity of composites fabricated by two-step sintering. 



120 
 

 

Fig.7.10 Relative density and open porosity of composites fabricated by two-step sintering 

at various T2 and under different applied pressure 

The results show that composites sintered at T2=1700 °C under an applied pressure of 0.4 

MPa had the poorest relative densities and greatest open porosity. In this work, increase in 

applied pressure was beneficial for densification of composites, leading to enhanced 

density and reduced open porosity. Under an applied pressure of 0.7 MPa, the composites 

sintered at T2=1700 °C had greater relative densities and lower open porosities than those 

at T2=1650 °C. A higher T2 would supply a greater driving force to promote the grain 

boundary diffusion for densification and porosity elimination, while a slight grain growth 

occurred (as seen in Table 7.6). Combined with results of mass loss shown in Fig.7.9, it 

can be concluded that thermal decomposition of the Sialon matrix was one of the reasons 

for affecting the final densification of the composites. Under lower gas pressure conditions, 

it would be easier for SiO gas formed by thermal decomposition β-Sialon to escape. 

However, a further increase in nitrogen pressure could inhibit the evaporation of SiO gas, 

which could impede thermal decomposition of the Sialon matrix, leading to less mass loss 

and greater densification. 
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7.3.2.4 Comparison between two-step sintering and one-step sintering    

Table 7.7 summarizes the differences in densification behaviour (i.e. mass loss, relative 

density and open porosity) of composites fabricated by two different sintering methods.  

Table 7.7 Differences in mass loss, relative density, open porosity of composites sintered 

by two-step sintering and one-step sintering (1700 °C) methods under 0.7 MPa, where the 

“-” indicates values lower than that sintered by one-step sintering 

It is known that thermal decomposition of Sialon is dependent on temperature. The results 

indicated that composites fabricated by two-step sintering had higher mass loss, especially 

for the composites with low ZrN content (less than 20 wt%). Combined with the results 

shown in Fig.7.3, it can be concluded that the higher T1 should be considered as the 

predominate reason for great mass loss. Composites fabricated by two sintering methods 

had similar relative densities with a difference less than 3%. All of the samples had a small 

amount of open pores, less than 2%. For this work, compared with one-step sintering at 

given conditions (same amount of sintering additives, same nitrogen pressure and holding 

time), it seems that the two–sintering method shows no significant improvement in 

densification behaviour. This was due to the composite in this work already having a high 

relative density (higher than 97%). It is acknowledged that it is difficult to obtain fully 

dense Sialon or Sialon-based materials by conventional sintering methods. In this work, it 

was difficult to improve the density of composites by applying two-step sintering method. 

The main advantage of two-step sintering was in obtaining high density composites with 

smaller grain size and more homogenous microstructure.  

ZrN 

content 

Mass loss Relative density Open porosity 

1650 °C 1700 °C 1650 °C 1700 °C 1650 °C 1700 °C 

0% 170.36% 190.11% -2.17% -1.15% 146.58% 77.94% 

10% 149.81% 137.28% -2.22% -0.53% 156.91% 12.88% 

20% 94.65% 115.52% -0.39% 0.04% -9.82% -7.81% 

30% 74.37% 74.35% -0.82% -0.04% -43.49% -46.49% 

40% 54.91% 53.49% -0.27% 0.59% -5.74% -64.14% 

50% 38.04% 37.35% -0.11% 0.40% 23.47% -20.94% 
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7.3.3 Effect of the second step temperature (T2) and nitrogen pressure on the 

mechanical properties of the composites 

7.3.3.1 Hardness and fracture toughness 

Fig.7.11 describes the effect of T2 temperature and applied pressure on the hardness of 

composites fabricated by two-step sintering method.  

 

Fig.7.11 The hardness of the β-Sialon -ZrN composites sintered by the two-step sintering 

method with different T2 temperature and nitrogen pressures 

As can be seen in Fig.7.11, composites sintered under a nitrogen pressure of 0.4 MPa had 

the poorest hardness due to their poor densification behaviour (see in Fig.7.10).  Whereas, 

composites sintered at a lower final temperature (1650 °C) but with higher nitrogen 

pressure (0.7 MPa) had better hardness, due to the better relative density and less open 

porosity. As discussed in section 7.3.2.3, an appropriate increase in final sintering 

temperature and applied pressure was beneficial for obtaining high dense composites with 

small amount of porosity, leading to improvement in mechanical properties. This 

improvement was confirmed by the results in Fig.7.11, where composites sintered at 

T2=1700 °C under an applied pressure of 0.7 MPa or 1.0 MPa presented the greatest 

hardness. 
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As can be seen in Fig.7.12, β-Sialon sintered under high nitrogen pressure had a lower 

amount of porosity, and with smaller sizes, in agreement with the open porosity value 

shown in Fig.7.10. This was due to a high pressure apply higher driving force for 

densification whilst suppressing thermal decomposition of the Sialon matrix. 

 

Fig.7.12 SEM morphologies for polished surface of β-Sialon without ZrN sintered by two-

step sintering with T1=1750 °C/T2=1700 °C under varied nitrogen pressures 

The results in Fig.7.11 also show the effect of ZrN content on the hardness of composites 

fabricated by two-step sintering, and it was observed that reinforcing ZrN particles showed 

similar influence on hardness as for composites fabricated by one-step sintering at 1700 °C 

(see section 6.3.2.1), where hardness reached a maximum at 20 wt% ZrN and decreased 

for higher ZrN content. The effect of reinforcing phases on the hardness of composites has 

been described in chapter 6.  

Fig.7.13 shows indentation fracture toughness of composites sintered by two-step sintering 

under different conditions.  
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Fig.7.13 Fracture toughness of the β-Sialon -ZrN composites sintered by the two-step 

sintering method with different T2 temperature and nitrogen pressures 

An effect of the sintering conditions and amount of ZrN was also observed on the fracture 

toughness of the samples, which was again highest for the samples sintered at T2=1700 °C 

under an applied pressure of 0.7 MPa or 1.0 MPa. For all of the samples, the fracture 

toughness increased continuously up to the maximum value for 50 wt% ZrN.  These 

results indicated that a greater densification with high relative density and low porosity (in 

Fig.7.10) could assist to toughen the composites. 

All of the toughening mechanisms known in ceramic materials can be observed in Fig.7.14, 

i.e. crack branching, crack bridging and crack deflection.  
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Fig.7.14 Summarized crack paths and toughening mechanisms of selected Sialon-ZrN 

composites sintered by two-step sintering at T1=1750°C/T2=1700°C, including the crack 

deflection (white arrows), crack bridging (red arrows), transgranular fracture (blue 

arrows) and crack branching (yellow arrows) 

With an increase in ZrN content, more crack deflection, crack branching and intergranular 

fracture was observed due to debonding of the weak interface between matrix grains and 

reinforcing particles. These consume energy and suppress crack propagation, resulting in 

the increased toughness. The detailed influencing factors for toughening mechanisms have 

been discussed in chapter 6.  

Table 7.8 shows the difference in hardness and fracture toughness of composites fabricated 

by two-step sintering and one-step sintering (see chapter 6), where “-” indicates values 

lower than those from the one-step sintering method.  
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Table 7.8 Differences in hardness and fracture toughness of composites formed by two-

step sintering and one-step sintering methods under a nitrogen pressure of 0.7 MPa, 

where the “-” indicates values lower than that sintered by one-step sintering at 

T=1700 °C 

Properties 
Sintering 

conditions 

ZrN content (wt%) 

0 10 20 30 40 50 

Hardness 

(GPa) 

T=1700 °C 15.35 15.63 15.92 15.33 14.52 14.12 

T2=1650°C 1.55% 2.30% 0.06% 3.42% 0.03% 1.88% 

T2=1700 °C 6.39% 6.47% 4.43% 5.36% 1.93% 4.28% 

Fracture 

Toughness 

(MPa.m
1/2

) 

T=1700 °C 3.74 4.35 4.55 5.00 5.23 5.35 

T2=1650°C 2.84% -4.21% -5.04% -9.34% -9.37% -10.16% 

T2=1700 °C 2.85% 1.83% 2.53% 5.52% 3.22% 5.76% 

 

Two-step sintering method had a beneficial effect on increasing the hardness of 

composites. Generally, material with high density and low porosity has better mechanical 

properties. However, composites with a given amount of reinforcement, fabricated by one-

step sintering or two-step sintering, had similar density and porosity (see in Table 7.7), 

indicating improvement in mechanical properties of composites fabricated by two-step 

sintering was not related to density and porosity. The mechanical properties of materials 

are also affected by their compositions and microstructures (i.e. grain shape and grain size). 

Combined with the results in Table 7.4 and Fig.7.7, it is considered that the two-step 

sintering could impede the grain boundary migration during the sintering process, resulting 

in suppressing growth of matrix grains and reinforcing particles. This grain refining should 

be considered as the reason for improvement in mechanical properties. 

7.3.3.2 Wear Properties 

Fig.7.15 shows the wear resistance of composites sintered by two step sintering method 

with different T2 temperatures and applied pressures.  
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Fig.7.15 The worn volume and wear rate of the samples with ZrN contents sintered by the 

two-step sintering method under various nitrogen pressures for 6 h 
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Under 0.7 MPa, the worn volume and wear rate of composites sintered at T2=1650 °C 

were around twice as large as these of composites sintered at T2=1700 °C, indicating a 

higher T2 temperature was beneficial for enhancing wear resistance. The results showed 

that a higher nitrogen pressure had positive effect on wear resistance. Composites sintered 

at T2=1700 °C under a nitrogen pressure of 0.4 MPa showed the poorest wear resistance. 

As nitrogen pressure increased to 0.7 MPa or 1.0 MPa, the worn volume and wear rate 

decreased at a rate between 34%-69%, depending on ZrN content. 

As shown in Fig.7.16, tribolayers, abrasive grooves, wear debris and micro-cracking were 

observed on all of the worn surfaces, and also observed in Fig.6.17. This indicated, for all 

of the β-Sialon (Z=1)-ZrN composites formed by two-step sintering and one step sintering 

methods, material removal was controlled by similar wear mechanisms. 

 

Fig.7.16 Worn surfaces of selected composites sintered by two-step sintering method 
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Under the same nitrogen pressure (0.7 MPa), comparing wear rate of composites sintered 

at 1700 °C and T2=1700 °C in Table 7.9, it can be concluded that two-step sintering 

method was beneficial for increasing wear resistance.  

Table 7.9 Difference in wear rate of composites sintered by one-step sintering at 

T=1700 °C and two-step sintering at T1=1750°/ T2=1700 °C under a nitrogen pressure of 

0.7 MPa 

ZrN contents 

(wt%) 

Wear Rate (mm
3
/Nm) 

Difference 

T=1700 °C T2=1700 °C 

0 (4.05±0.27)×10
-5

 (2.91±0.25)×10
-5

 28.21% 

10 (3.02±0.48)×10
-5

 (2.59±0.35)×10
-5

 14.13% 

20 (2.88±0.31)×10
-5

 (2.08±0.19)×10
-5

 27.91% 

30 (3.56±0.68)×10
-5

 (2.54±0.13)×10
-5

 29.09% 

40 (3.75±0.42)×10
-5

 (3.32±0.26)×10
-5

 11.37% 

50 (5.04±0.38)×10
-5

 (3.82±0.27)×10
-5

 21.14% 

As discussed in section 7.3.2, the composites formed by two sintering methods had similar 

phase assemblage, relative density and open porosity, indicating improvement in wear was 

caused by other factors. Based on Table 7.6, composites sintered at T2=1700 °C had 

smaller β-Sialon (Z=1) grains with smaller aspect ratio and finer ZrN grains, leading to 

better wear resistance. They also had higher hardness and fracture toughness, resulting in 

greater wear resistance.  

7.3.3.3 Electrical conductivity 

Fig.7.17 shows the electrical resistivity of β-Sialon (Z=1)-ZrN composites fabricated by 

the two-step sintering method.  
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Fig.7.17 Electrical resistivity of β-Sialon (Z=1)-ZrN composites fabricated the two-step 

sintering method under various nitrogen pressures for 6 h. The horizontal broken line 

indicates the suitable electrical resistivity of a material machined by EDM method [171]  

Compared with results in Fig.6.18, it can be concluded that sintering technique did not 

affect the electrical properties of the composites. The electrical property of the composites 

is predominantly affected by the amount of conducting phase in the dielectric matrix, 

which affects the formation of a continuous conductive networking. 

7.4 Conclusions 

In this chapter, a study of sintering temperature and nitrogen pressure on phase assemblage, 

morphologies and densification behaviour of β-Sialon (Z=1)-ZrN composites sintered by a 

two-step sintering methods has been described. The difference in the phase assemblage, 

morphologies and densification behaviour of the composites sintered by one-step sintering 

and two-step sintering has been compared. Variations of hardness, fracture toughness, 

wear resistance and electrical conductivity of β-Sialon (Z=1)-ZrN composites sintered by 

the two-step sintering method at various T2 temperatures under different nitrogen 

pressures, have been investigated and compared with the mechanical properties and 
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electrical conductivity of the composites formed by one-step sintering at 1700 °C under 

0.7 MPa. The following conclusions have been drawn: 

1. Under 0.7 MPa nitrogen pressure, composites sintered by two-step sintering 

method, at different T2 temperatures, had similar phase assemblage with major 

phases of β-Sialon (Z=1) and ZrN with a secondary phase of Y5Si4Al2O17N, and 

corresponded with the phase assemblage of the composited sintered by one-step 

sintering at 1700 °C. For a T2 of 1700 °C, changing the nitrogen pressure did not 

affect the major phases but influenced the secondary phase. 

2. Under 0.7 MPa nitrogen pressure, the higher T2 temperature did not affect the 

morphologies of the composites, whilst a slight grain growth occurred. Composites 

sintered at T2=1700 °C had similar mass loss to those sintered at T2=1650 °C, 

while they presented greater relative density and smaller open porosity than those 

sintered at T2=1650 °C. Increase in nitrogen pressure suppressed the mass loss and 

was beneficial for densifying the composites with high density and low porosity.  

3. Compared with one-step sintering at the same conditions, composites, fabricated by 

two-step sintering had a slight increase in relative density, while they had smaller 

grain size and more homogenous microstructure. 

4. Under 0.7 MPa nitrogen pressure, a higher T2 temperature was positive for 

obtaining composites with greater hardness, fracture toughness and wear resistance. 

5. For composites formed by two-step sintering, a higher nitrogen pressure could 

improve mechanical properties. However, a further increase in nitrogen pressure 

(1.0 MPa) showed only a slight effect on enhancing the mechanical properties. 

6. Composites formed by two-step sintering, had smaller grain size of both matrix and 

reinforcing particles when compared to those produced by one-step sintering, 

resulting in greater hardness without sacrificing fracture toughness and better wear 

resistance.   

7. The electrical properties of the composites were similar regardless of one step or 

two step sintering. 
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Chapter 8 Effect of z-values (z=1 and z=4) on the formation and 

properties of Sialon-ZrN composites 

8.1 Introduction 

In general, the degree of substitution in Sialon materials, as indicated by the z-value, plays 

an important role on their physical and chemical properties, and also tailors their 

microstructures [47]. T. Jiang reported that an increase in Z-value could increase crystallite 

size and weaken bonding strength, resulting in reduced mechanical properties[232]. 

Kudyba-Jansen et al. reported a β-Sialon with z-value equal to 0.5 with a strength of 850 

MPa, a fracture toughness of 4.4 MPa∙m
1/2

 and a hardness about 15.8 GPa [233]. β-Sialon 

(z=2), synthesized by combustion synthesis and post sintered by SPS at 1600 °C under 30 

MPa pressure, had a 14.8 GPa hardness and 4.4 MPa∙m
1/2

[234]. Ekström et.al fabricated 

dense single-phase β-Sialon with various z-values by glass-encapsulated hot isostatic 

pressing method, and stated that grain size increased with increase in z-value, whereas an 

increase in z above 1 caused both the hardness and fracture toughness to decrease 

significantly[235]. Chapters 6 and 7 have shown the differences in densification behavior, 

mechanical and electrical conducting properties of the composites with low z-value β-

Sialon fabricated by the one-step sintering method and the two-step sintering method. 

This chapter investigates the influences of sintering conditions and ZrN content on phase 

assemblage, microstructures, densification behavior, mechanical and electrical conducting 

properties of β-Sialon (z=4)-ZrN composites produced by both one-step and two-step 

sintering methods under a nitrogen pressure of 0.7 MPa. The differences in fabrication and 

properties of the composites with low and high z-value β-Sialon are also discussed. The 

objective of this chapter is to investigate the effect of z-values on formation and properties 

of Sialon based materials.  

8.2 Experimental Section 

8.2.1 Fabrication of the composites 

The starting powders were composed of reaction bonded β-Sialon (Z=4) powders and 

commercial ZrN (Sigma-Aldrich Ltd., D50≈3 μm, ≥99%), where the mass fraction of ZrN 

was varied from 0% to 50% in increments of 10%. Sintering additives were composed of 

Y2O3 and Al2O3 with a molar ratio of 3:5 (i.e. YAG composition), and a total amount of 8 
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wt%. In order to create the composite samples, larger amounts (100g) of reaction bonded 

β-Sialon (Z=4) powders were required than the 5 g samples described in Chapter 4. The 

difference between large scale of production for fabrication of Sialon-ZrN composites and 

small scale of production (5g) for investigation of the pre-synthesized powders is 

described in Appendix VI. 

The starting powders were fully mixed by ball milling in isopropanol for 2 h at 300 rpm 

using Si3N4 balls as milling medium. The mixture was dried in a rotary evaporator, then 

passed through a 250 μm sieve and pressed into green samples with around Ф 10 mm  7 

mm by uniaxial pressing at 50 MP, followed by cold isostatic pressing at 400 MPa for 5 

min. Three sets of the composites were fabricated by the one-step sintering method 

(T=1600 and 1700 °C) and two-step sintering method with T1=1750 °C/T2=1700 °C 

under a nitrogen pressure of 0.7 MPa. The detailed sintering schedules are described in 

Figs.6.1 and 7.1, respectively.   

8.2.2 Characterization of the sintered samples 

The phase assemblage of the composites was characterized by XRD. The morphologies 

were observed by ESEM. Sintered density and open porosity of the polished composites 

were measured by Archimedes’ method using deionized water as the immersion medium. 

Relative density was determined by comparison to the theoretical density of the 

composites determined from a rule of mixtures for each composition. Vickers hardness 

(according to ASTM C1327-15) and indentation fracture toughness were measured with a 

load of 98 N for 15 s. Wear behavior was carried out under dry sliding conditions in pin-

on-disk configurations. The size of the grains and the pores were measured by using 

ImageJ software. Again, the details of these characterization methods were described in 

Chapter 3.  

8.3 Results and discussions 

8.3.1 Effect of sintering temperature and nitrogen pressure on the formation and 

densification of the β-Sialon (Z=4)-ZrN composites 

8.3.1.1 Phase assemblage and microstructures 

Fig.8.1 presents the phase assemblage of the composites sintered at 1600 and 1700 °C 

under a nitrogen pressure of 0.7 MPa, respectively.  
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Fig.8.1 Phase assemblage of β-Sialon (Z=4)-ZrN composites fabricated by one-step 

sintering at 1600 °C and 1700 °C under a nitrogen pressure of 0.7 MPa 
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As shown in Fig. 8.1, the sintered composites had more complicated phase assemblages 

than the starting powders. This was caused by the thermal decomposition of Sialon and 

chemical reactions occurred between starting phases in sintering process. 

At 1600 °C, the samples were composed of β-Sialon (Z=4), ZrN, AlN-polytype Sialons 

and other intermediate phases (i.e. ZrAl3O3N, Zr0.82Y0.18O1.91, Y3Al5O12 and Al2O3, which 

were dependent on the ZrN content). The formations of these phases were due to the 

following reactions (8.1-8.4) occurred in sintering process: 

β-Si2Al4O4 4 15 -Sialon (SiAl4O2 4) SiO 
1

2
O2                                                   (8.1) 

15 -Sialon (SiAl4O2 4) Al2O3  2 21 -Sialon (SiAl6O2 6) 
3

2
O2                        (8.2) 

Zr  
3

2
Al

2
O3 ZrAl3O3  

3

4
O2                                                                                    (8.3) 

Zr  
1

2
O2 

9

82
Y2O3 

50

41
Zr0.82Y0.18O1.91 

1

2
 2                                                              (8.4) 

When the sintering temperature was increased to 1700 °C, new intermediate phases were 

detected. For the sample without ZrN, a new phase (Y4SiAlO8N) was possible to be 

formed by reaction 8.5.  

β-Si2Al4O4 4 liquid phase 15 -Sialon (SiAl4O2 4) Y4SiAlO8  gas phase         (8.5) 

With increasing in Zr  content, the peak intensities of the β-Sialon (Z=4) and 15R-Sialon 

decreased, while new phases (i.e. YSi3N5 and 12H-Sialon (SiAl5O2N5)) appeared in the 

samples, which were formed by the following reactions (8.6) and (8.7): 

5β-Si2Al4O4 4 5Al2O3 5 2 6 12H-Sialon (SiAl5O2 5) 4SiO 
19

2
O2                     (8.6) 

2 15  Sialon (SiAl4O2 4) Al2O3  2 2 12H Sialon (SiAl5O2 5) 
3

2
O2                 (8.7) 

Compared with the XRD results in Fig.8.1, the composites sintered by the two-step 

sintering method had more complex phase assemblage than those sintered by the one-step 

sintering method, shown in Fig.8.2. 
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Fig.8.2 Phase assemblage of β-Sialon (Z=4)-ZrN composites fabricated by two-step 

sintering method under 0.7 MPa of nitrogen pressure, where T1=1750 °C/T2=1700 °C 

 This indicated T1 played an important role on phase assemblage of the composites. As 

seen in Fig.8.2, the sample without ZrN content was composed of mainly β-Sialon (Z=4) 

and 15 R-Sialon, while 15R-Sialon had stronger peak intensity than those of β-Sialon 

(Z=4), due to greater thermal decomposition of β-Sialon (Z=4) at higher T1 temperature by 

reaction 8.1. Adding ZrN content had remarkable effect on phase composition of the 

composites sintered by the two-step sintering method, especially influencing the formation 

of intermeditate phases, where intermediate phases (i.e. ZrAl3O3N, Zr0.82Y0.18O1.91, 

Y2Si3N6, 12H-Sialon, 8H-Sialon and 21R-Sialon, Al9O3N7 and YAlO3) were successively 

detected.  
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Table 8.1 shows the phase assemblage of starting powders and sintered composite with 

low z-value and high z-value Sialon by the two sintering methods.  

Table 8.1 All of the phases detected in the starting powders, and the composites with low 

z-value and high z-value sintered by one-step sintering and two-step sintering under a 

nitrogen pressure of 0.7 MPa. 

Z-value 

Phase assemblage 

Starting 

powders 

Sintered samples 

One-step sintering 

T=1700 °C 

Two-step sintering  

T1=1750°C, T2=1700 °C 

Z=1 

β-Sialon (Z=1), 

ZrN, Si, Al2O3, 

Y2O3 

β-Sialon (Z=1), ZrN, 

Y5Si4Al2O17N 

β-Sialon (Z=1), ZrN, 

Y5Si4Al2O17N 

Z=4 

β-Sialon (Z=4), 

ZrN, 15R-Sialon, 

Al2O3 and Y2O3 

β-Sialon (Z=4), ZrN, 

ZrAl3O3N, 15R-Sialon, 

12H-Sialon, Y4SiAlO8N, 

YSi3N5, Zr0.82Y0.18O1.91  

β-Sialon (Z=4), ZrN, ZrAl3O3N, 

15R-Sialon, 12H-Sialon, 

Y4SiAlO8N, 

Y2Si3N6,Zr0.82Y0.18O1.91, Y2O3, 

YAlO38H-Sialon,21R-Sialon, 

Al9O3N7  

 

The composites with high z-value had more complex phase assemblage than those for the 

composites with low z-value. Combing the results in this Table and results discussed 

previously, for the composites with high z-value, the targeted major phases (β-Sialon (z=4) 

and ZrN) took part in uncontrollable chemical reactions (8.1-8.8) to form intermediate 

phases. While, for the composites with low z-value, ZrN did not react with Sialon matrix 

and sintering additives, and the intermediate phases were predominately determined by the 

holding temperature.  
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Fig.8.3 presents the morphologies of selected polished β-Sialon (Z=4)-ZrN composites 

sintered by the one-step sintering method and the two-step sintering method. 

 

Fig.8.3 Morphologies of selected polished β-Sialon (Z=4)-ZrN composites fabricated by 

the one-step sintering method and the two-step sintering method. White arrows 

represented the pores existing in samples. 
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As shown in Figs 8.3a-c, a large amount of large-size pores (with an average size ranging 

from 10 μm to 17 μm, depending on the Zr  contents) were observed on the polished 

surfaces of the composites sintered at 1600 °C and it was difficult to describe the shape or 

size of matrix grains and reinforcing grains. This illustrated the composites had a poor 

sintering behaviour and poor crystallization for both the matrix and the reinforcing grains. 

For the composites sintered at 1700 °C or sintered by the two-step sintering method, this 

higher sintering temperature was beneficial for densification of β-Sialon (Z=4)-ZrN 

composites. There were a less amount of pores with smaller sizes observed because of 

grain boundary migration and pore filling with intermediate phases. 

The composites were composed of elongated matrix grains with average lengths between 

30 and 45 μm and aspect ratios ranging from 3 to 6, and granular reinforcing particles with 

sizes between 6 and 10 μm, shown in Table 8.2.  

Table 8.2 Grain sizes of matrix and reinforcement of selected samples sintered by the two 

kinds of sintering methods.  The mean grain sizes of β-Sialon grains and ZrN grains were 

measured on representative SEM micrographs using ImageJ by counting 150 particles. 

Sintering methods 
ZrN 

contents 

Matrix Reinforcement 

Length (µm) 
Aspect 

Ration 
Grain size (µm) 

One-step sintering 

T=1700 °C 

30 wt.% 44.8±9.1 4.7±1.7 8.2±2.5 

50 wt.% 38.9±11.4 5.5±2.0 8.8±1.9 

Two-step sintering 

T1=1750°C/T2=1700 °C 
30 wt.% 30.6±7.1 3.7±1.0 7.8±2.0 

 

However, the results in Table 8.2 indicated that reinforcing particles could suppress the 

growth of matrix grains due to the particles being distributed into the matrix grain 

boundaries and triple junctions, similar to the results discussed in Chapters 6 and 7. These 

results also demonstrated the two-step sintering method could assist in impeding the 

growth of β-Sialon (Z=4) matrix grains and reinforcing particles. This is similar to the 

difference in grain growth of the composites with low z-value Sialon fabricated by the two 

methods (discussed in Chapter 7). 
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The EDS results in Fig.8.4 show the elemental analysis of different areas in the sample 

with 30 wt% ZrN sintered by the two-step sintering method. Table 8.3 shows the 

theoretical weight fraction of each element in different phases 

 

Fig.8.4 EDS analysis of selected sample with 30wt% ZrN sintered by the two-step 

sintering method 

Table 8.3 Theoretical weight fraction of each element in different phases 

Phases 

Element (%) 

Zr Si Al O N 

ZrN 86.70% -- -- -- 13.30% 

ZrAl3O3N 38.96% -- 34.57% 20.50% 5.98% 

β-Si2Al4O4N4 -- 19.77% 37.99% 22.53% 19.71% 

15R-SiAl4O2N4 -- 12.54% 48.18% 14.28% 25.00% 
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For the matrix grains (A area), combining the results in Fig.8.4 and Table 8.3, it can be 

considered that the matrix was composed of β-Sialon (Z=4), AlN-polytype Sialons and an 

uncertain phase containing Zr element. EDS analysis of B area indicated reinforcing grains 

were composed of 71.54% Zr, 8.94% N, 9.86% Al, 8.13% O and 1.53% Si were detected, 

indicating reinforcing grains could be composed of ZrN and ZrAl3O3N with an uncertain 

phase containing Si element. EDS analysis of area C showed that 33% Zr was detected, in 

agreement with the XRD results in Fig.8.2 where Zr0.82Y0.18O1.91 existed as an intermediate 

phase. However, for low z-value Sialon composite sintered at same condition, ZrN was the 

only Zr containing phase (seen in Fig.7.4). 

Compared with results of β-Sialon (Z=1)-ZrN composites in Chapters 6 and 7, the samples 

with high z-value were composed of more complex phase assemblage than those of the 

composites with low z-value. This was caused by the occurrences of complicated chemical 

reactions in the sintering process for high z-value the composites, discussed by equations 

8.1 to 8.7. Z-value also had remarkable influence on the microstructures of the composites 

as shown in Fig.8.5 which shows the morphologies of selected samples with low and high 

z-value β-Sialon (Z=1) formed by one-step sintering method.  

 

Fig.8.5 Microstructures of composite with 30 wt% ZrN sintered by one-step method at 

1700 °C under 0.7 MPa. a: β-Sialon (Z=1), b: β-Sialon (Z=4) 

As shown in Fig.8.5, the sample with high z-value had larger matrix grains and reinforcing 

grains, and also had larger amounts of intermediate phases located in the triple junctions 
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and grain boundaries than those of the sample with lower z-value. Moreover, for the 

sample with high z-value, some pores were trapped within the surfaces of matrix grains 

and ZrN particles. 

The difference in phase assemblage and microstructure of the composites with low and 

high z-values β-Sialon would play an important role on influencing their densification 

behaviour and mechanical properties, as discussed in the following sections.  

8.3.1.2 Mass loss, bulk density and open porosity 

Fig.8.6 shows the mass loss of β-Sialon (Z=4)-ZrN composites sintered by the one-step 

sintering method and the two-step method under a nitrogen pressure of 0.7 MPa.  

 

Fig.8.6 Effect of sintering conditions and ZrN contents on mass loss of β-Sialon (Z=4)-ZrN 

composites sintered by the two methods 

At a sintering temperature of 1600 °C, the samples had the lowest mass loss, less than 3% 

and this changed only slightly with increase in ZrN content. However, at a higher sintering 

temperature (1700 °C), the mass loss of the sample with no ZrN reached 8%, and 

decreased to around 4% for the composites with ZrN content. It was discussed in Chapters 
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6 and 7 that thermal decomposition of matrix phase (β-Sialon (Z=1)) was the main reason 

for the mass loss of the composites. Similarly, this was also the main reason for the mass 

loss of β-Sialon (Z=4)-Zr  composites. However, for the composites with β-Sialon (Z=4), 

the complex and uncontrollable chemical reactions occurring in the sintering processing 

could also influence the mass loss.  

As can be seen in the reactions (Eqs.8.1-8.7), various gas phases (i.e. N2, O2 and SiO) are 

involved. The difference in the gas phases caused the mass loss of the composites, which 

decreased with increase in ZrN content. For all the samples (seen in Fig.8.7), a thick and 

porous outer layer was formed on the surface of the samples, with a thickness varying 

from 70 to 1000 μm.  

 

Fig.8.7 Morphologies of surface layer of selected samples 
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Fig.8.8 describes the relative density and open porosity of the composites with β-Sialon 

(Z=4) sintered by one-step sintering and two-step sintering.  

 

Fig.8.8 Effect of sintering conditions and ZrN contents on the relative density and open 

porosity of β-Sialon (Z=4)-ZrN composites; Black and Red (lines and bars): One-step 

sintering at 1600 °C and 1700 °C, respectively; Blue line and Blue bar: Two-step sintering 

with T1=1750°C/T2=1700 °C; Black dotted arrow presented the three dashed data for 

relative density; Blue dotted arrow presented the three bar data for open porosity. 

As shown in Fig.8.8, the samples with ZrN content had better densification behaviour than 

those of monolithic β-Sialon (Z=4), with a relative density between 90% and 95% and an 

open porosity fluctuating between 6% and 9%. The samples without ZrN content sintered 

at 1700 °C and sintered by the two-step sintering method had the worst sintering behaviour, 

where the relative density was below 70% and open porosity was up to around 30%. A 

large amount of residual pores with small size and large size in sintered samples (see in 

Fig.8.3) led to a degradation in densification of the composites. 
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Table 8.4 shows the difference in densification behaviour of the composites with low and 

high z-value β-Sialon sintered by the two methods.  

Table 8.4 Summarized mass loss and densification behavior of the composites with 

different z-values Sialon fabricated by different sintering methods, where T=1700 °C 

means one-step sintering at 1700°C, and T2=1700 means two-step sintering at 

T1=1750°C/T2=1700°C. 

Sintering Conditions 
ZrN 

content 

Mass loss 

(%) 

Relative 

Density (%) 

Open 

Porosity (%) 

Z=1 Z=4 Z=1 Z=4 Z=1 Z=4 

One-step sintering 

T=1700 °C 

0.7 MPa 

0 wt% 1.64 7.96 97.69 65.89 0.50 26.42 

20 wt% 2.15 3.79 97.21 95.58 0.87 6.55 

40 wt% 2.93 3.71 97.34 96.46 1.33 7.25 

Two-step sintering 

T1=1750 °C/T2=1700 °C 

0.7 MPa 

0 wt% 4.75 8.80 96.57 69.68 0.90 26.01 

20 wt% 4.64 3.59 97.25 96.29 0.80 7.08 

40 wt% 4.50 2.67 97.92 96.72 0.48 7.48 

The results indicated that the composites with high z-value β-Sialon had poorer sintering 

behaviour than those of the composites with low z-value β-Sialon. Combined with the 

analyses in section 8.3.1, the occurrences of complex chemical reactions, evaporation of 

gaseous phases and existence of a large amount of residual pores were considered as the 

reasons for poorer densification behaviour of high z-value β-Sialon the composites.    

8.3.2 Effect of sintering temperature and nitrogen pressure on the mechanical 

properties of the composites 

8.3.2.1 Hardness and fracture toughness 

As shown in Fig.8.6, β-Sialon (Z=4) without ZrN sintered at 1700 °C and T2=1700 °C had 

great mass loss and high open porosity (around 27%), and could be considered as porous 

materials. It was difficult to obtain their mechanical properties in the current experiment 

testing conditions, and their mechanical properties will not be discussed in this section. 
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Fig.8.9 presents the hardness of β-Sialon (Z=4)-ZrN composites fabricated by the one-step 

sintering method and the two-step sintering method. 

 

Fig.8.9 Effect of sintering parameters and ZrN content on the hardness of β-Sialon (Z=4)-

ZrN composites 

As can be seen in Fig.8.9, for the composites sintered by the one-step sintering, at sintering 

temperature of 1600 °C, monolithic β-Sialon (Z=4) had a hardness of 6.27 GPa, then 

fluctuated between 10 and 11 GPa with increase in ZrN content, which was lower than that 

of the composites sintered at 1700 °C. This illustrated that increase in sintering 

temperature (1700°C) was advantageous for enhancing hardness of the composites. The 

composites fabricated by the two-step sintering had greater hardness than those fabricated 

by the one-step sintering. The highest hardness of around 14.5 GPa was observed with 10 

wt% ZrN, and then continuously decreased to around 11.5 GPa with 50 wt% ZrN. Several 

reasons were attributed to the degradation in hardness, including complex phase 

assemblage, existence of large amount of intermediate phases and the large amount of 
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residual pores. As shown in Figs 8.1 to 8.3, a large amount of intermediate phases were 

formed and distributed in the composites to form more weak interfaces between matrix 

grains and reinforcing grains, resulting in decrease in hardness. 

Fig.8.10 presents the fracture toughness of the composites fabricated by the one-step 

sintering and the two-step sintering.  

 

Fig.8.10 Effect of sintering parameters and ZrN content on the fracture toughness of β-

Sialon (Z=4)-ZrN composites. 

For the composites fabricated by one-step sintering, the composites sintered at 1600 °C 

presented the poorest fracture toughness of around 3 MPa∙m
1/2

 with no ZrN, then increased 

to 3.7 MPa∙m
1/2

 with increase in ZrN content. The composites sintered at higher sintering 

temperature (1700 °C) showed better fracture toughness and reached the highest value 

around 4 MPa∙m
1/2

. Adding ZrN content presented a positive influence on the fracture 

toughness; however, the increased toughening effect was only slight when the ZrN content 

was higher than 30 wt%. The samples fabricated by the two-step sintering presented a 
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better fracture toughness than these sintered by the one-step sintering, and ZrN particles 

had a similar effect on improvement of fracture toughness. 

In ceramics, hardness and fracture toughness are closely related to the microstructure and 

density of the material.  or β-Sialon (Z=4)-ZrN composites sintered by the one-step and 

the two-step sintering method, the relative densities and open porosities were similar. 

Therefore, the difference in hardness and fracture toughness were probably affected by 

microstructures. As seen in Fig.8.3, for the composites sintered at 1600 °C, it was difficult 

to distinguish the detailed morphologies of the Sialon matrix and the ZrN particles, and a 

large amount of closed pores with sizes of 10-50 μm were observed. These phenomena 

could result in degradation in hardness and fracture toughness, due to less energy 

consumed when cracks propagated through the pores.  The composites, sintered at 1700 °C 

or by two-step sintering method (T2=1700 °C), were composed of elongated matrix grains 

and reinforcing particles, and intermediate phases with less macro pores. The EDS results 

in Fig. 8.5, showed that the matrix phase and reinforcing phase were not pure β-Sialon 

(Z=4) or ZrN, which could be one reason for the decrease in mechanical properties. For all 

of the samples, adding ZrN content showed a positive effect on fracture toughness. As the 

crack propagation shown in Fig.8.11 demonstrated, all of the toughening mechanisms 

know in ceramic materials can be observed, and have been discussed in Chapter 6. 
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Fig.8.11 The indentation and cracks paths during Vickers hardness testing; White arrows: 

Crack deflection, Red arrows: Crack bridging, Blue arrows: transgranular fracture, 

Yellow arrows: Crack branching. 
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Table 8.5 summarizes the differences in hardness and fracture toughness of the composites 

with low and high z-value Sialon fabricated by two sintering methods.  

Table 8.5 Difference in hardness and fracture toughness of the composites with β-Sialon 

(Z=1) and β-Sialon (Z=4) 

Properties 
Sintering 

Method 
Z-value 

ZrN contents (wt.%) 

10 20 30 40 50 

Hardness 

(GPa) 

One-step 

sintering 

Z=4 11.96 12.87 12.39 10.94 11.11 

Z=1 15.69 16.05 15.38 14.96 14.41 

Two-step 

sintering 

Z=4 14.48 13.67 12.75 12.02 11.66 

Z=1 16.64 16.63 16.15 14.80 14.72 

Fracture 

Toughness 

(MPa.m
1/2

) 

One-step 

sintering 

Z=4 3.33 3.72 4.01 4.06 4.12 

Z=1 4.35 4.55 5.00 5.23 5.35 

Two-step 

sintering 

Z=4 3.40 4.11 4.83 4.82 4.84 

Z=1 4.43 4.66 5.27 5.40 5.66 

 

The β-Sialon (Z=1)-ZrN composite had better hardness and fracture toughness than those 

of β-Sialon (Z=4)-ZrN composite. The difference in mechanical properties was caused by 

the difference in their phase assemblage, morphologies and densification behaviours, 

detailed in previous sections. 

8.3.2.2 The wear properties 

Fig.8.12 presents worn volume and wear rate of β-Sialon (Z=4)-ZrN composites fabricated 

by the one-step sintering and two-step sintering methods.  
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Fig.8.12 The worn volume and wear rate of β-Sialon (Z=4)-ZrN composites fabricated by 

the two sintering methods. 

 or the monolithic β-Sialon (Z=4) sintered at 1600 °C, the worn volume and wear rate 

were 0.32 mm
3
 and 1.70×10

-3
 mm

3
/mN, respectively. When the ZrN content was increased 

to 10 wt%, the worn volume dramatically decreased to 0.17 mm
3
 and was only half of the 

value of monolithic β-Sialon (Z=4). With increased ZrN content to 30 wt%, the worn 

volume slightly declined to 0.15 mm
3
, then increased with a further increase in ZrN 
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content. The wear rate showed a similar tendency with increase in ZrN content.  When 

sintering temperature increased to 1700 °C, the composites showed greater wear resistance 

and the wear volume decreased to 0.078 mm
3
 at 10 wt% ZrN, less than half of that at 

1600 °C. As can be seen in Fig.8.12, the composites fabricated by the two-step sintering 

method showed the greatest wear resistance, reaching the minimum worn volume of 0.027 

mm
3
 at 10 wt% ZrN.   

Fig.8.13 presents the worn surfaces of selected composites with various ZrN contents 

fabricated by the two sintering methods.  

 

Fig.8.13 Worn surfaces of selected samples 
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As shown in Fig.8.13, tribolayers, micro-cracking, craters and wear debris were observed 

on all of the worn surfaces. Wear mechanisms are related to compositions, microstructures 

(i.e. grain size, intergranular phase, residual pores), densification behaviour (i.e. relative 

density and open porosity) and mechanical properties (i.e. hardness and fracture 

toughness). As can be seen in Fig. 8.8, all of samples had similar relative density and open 

porosity, therefore, wear behaviour were mainly determined by microstructures and 

mechanical properties.   

Combined with the results from Fig 8.3, for the composites sintered at 1600 °C, large 

amount of residual pores and poor crystallization of samples were the main reasons for 

poor wear resistance. For all of these samples, the wear resistance was mainly governed by 

the formation of tribolayer and fracture of this layer, resulting in large material removal. 

Plastic deformation was limited due to wear debris compacted into the pores on the wear 

surface. However, composites sintered at 1700 °C or T2=1700 °C, had better 

crystallization of grains, beneficial for optimizing the microstructures and enhancing 

mechanical properties, finally resulting in increasing the wear properties. For all of these 

samples, the formation of tribolayers, plastic deformation and grain pull out were the 

predominant material removal mechanisms. Deep abrasive grooves were observed in the 

central region due to removal of particles by brittle fracture. Wear debris was observed on 

the surfaces, which could cause three body abrasive wear and increase frictional forces 

between the contact surfaces, resulting in decreasing wear properties. In literature it is 

stated that micro-cutting and micro-cracking were two of the basic mechanisms of surface 

damage during abrasive wear of ceramics[236]. That work showed that worn volume loss 

was dependent on hardness when surfaces were predominantly damaged by micro-

chipping, while dependent on the ratio of fracture toughness/hardness when surfaces are 

predominantly damaged by micro-cracking. For all of the composites sintered at 1700 ° C 

and sintered at T2=1700 °C, the surfaces of the composites were damaged by both micro-

cutting and micro-cracking mechanisms, indicating volume loss determined by hardness 

and the ratio of fracture toughness/hardness. The results in Fig.8.12 showed that samples 

sintered by the two-step sintering method had greater wear properties. Combined with 

results in Figs 8.3/8.4 and Table 8.3, it could be concluded that smaller grain size and 

phase assemblage was beneficial for wear properties. Results in Fig.8.12 showed that wear 

resistance increased slightly with ZrN content less than 30 wt%, while decreased with 

further Zr  increase.  or β-Sialon (Z=4)-ZrN composites, with low ZrN content, the 
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harder reinforcing particles could bear the contact load, resulting in increasing wear 

resistance. While adding excess amount of ZrN, more intermediate phases formed results 

in large thermal expansion mismatch stresses at two-phase interfaces and more weaker 

interface bonds formed, leading to degradation in hardness causing greater material 

removal in wear testing.  

Table 8.6 summarizes the difference in wear properties of the composites with different z-

values Sialon sintered at 1700 °C and T2=1700 °C.  

Table 8.6 Summarized wear rate of the composites with different z-values Sialon 

fabricated by different sintering methods 

ZrN 

contents 

(wt.%) 

One-step sintering: 

T=1700 °C 

Two-step sintering: 

T1=1750 °C/T2=1700 °C 

Wear rate (mm
3
/Nm) Wear rate (mm

3
/Nm) 

Z=1 Z=4 
Ratio of 

Z=4/Z=1 
Z=1 Z=4 

Ratio of 

Z=4/Z=1 

0 3.05×10
-5 

-- -- 2.91×10
-5

 -- -- 

10 2. 4×10
-5

 6.04×10
-4

 25.15 2.59×10
-5

 1.55×10
-4

 5.98 

20 2.69×10
-5

 5.25×10
-4

 19.55 2.08×10
-5

 1.51×10
-4

 7.28 

30 2.91×10
-5

 5.03×10
-4

 17.26 2.54×10
-5

 1.70×10
-4

 6.68 

40 3.75×10
-5

 7.30×10
-4

 19.48 3.32×10
-5

 4.74×10
-4

 14.28 

50 5.04×10
-5

 8.09×10
-4

 16.05 3.82×10
-5

 4.55×10
-4

 11.90 

It is observed that the composites with low z-value Sialon had greater wear resistance than 

those with high z-value Sialon. When sintered by the one-step method at 1700 °C, for low 

z-value Sialon-ZrN composites, the specific wear rate was between 16 to 25 times that of 

high z-value Sialon composites. This was similar for those composites sintered by the two-

step method. Combining the results in Chapters 6 and 7 and compared with β-Sialon 

(Z=1)-Zr  composites , β-Sialon (Z=4)-ZrN composites were composed of more complex 

phase assemblage, resulting in more thermal expansion mismatch stresses at two-phase 

interfaces to reduce wear properties. More residual closed pores were observed in β-Sialon 
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(Z=4)-Zr  composites, leading to degradation in wear resistance. β-Sialon (Z=4)-ZrN 

composites were composed of larger matrix grains and reinforcing particles, leading to 

more material removal and reaction layer formation that is harmful for wear resistance. 

The β-Sialon (Z=4)-ZrN composites also had poorer mechanical properties in terms of 

both hardness and fracture toughness, which were negative for wear resistance. 

8.3.2.3 Electrical Conductivity 

Fig.8.14 indicates the electrical resistivity of β-Sialon (Z=4)-ZrN composites.  

 

Fig.8.14 Electrical resistivity of β-Sialon (Z=4)-ZrN composites fabricated by one-step 

sintering and two-step sintering method, The horizontal broken line indicates the suitable 

electrical resistivity of a material machined by EDM method[171]. 

At 1600 °C, with increase in ZrN contents, electrical resistivity of the composites 

decreased from 10
10

 Ω∙m to 25 Ω∙m. This was similar to the trend of the composites with 

low z-value Sialon. However, for the composites sintered at higher temperature (1700 °) or 

fabricated by two-step sintering method (T2=1700 °C), their electrical resistivity was 

greater than 10
8
 Ω∙m. This indicated no continuous conducting network formed, which 
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was caused by two reasons. Firstly, the poor electrical intermediate phases (seen in Figs 

8.1 and 8.2) were formed and served to separate the conducting ZrN particles, leading to 

high electrical resistivity of the composites. Another reason was that some of ZrN reacted 

with other phases to form ZrAl3O3N and Zr0.82Y0.18O1.91, leading to decrease in amount of 

conducting phase.  This was deleterious for formation of continuous effective conducting 

network, resulting in poor electrical conductivity.  Compared with the results of β-Sialon 

(Z=1)-ZrN composites in Chapters 6 and 7, it could be concluded that fewer chemical 

reactions occurring during the sintering process for low z value composites could suppress 

the formation and amount of intermediate phases, and would be positive for the formation 

of electrically conductive composites.    

8.4 Conclusions 

In this Chapter, a study of sintering parameters and ZrN contents on phase assemblages, 

morphologies, densification behaviour and properties (i.e. hardness, fracture toughness, 

wear resistance and electrical conductivity) of composites with high z-value Sialon 

fabricated by a one-step sintering and a two-step sintering method has been described. In 

comparing the differences in phase assemblage, morphologies, densification behaviour and 

properties of the composites with low z-values Sialon, the following conclusions can be 

drawn.  

1. It was difficult to obtain a satisfactory monolithic β-Sialon (Z=4) material under 

the experiment conditions. At 1600 °C, β-Sialon (Z=4) had a relative density 

around 90%, showed poor crystallization of grains and had a large amount of large 

size residual pores. The monolithic β-Sialon (Z=4) sintered at 1700 °C by a one-

step method or a two-step method had a low relative density around 70% and high 

open porosity around 30%.  

2. Compared with monolithic β-Sialon (Z=4), increasing ZrN content was beneficial 

for the densification of the composites, where the relative density was improved to 

96% and open porosity declined to around 7%. The phase assemblage of β-Sialon 

(Z=4)-ZrN composites were determined by the content of ZrN content due to 

chemical reactions between starting powders.  

3. High z-value Sialon-ZrN composites were composed of more complex phase 

assemblage than those with low z value, due to more chemical reactions occurring 

between Sialon, ZrN and sintering additives. The matrix grains were around four 
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times larger, and the reinforcement around twice as large as those of low z-value 

Sialon-ZrN. High z-value Sialon-ZrN composites presented poorer sintering 

behaviour and had more residual pores, as well as having more intermediate phases 

(i.e. crystalline phases and amorphous phases) distributed throughout the 

microstructure,  which had a negative effect on mechanical properties.  

4. For high z-value Sialon-ZrN composites fabricated by one-step sintering, a 

moderate increase in temperature was beneficial to improve their mechanical 

properties, except for monolithic β-Sialon (Z=4). The composites sintered at 

1700 °C had greater hardness, fracture toughness and wear resistance than those 

sintered at 1600 °C. The two-step sintering method was also beneficial for 

increasing hardness, fracture toughness and wear resistance of the composites.  

5. For high-value Sialon-ZrN composites, adding ZrN content showed different effect 

on the mechanical properties, where hardness decreased continuously with ZrN 

content increase; fracture toughness increased with ZrN less than 30.% and became 

steady for further ZrN content; the wear rate decreased with ZrN content less than 

30% and then increased with further ZrN content. 

6. High z-value Sialon-ZrN composites had poorer mechanical properties than those 

with low z-value Sialon-ZrN composites. The hardness of high z-value Sialon-ZrN 

composites was at least 2 GPa lower than that of low z-value Sialon-ZrN 

composites. The wear rate of high z-value Sialon-ZrN composites was between 16-

25 times than that of low z-value Sialon-ZrN composites. The degradation in 

mechanical properties for high z-value Sialon-ZrN composites should be attributed 

to the more complex phase assemblage, larger grain size and poorer densification 

behaviour.  

7. Sintering parameters had a remarkable influence on the electrical conductivity of 

high z-value Sialon-ZrN composites, due to the uncontrollable chemical reactions 

between starting powders. 
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Chapter 9 Overall Conclusions and Future Work 

9.1 Overall Conclusions 

Sialon ceramics can be used for a wide range of applications due to their excellent physical 

and chemical properties. However, the applications of Sialon materials are limited by the 

high cost of production and difficulty for machining into complex component shapes. 

Reducing the cost of production and introducing advanced machining techniques are 

significant areas of research for Sialon materials. Reaction bonding uses Si as an 

alternative starting material to commercial Si3N4 to reduce the material cost. Silicothermal 

reduction is a method using halloysite clay to instead of Al2O3 and partially Si. For both of 

these methods, it is possible to fabricate Sialon materials through one firing schedule 

including nitridation and sintering for pressed starting mixtures, however, this process 

leads to greater porosity and a degradation of the mechanical properties. Another way to 

fabricate Sialon ceramics is to nitride starting mixtures to form Sialon powders, and then 

press these pre-formed Sialon powders into shape and sinter at a suitable temperature and 

pressure. This can result in higher degree of conversion of Si into Sialon and obtain Sialon 

ceramics with better mechanical properties.  

Electrical discharge machining (EDM) is a suitable alternative technique to machine 

complex component shapes for electrically conductive materials. For Sialon ceramics, 

adding an electrically conductive phases (i.e. ZrN) to reduce the electrical resistivity is a 

suitable method to form Sialon-based composites, which can be machined by EDM.  

In this research, two methods have been investigated to synthesise β-Sialon (Z=1 and 4) 

using Si, halloysite clay, Al2O3 and AlN as starting powders. The influence of nitriding 

temperature on phase assemblage, microstructure and degree of conversion of Si are 

revealed. This research has also investigated the formation of ZrN powders by 

aluminothermic reduction nitridation of ZrO2. The influence of reaction temperatures, 

nitrogen pressures, content of CaCO3 additives and acid treatment on the final ZrN product 

has been described. The effects of sintering technique, sintering temperature and sintering 

pressure on the fabrication and properties of Sialon-ZrN composites have also been 

investigated. The discoveries of this research are summarized as follows: 
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1. For reaction bonding and silicothermal reduction methods to synthesize Sialon 

powders under a nitrogen pressure of 0.4 MPa, the nitriding temperature plays an 

important role on the nitriding behaviour. Low z-value β-Sialon reached the highest 

conversion of Si at 1400 °C for both of the methods, while the highest conversion 

of Si for high z-value β-Sialon was obtained at 1450 °C for reaction bonding 

method and 1400 °C for silicothermal reduction method, respectively.   During the 

nitriding process, mass loss is unavoidable due to the evaporation of Si (g) and SiO 

gas, and subsequently the degree of conversion of Si and phase assemblage of 

Sialons are dependent on the degree of substitution of Al2O3 and AlN. Sialons 

fabricated by reaction bonding method had higher degree of conversion of Si than 

the Sialons fabricated by the silicothermal reduction method. 

2. A new method has been developed to fabricate ZrN powders. ZrO2, Al metal and 

CaCO3 were used as raw materials. The formation of ZrN powders are affected by 

composition of raw materials, reaction temperature and nitrogen pressure. The 

formation of the deleterious ZrAl3O3N and ZrOxNy can be avoided with an 

appropriate CaCO3 concentration (26.83 %~29.53 %), heating temperature 

(1400 °C) and nitrogen gas pressure (0.4 MPa). High purity ZrN (>98%) can be 

obtained when the sintered products are treated by a simple acid dissolution 

process, and following filtration and washing in distilled water.  

3. Two sintering techniques, conventional one-step sintering and two-step sintering, 

were employed to densify Sialon and Sialon-based materials. Materials sintered by 

both of the techniques have similar densification behaviour. However, materials 

sintered by two-step sintering have better mechanical properties than the materials 

sintered by one-step sintering. This is due to the two-step sintering allowing higher 

densification whilst simultaneously suppressing grain growth, leading to 

improvement in mechanical properties.  

4. For one-step sintering, a suitable sintering temperature and applied pressure was 

determined for fabrication of Sialon materials with good densification behaviour 

and excellent mechanical properties. Dense Sialon materials can be obtained at a 

minimum temperature of 1600 °C, although they exhibit poor mechanical 

properties. A higher temperature (1800 °C) caused high levels of decomposition of 

Sialon, leading to degradation of mechanical properties. An appropriate sintering 

temperature of 1700 °C was found to produce Sialon materials with simple phase 

composition, low porosity and excellent mechanical properties.  
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5.  In the sintering process, nitrogen gas is primarily used as an external applied 

pressure to enhance the densification of Sialon materials. An appropriate increase 

in pressure is beneficial for suppressing decomposition of Sialon and fabricating 

high density Sialon with low porosity, which results in superior mechanical 

properties. A further increase in pressure (1.0 MPa) does not necessarily have any 

beneficial effect on improvement in densification and mechanical properties of 

Sialon materials.  

6.  For the two-step sintering method, the determination of temperatures of T1 and T2 

is crucial to obtain Sialon materials with good properties. Determining an 

appropriate T1, at which it is possible to obtain a high starting density (even ≥

92 %) with reduced residual porosity suppression of grain growth, is essential for 

producing a high density final material. At T2, grain boundary diffusion operates 

for the densification whilst the grain boundary migration is supressed to avoid 

grain growth, resulting in minimizing grain size to increase mechanical properties.  

7. For Sialons with low z-value (Z=1), ZrN content has the similar effect on 

densification and properties of composites fabricated by the two sintering 

techniques.  The addition of ZrN has a small influence on the densification of 

composites leading to slight differences in relative density and open porosity. The 

ZrN particles are able to pin at grain boundaries to decrease the grain size and 

aspect ratio of the Sialon matrix grains. At a given content, the addition of ZrN 

provides a positive effect on hardness, fracture toughness and wear resistance. 

Further increasing ZrN content is deleterious for hardness and wear resistance due 

to weakly bonded ZrN grains distributed to form a continuous network softening 

the composite. However the weak interface in these materials does lead to 

improved fracture toughness due to crack deflection mechanisms. 

8. Sialons with high z-value are more sensitive to sintering temperatures, sintering 

additives and ZrN content. With increase in ZrN content, more chemical reactions 

occur during the sintering process, resulting in a complex phase assemblage of 

composites. Sialon-ZrN composites with high z-value have poorer mechanical 

properties than those containing Sialon with lower z-value.    

9. At a given ZrN content, a continuous electrically conductive network is formed and 

has an effect on the electrical resistivity of Sialon materials. For Sialon-ZrN 

composites where the ZrN content is higher than 40 wt%, the electrical resistivity 
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of composites sharply decreases from 10
6
 Ω∙m to 10 Ω∙m, which makes them 

suitable for machining by EDM to produce complex component shapes.  

Summarily, a composite composed of β-Sialon (z=1) with 40 wt.% ZrN fabricated by two-

step sintering method at T1=1750°C/T2=1700°C under a nitrogen pressure of 0.7 MPa 

shows good electrical conductivity with best mechanical properties and wear resistance; 

and it might be manufactured into complex and precise component shapes by EDM 

method . 

9.2 Future Work 

In light of the work realised in this thesis, the author would recommend further 

investigation in following areas:  

1. It is well known that types and contents of sintering additives are significant for 

sintering behaviour of Sialon and Sialon based materials. In future work, the author 

suggests investigating various types and content of oxide sintering additives on 

sintering behaviour and mechanical properties of materials. 

2. The applications of Sialon materials are determined by numerous properties, such 

as flexural strength and thermal conductivity.  Due to limitations in equipment and 

time, the author did not consider these properties. Further investigation should 

focus on these properties.  

3. In this thesis, when the ZrN content was between 30 wt% and 40 wt%, it was 

possible to fabricate a composite with low electrical resistivity reaching below 10 

Ω∙m. This makes them suitable to be machined by EDM technique, which requires 

the material has an electrical resistivity less than 1000 Ω∙m. In the current work high 

ZrN content was deleterious for hardness and wear resistance of composites. In 

future work, nano-size ZrN particles, and advanced drying methods (i.e. spray 

drying) could be introduced to form a continuous electrical conductive network in 

matrix with lower ZrN content. This would provide the possibility of fabricating 

electrically conductive composites without degradation of mechanical properties.  
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Appendixes 

Appendix I: Calculation of the standard Gibbs free energies for some 

reactions existing in Chapter 4  

Several reactions have been discussed in chapter 4. In this appendix, some basic 

thermodynamic analyses of these chemical reactions have been described. The standard 

Gibbs free energies of formation of some of the compounds involved in the thesis are 

given in Table I-1. As results shown in Tables I-2 and I-3, and Figs I-1 and 1-2, the 

standard Gibbs free energies of reactions (4.5) to (4.16) are less than 0, indicating the 

reactions could be taken place as the suggested ways. 

Table I.1 Standard Gibbs free energies of some compounds included in the thesis [187, 

193] 

No. Reaction Equations Standard Gibbs Free Energy 

( fG
 
=A+BT (J.mol

-1
)) 

1 Si(l) + O2(g) = SiO2(s)  fGSiO2

θ
=  1092000 183.70T 

2 2Al(l) + 1.5O2(g) = Al2O3(s)  fGAl2O3

θ
=  946350 197.64T 

3 Si(s)+2N2(g)=Si3N4(s)  fGSi3 4

θ
=  722836 315.01T 

4 Si(l)+2N2(g)= Si3N4(s)  fGSi3 4

θ
=  874456 405.01T 

5 Si(l)+N2(g)+0.5O2(g)=Si2ON2(s)  fGSi2O 2

θ
=  951651 290.57T 

6 Si(l)+0.5O2(g)=SiO(g)  fGSiO
θ

=  155230 47.28T 

7 5Si(s)+Al(l)+3.5N2(g)+0.5O2(g)=Si5AlON7(Z=1)  fGSi5AlO 7

θ
=  2225800 878T 

8 4Si(s)+2Al(l)+2N2(g)+O2(g)=Si4Al2O2N6(Z=2)  fGSi4Al2O2 6

θ
=  2397240 748.9T 

9 3Si(l) + 3Al(l) + 1.5O2(g) + 2.5N2(g) = Si3Al3O3N5(s)  fGSi3Al3O3 5

θ
=  2967720 862.65T 

10 2Si(l)+4Al(l)+2N2(g)+2O2(g)=Si2Al4O4N4(Z=4)  fGSi2Al4O4 4

θ
=  3325200 859T 

11 Si(l)+4Al(l)+O2(g)+2N2(g)=SiAl4O2N4(s) (15R-Sialon)  fGSiAl4O2 4

θ
=  2308560 655T 

12 Al(l)+0.5N2(g)=AlN(s)  fGAl 
θ

=  326477 116.4T 
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The standard Gibbs free energies of reactions (4.5) to (4.9) can be calculated and listed in 

Table I-2. And the relationship curves obrained by standard Gibbs free energy against 

temperature (T) are shown in Fig.I-1. 

Table I-2 Standard Gibbs free energies of reactions (4. 5) to (4.9) 

No. Reaction Equations 
Standard Gibbs Free Energy 

( fG
 
=A+BT (J.mol

-1
)) 

4.5 3Si(l) 2 2(g) Si3 4(s)  fG(4.5, T)= 874456 405.01T
θ  

4.6 Si3 4(s) Al2O3(s) Al (s) β Si3Al3O3 5(s)  fG(4.6, T)= 83887 18T
θ  

4.7 Si3 4(s) 2Al2O3(s) 8Al (s) 3 15  SiAl4O2 4(s)  fG(4.7, T)= 73608 17.69T
θ  

4.8 β Si3Al3O3 5(s) 3Al2O3(s) Si3 4(s) 3Al (s) 3β Si2Al4O4 4(s)  fG(4.8, T)= 1236344 429.62T
θ  

4.9 15  SiAl4O2 4(s) 2Al2O3(s) Si3 4(s)  2β Si2Al4O4 4(s)  fG(4.9, T)= 101584 11.51T
θ  

 

 

Fig.I-1 Relationships between standard Gibbs free energies for reactions (4.5) to (4.9) and 

temperatures 
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The standard Gibbs free energies of reactions (4.10) to (4.16) can be calculated and listed 

in Table I-3. And the relationship curves obtained by standard Gibbs free energy against 

temperature (T) are shown in Fig.I-2. 

Table I-3 Standard Gibbs free energies of reactions (4.10) to (4.16) 

No. Reaction Equations 
Standard Gibbs Free Energy 

( fG
 
=A+BT (J.mol

-1
)) 

4.10 SiO2(s) Si3 4(s)= 2Si2O 2(s)  fG(4.10,   T)=  234116 68.49T
θ

 

4.11 Si(s) SiO2(s)  2(g)= 2Si2O 2(s)  fG(4.11,   T)=  998542 407.76T
θ

 

4.12 Si2O 2(s) 2Al (s) Al2O3(s) 2Si3 4(s) 2β Si4Al2O2 6(s)  fG(4.12,   T)=241937 158.83T
θ

 

4.13 4Si3 4(s) 2Al2O3(s) 2Al (s) 3β Si4Al2O2 6(s)  fG(4.13,   T)=324858 252.62T
θ

 

4.14 (2 x)Si
2
O 2(s) xAl2O3(s) 2 O Si2 xAlxO1 x 2 x(s)  fG(4.14,   T)=  0.2 5.394T

θ
 

4.15 3β Si4Al2O2 6(s) Si3 4(s) Al (s)  6β Si5AlO 7(s)  fG(4.15,   T)=  4962147 2499.89T
θ

 

4.16 Si2O 2(s) Al2O3(s) 6 Si3 4(s) 2 Al (s)  4 β Si5AlO 7(s)  fG(4.16,   T)=  1278679 775.33T
θ

 

 

Fig.I-2 Relationship between standard Gibbs free energies for reactions (4.10) to 

(4.16) and temperatures 
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Appendix II: Phase diagrams of Al2O3-ZrO2, CaO-Al2O3 and Al2O3-CaO-

ZrO2 systems 

This appendix provided the scientific basis for using reactions (5.2) and (5.3) for adding 

theoretical amount of CaCO3 as additive. 

 

Fig.II-1 Phase diagram of Al2O3-ZrO2[237] 

 

Fig.II-2 Phase diagram of Al2O3-CaO[238] 
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Fig.II-3 Phase diagram of Al2O3-CaO-ZrO2[239] 
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Appendix III: Details of the procedure for ICP-MS analysis 

Samples (~200mg) were weighed into a SK-15 Teflon vessel, mixed with 0.5mL HBF4 

(40%, BDH) and 2.5mL HNO3 (69%, Tracepur- Merck) and an exothermic reaction 

proceeded.  Once complete, 7.5mL of HCl (37%, J.T Baker) was added and the samples 

were digested at 220C for 30 minutes in an Ethos-Up microwave reaction system, and then 

made up to 50mL with deionised water.  The sample was completely digested as the final 

solution was clear.   All results are back-calculated to the original sample. The sample was 

quantitatively analysed for desired elements on an Agilent 7700 ICP-MS in He mode to 

reduce polyatomic interferences.  Calibration standards were prepared in matrix matched 

solution from 1000ppm Single element standards (Peak Performance, CPI International).  

An online internal standard (iSTD) of 5ppb Tb was used to monitor and correct for 

instrument drift and matrix effects.   

 

Note:  

I would like to thank Mr. Stuart Morrow for his kind help to do the ICP-MS analysis.  
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Appendix IV: Details of the procedure for LECO Gas Analysis 

The oxygen and nitrogen content of the formed ZrN powders and commercial ZrN 

powders were measured by a LECO ON736 oxygen/nitrogen analyser shown in Fig.IV-1. 

 

Fig.IV-1 LECO ON 736 oxygen/nitrogen analyser 

A pre-weighed sample is placed in a graphite crucible, which is heated in an impulse 

furnace to release analyte gases. Oxygen presented in the sample reacts with the graphite 

crucible to form CO and CO2. An inert gas carrier, typically helium, sweeps the liberated 

gases out of the furnace and through a Mass Flow Controller. The gas then flows through a 

heated reagent, where the CO is oxidized to form CO2, and H2 is oxidized to form H2O. 

Oxygen is detected as CO2 using a non-dispersive infrared (NDIR) cell. CO2 and H2O are 

then scrubbed out of the carrier gas stream. A Thermal Conductivity (TC) detector is used 

to detect the remaining nitrogen. 

The detection system is comprised of both NDIR and TC detectors. NDIR cells are based 

on the principle that analyte gas molecules absorb infrared (IR) energy at unique 
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wavelengths within the IR spectrum. Incident IR energy at these wavelengths advantage of 

the difference in thermal conductivity between carrier and analyte heated by abridge 

circuit. As analyte gas is introduced into the carrier stream, the rate at which heat transfers 

from the filaments will change producing a measurable deflection in the bridge circuit.  

The concentration of an unknown sample is determined relative to calibration standards. 

To reduce interferences from instrument drift, reference measurements of pure carrier gas 

are made prior to each analysis. 

Note: 

I would like to thank Dr. Muhammad Dilawer Hayat for his kind help for the 

measurement of oxygen and nitrogen content of the formed and the commercial ZrN. 
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Appendix V: XRD analysis, the JCPDF files numbers 

Table V-1 All of the phases and their JCPDF file numbers in the research 

Phases JCPDF file No. Phases JCPDF file No. 

β-Sialon (Z=1) 48-1615 β-Sialon (Z=2) 76-0599 

β-Sialon (Z=3) 79-0483 β-Sialon (Z=4) 48-1617 

α-Si3N4 74-0554 α-Al2O3 
81-1667/88-

0826/51-0741 

AlN 
25-1133/76-

0556 
Si 27-1402 

15R-Sialon (SiAl4O2N4) 42-0160 Si2ON2 79-1539 

O-Sialon 

(Si1.96Al0.04O1.04N1.96) 
42-1492 X-Sialon (Si12Al18O39N8) 

48-0637 

 

O-Sialon 

(Si1.44Al0.56O1.56N1.44) 
88-0826 β-Si3N4 82-0704 

Mullite (Al4.64Si1.36O9.68) 79-2403 SiO2 79-2403 

ZrN 35-0753 ZrAl3O3N 48-1638 

Zr7O11N2 48-1637 m-ZrO2 37-1484 

t-ZrO2 50-1089 Zr7O8N4 50-1172 

CaZrO3 35-0790 CaAl4O7 23-1037 

CaAl2O4 70-0134 Zr2ON2 50-1170 

Ca12Al14O33 78-0910 Y3Al5O12 33-0040 

Y5Si4Al2O17N 48-1631 Y0.5Si9.75Al2.25O0.75N15.25 84-598 

Y2Si3O3N4 86-1105 21R-Sialon (SiAl6O2N6) 53-1012 

Y2Si2O7 38-0440 Y2SiAlO5N 48-1627 

Al2SiO5 11-0046 Zr0.82Y0.18O1.91 37-1307 

Y0.54Si9.57Al2.43O0.81N15.19 42-0251 12H-Sialon (SiAl5O2N5) 42-0161 

YSi3N5 51-0812 Y4SiAlO8N 53-1012 

8H-Sialon (SiAl3O2N3) 36-0830 Y2Si3N6 50-0751 

Y2O3 20-1412 YAlO3 33-0041 

Al10O3N8 32-0022   
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Appendix VI: Comparison between small amount formation and large 

amount formation of β-Sialon (Z=4) powders 

Fig.VI-1 shows the XRD result for the pre-synthesized β-Sialon (Z=4) powders produced 

in the larger 100g batches described previously for Z=1. The nitride powders were 

composed of β-Sialon (Z=4), with secondary phases of 15R-Sialon and α-Al2O3, which 

were similar to those of the small scale synthesized powders (5g). However, a larger 

amount of 15R-Sialon and α-Al2O3 existed in the large scale nitrided powders, and there 

was no residual Si detected, indicating that it had completely transformed to β-Sialon (Z=4) 

and 15R-Sialon.  

 

Fig.VI-1 XRD results for pre-synthesized β-Sialon (Z=4) with small amount (5g) 

and larger scale (100g) by reaction bonding method. Β-Sialon (Z=4): 48-1617; 

15R-Sialon (SiAl5O2N5): 42-0160; α-Al2O3: 88-0826 

This might be caused by the differences in mass transfer, heat transfer, and nitrogen 

diffusion for large amount production. A direct comparison between the small amount 

production and large amount production might be valuable to evaluate the feasibility of 

large scale production based on the optimal synthesizing parameters for small scale 

production. If it is not available, it might give some suggestions to setup new modelling 

for large scale production, such as, increasing reaction time, enhancing reaction 

temperature, increasing nitrogen pressure or increasing the areas of contact between 

reactants by some additional methods.  
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Appendix VII: The reason for using a commercial ZrN to replace formed 

ZrN to fabricate Sialon-ZrN composites 

During the formation process for ZrN powders, the formation of reducing Al2O gas is 

unavoidable, as shown in Fig. VII-1 

 

Fig.VII-1 Relationships between standard Gibbs free energy and temperature of 

the related reaction 

When forming large amount of ZrN powders by the current furnace, extremely heavy 

damage to the heating elements is observed due to the formed reducing Al2O  gas 

contacting the heating elements directly (as shown in Fig.VII-2).  Then I used a 

commercially available ZrN powders to replace the formed ZrN powders to mix with 

formed Sialon powders for fabrication and analyse of Sialon-ZrN composites. 
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Fig.VII-2 Schematic diagram of high-temperature graphite furnace 
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