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Abstract 

SiAlON is a commercially important family of ceramics. These are based upon silicon nitride and 

inherit much of the useful properties like high fracture toughness and high hot hardness making it 

useful for harsh environments like automobile and gas turbine engines. Extensive research has 

been done on SiAlON to determine the effects of type of additives, composition of precursors, size 

of precursor particles, sintering techniques, heating and cooling rates etc. on SiAlON 

microstructure, phases and properties. SiAlON is continuously being made better by innovating 

and optimizing the above mentioned techniques and properties. A further step in the evolution of 

advance ceramics are SiAlON composites, in which different materials are used as a reinforcement 

in a SiAlON matrix to further enhance its properties. This area of research presents its own 

challenges like achieving complete densification even for high second phase content, preventing 

undesired phase transformations of second phase particles, achieving elongated grains of SiAlON 

in a composite etc. This review paper will attempt to comprehensively cover the latest techniques 

being utilized to improve the properties of SiAlON and then discuss the formation of promising 

SiAlON composites, their limitations and promising future work to make better SiAlON 

composites. This review paper will also calculate theoretical hardness of nanocomposites under 

study, relate their theoretically calculated and experimentally obtained values, and attempt at 

explaining the causes for the differences in these values. 

Keywords: SiAlON, SiAlON-ZrN Composites, SiAlON-SiC Composites, SiAlON-WC Composites, 

SiAlON-TiN Composites, Theoretical Hardness  
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1. Chapter # 1: Introduction 

1.1: Overview 

In 1970s, a new type of ceramics was formed whose structure was based upon Silicon 

Nitride (Si3N4) 
[1]. These were named as SiAlONs. Some of its properties include: 

➢ High Hardness 

➢ High Fracture toughness 

➢ Wear resistance 

➢ Hot hardness 

➢ Creep resistance 

➢ Thermal shock resistance 

➢ Low density 

➢ Low co-efficient of thermal expansion 

➢ Low co-efficient of resistance [2,3] 

Due to these properties, SiAlONs can be used in harsh conditions like automotive or gas turbine 

engines. Due to its numerous advantages over Silicon Nitride, SiAlONs are more widely used. 

Some of the uses of SiAlONs include: 

➢ Cutting tools 

➢ Engine valves 

➢ Bearings 

➢ Turbine vanes etc. [3,4] 

 

1.2: Development 

 Si3N4 shows excellent performance to extreme thermal and medical conditions. A certain 

disadvantage of Si3N4 ceramics is that it requires very high temperature and lot of time for its 

complete densification. In order to ease the process, liquid phase sintering is carried out using 

metal oxides like MgO and Y2O3 
[1]. This process has a certain disadvantage that when the liquid 

phase is cooled, a glassy phase is formed at grain boundaries which due to low resistance to creep 

and oxidation and vulnerable to chemical and mechanical degradation at high temperatures [6,7]. 

By forming a solid solution of Silver Nitride (AgN) and Aluminum Oxide(Al2O3) or Aluminum 

Nitride (AlN) and Silicon Oxide (SiO2), SiAlON ceramics are formed [2]. SiAlON ceramics are 

also formed by densifying Si3N4 using different sintering additives like AlN, SiO2 and Al2O3, as 

some of the Si- atoms are substituted by Al-atoms while N-atoms with O-atoms which are then 

incorporated in the crystal structure [7]. 
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1.3: Phases 

 There are two main phases of SiAlON ceramics: 

➢ α-SiAlON 

➢ β-SiAlON 

α-SiAlON is formed by forming solid solution of α-Si3N4 while β-SiAlON is formed by forming 

solid solution of β-Si3N4. 

β-SiAlON was the first to be discovered among the two phases in 1970s. It is formed by 

substituting some Si-N bonds with Al-O bonds. General form of β-SiAlON is: 

Si6-z-Alz-Oz-N8-z   (where z varies from 0 to 4.2) 

α-SiAlON is formed soon afterwards. In α-SiAlON, some of the Si-N bonds are substituted with 

Al-N and Al-O bonds. General form of α-SiAlON is: 

Mx Si12-(m+n) Alm+n On N16-n 

In this form: 

➢ m represents Al-N bonds 

➢ n represents Al-O bonds 

➢ M represents a metal ion 

Metal ion can be either Lithium (Li), Calcium (Ca), Magnesium (Mg) or any other rare earth metal 

apart from Europium (Eu), Lanthanum (La), Praseodymium(Pr), and Cerium (Ce). Metal ion’s 

valency should be v+, while m = v*x. ‘x’ is also limited to equal or less than 2 (x<=2) due to only 

2 interspatial spaces in each cell [1].  

The metal ion is added in α-SiAlON as a stabilizer, since it equals the number of valence electrons 

caused due to the substitution to Si-N and Al-N atoms. For the substitution of Si-N and Al-O 

atoms, no such additives are required [3]. 

 

1.4: Structure of α-SiAlON and β-SiAlON 

 α-SiAlON has a similar trigonal structure like α-Si3N4, while β-SiAlON has a similar 

structure like β-Si3N4 which is hexagonal. In Si3N4, both phases are build up by corner sharing 

SiN4 tetrahedra [8].  
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In α-Si3N4, the Si and N atoms are arranged in ABABAB layer format while in β-Si3N4, the 

arrangement is in ABCABCABC layer format. In α-Si3N4 structure, cavities are formed while 

tunnels are formed in β-Si3N4 structure. By the substitution of some Al and O atoms, the overall 

structure of Si3N4 is not changed. Two Si3N4 units are present in a β-SiAlON unit cell while four 

Si3N4 units are present in an α-SiAlON unit cell with two interstitial spaces [3]. 

 
 

Figure 1.2: Structure of α-SiAlON 

Figure 1.1: Crystal structure of α-Si3N4 and β-Si3N4. 
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1.5: Microstructure 

 A lot of data is available for both α-SiAlON and β-SiAlON, but among these two, β-

SiAlON is more widely used and accepted worldwide. One of the major reasons for the acceptance 

of β-SiAlON over α-SiAlON is its microstructure. β-SiAlON structure consists of whisker-like 

grain structure having aspect ratio of about 10 resulting in crack deflection and interlocking 

mechanisms which provides a greater fracture toughness β-SiAlON as compared to α-SiAlON. 

The structure for α-SiAlON is equiaxed grain structure. A method was introduced by forming α-

β-SiAlON which utilizes the advantageous properties of both α-SiAlON (high hardness) and β-

SiAlON (high fracture toughness) [9]. 

Anisotropic growth of α-SiAlON was observed around 1990s, which was dependent on the metal 

stabilizer’s type used for the formation of α-SiAlON along with sintering conditions and precursor 

combinations. Presently, both α-SiAlON and β-SiAlON are used in cutting tools [10]. 

 

1.6: α- to β- Transformation 

 Some of the Si-N bonds are substituted by Al-N and Al-O bonds in α-SiAlON, resulting in 

the overall increase in the unit size of the cell. The bond length of Si-N bond is around 1.72 Å [3]. 

When Al-O bond is substituted, it has around the same bond length as Si-N bond so no major 

change is occurred in β-SiAlON but the bond length of Al-N bond is around 1.87 Å which is much 

higher than Si-N bonds resulting in distortion in the tetrahedral structure of α-SiAlON by 

Figure 1.3: Structure of β-SiAlON 
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producing strain in the structure [7]. This strain helps α-SiAlON structure to transform from α- to 

β-SiAlON. α- to β-SiAlON transformation requires liquid phase and begins around 1400 oC [1]. 

 

 

2. Chapter # 2: Theoretical Hardness of composite ceramics 

  

Hardness of ceramic composites is greatly enhanced by the incorporation of nano 

reinforcements in contrast to micro-particles [11-12]. A lot of study has been done to theoretically 

calculate the hardness of composite ceramics in the past [13-20]. The hardness of the material mostly 

depends on the nature of chemical bonding within the region on which force is applied. Many 

different proposals have been reported to evaluate the theoretical hardness of ceramic composites 
[21-25]. The hardness of multi-component ceramics systems containing more than one kind of 

chemical bonding may well be calculated by considering the average contribution by all the 

constituents phases [26-32]. 

 

2.1: Analysis 

 Ceramic materials are mostly multi-component crystals. Their hardness is evaluated as as 

the average hardness of constituent phases. The hardness (Hν) of the multi-component can be 

shown as [29]: 

Where: 

➢ μ is the nature of chemical bonding. 

➢ nμ is the total amount of μ-bonds having actual multi-component crystals. 

➢ Hν
μ is the hardness of the individual material. 

There are certain assumptions considered in evaluating using this model. 

➢ There is no chemical interaction involved in the sintering process. This means no new 

phase is formed. 

➢ The theoretical value obtained does not include the value of porosity. 

Consider a composite consisting of a matrix phase (Po) and the reinforcing phase (Pi), having mass 

fraction of co and ci respectively. In parent material, there are p types of bonds and the number of 

bonds in a unit mole is nj. Similarly, for the reinforcing phase, there are qi types of bonds and the 

number of bonds in a unit mole is nik.  

1 
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Hardness for matrix phase (Hν
Po) and adding phases (Hν

Pi) are as follows: 

The theoretical hardness for the composite ceramics material (Hν
com) can be written as: 

Where 

➢ m is the total number of bonds  

➢ nl is the amount of one type of bonds present 

Ratio of the amount of matrix chemical bonds to the reinforcing phase is,  

 

➢ no is the number of bonds/mol of matrix phase 

➢ ni is the number of bonds/mol of adding phase 

➢ co is the mass ratio of matrix phase 

➢ ci is the mass ratio of the reinforcing phase 

➢ Mo is the relative molecular weight of matrix phase 

➢ Mi is the relative molecular mass of reinforcing phase 

The relative percentage of the bond in individual phases is: 

Theoretical hardness is then evaluated as: 

 

➢ i=0 shows matrix phase 

➢ i=1,2,3…., n shows adding phase 

 

3. Chapter # 3: SiAlON-SiC Composites 

2 

3 

4 

5 
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3.1: Introduction 

 Si3N4 and SiC are widely known for having excellent mechanical properties at high 

temperatures [33]. One of the major drawback of these materials is that they both are difficult to 

sinter [3,34]. In order to ease the process, additives are added in the liquid phase sintering method 

resulting in intergranular phase which offers little creep and oxidation resistance. In order to make 

these properties better, SiAlON-SiC composites were formed [6]. 

 

3.2: Synthesis Methods 

 There are many different synthesis methods for α-SiAlON-SiC composites. Some of which 

are: 

1. CaCO3 is used as a sintering additive in the formation of α-SiAlON-SiC composite. Ca-α-

SiAlON achieves complete densification at even low temperature like 1600 oC and also 

used to avoid decomposing β-SiC. The precursors include Si3N4, AlN, CaCO3. Β-SiC was 

added from 0-40% by wt. the mixture is ultrasonically mixed and milled for 1 day in 

ethanol. After drying the mixture, it is placed in a steel die where it is cold pressed followed 

by hot pressing in graphite die. Coating of BN was used in graphite die to inhibit any 

reaction between die and mixture. Samples were calcined at about 1000 oC for roughly 1 

hr, followed by heating till the sintering temperature (around 1700 oC) at hot pressed at 25 

MPa for 1 hr. Heating rate is around 30 oC/min while cooling rate is around 60 oC/min [35]. 

2. Y2O3 is used as a sintering additive along with other rare-earth oxides. β-SiC was added in 

Si3N4-AlN-RE2O3 in varying concentrations from 0-20% by wt. The powder was first ball 

milled for about 2 hrs in ethanol followed by drying it for 12 hrs at 120 oC. The powder is 

cold compressed which is followed by 2-step gas pressured sintered for half hour in about 

0.1 MPa in N2 atmosphere at 1750 oC followed by heating at 1950 oC in 1.5 MPa in N2 

atmosphere. The heating rate is about 10 oC/min [36]. 

3. Different concentrations of SiC is mixed with Si3N4-AlN-RE2O3 powder. The mixture for 

planetary milled in alcohol for about 2 hrs followed by drying it for about a day at 90 oC. 

The dried powder was then compacted using cold uniaxial pressing for about half min 

under 30 MPa followed by the cold isostatic pressing for 1 min under 300 MPa. The 

resulting solution is divided into 2 groups. On one group a 2-step gas pressured sintering 

is performed while on the other group, hot pressure is applied under 20 MPa for half hour 

at 1750 oC [6]. 

4. α-SiC is varied from 0-40% by wt in composition of α-SiAlON/α-SiC composite. The 

sintering additive used is Y2O3 while the precursors are Al2O3, α-SiC and Si3N4. After 

suitable concentrations of the precursors, it is mixed and milled for about half a day in 

ethanol. Silicon nitride ball is used as a medium for this process. The powder undergoes 

SPS at 1800 oC for around 5 min with pressure of under 20 MPa. The atmosphere used is 

N2 with a pressure of 0.1 MPa. The heating rate is set at 100 oC/min while the cooling rate 

is set at 200 oC/ min until 900 oC is reached [37]. 
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5. Ca-α-SiAlON reinforced with SiC using SPS method. The precursors include α-Si3N4, 

SiO2, AlN and CaO2. SiC is varied from 0-30% by wt. By using ethanol as a medium, the 

mixture is passed through ultrasonic probe sonicator and dried for about half a day in the 

furnace at 80 oC. [38]. 

 

3.3: Phase Assembly and Morphology 

 The phase assembly and morphologies of the above performed experiments are as follows: 

1. Samples having 20% SiC were taken into observation and were hot pressed for about an 

hour at 25 MPa. This was performed between 1400-1800 oC with and interval of 100 oC. 

Oxides, Silicon Nitride, and Aluminum Nitride reacts to form 2CaO-SiO2-Al2O3 which is 

known as Gehlinite, which after reacting 1400 oC forms into a liquid phase which absorbs 

Silicon Nitride and Aluminum Nitride. This results in the formation of Ca-α-SiAlON 

through precipitation. Precipitation is completed at around 1600 oC with no change in phase 

compositions. β-SiC does not go under any phase transformation also there no change in 

the relative intensity of the XRD test during sintering ranging of temperatures from 1400-

1800 oC. Fracture surface of the samples having SiC quantity of 0%, 20% and 40% are 

shown below [35]. 

 

 

Figure 3.1: Ruptured sample having 0 wt. % SiC 
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By analyzing the figures, it is seen that with 0% SiC, the coarse grains have a great 

variability. Some grains ranges from 0.5-0.7 μm, while some even exceed 1 μm. As the 

amount of SiC is increased, the grain size becomes uniform and the variability decreases. The 

Figure 3.2: Ruptured sample having 20 wt. % SiC 

Figure 3.3: Fracture surface of the sample 

with SiC 40% by wt 

Figure 3.4: α-SiAlON phase with SiC and amorphous phase 

G of sample with 20% by wt SiC prepared by hot pressing . 
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resulting uniform distribution of SiC in a fine equiaxed matrix can be seen through a 

transmission electron micrograph which shows equiaxed polygonal alpha sialon grains 

with uniformly distributed SiC particles along with amorphous phase as shown below. 

 

 

2. By the addition of SiC, AlN and Si3N4 dissolution is not affected but grain size of α-

SiAlON is affected and the aspect ratio is decreased from 4.5 to 2.3. The decrease in length 

of the structure is observed in the below figure [36]. 

 

 

 

 

 

 

Figure 3.5: Microstructure of the sample 

with SiC 0% by wt 

Figure 3.6: Microstructure of two-step gas 

pressure sintered sample with SiC 10% by wt 
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3. XRD of the sample shows only α-SiAlON and β-SiC, which shows that there is no reaction 

between SiC and other precursors. Increase on %age of SiC shows decrease in the aspect 

ratio from about 4 to 2.5 for hot press sintering as shown in the figures below [6]. 

 

 

 

 

Figure 3.7: Microstructure of sample with SiC 20% by 

wt 

Figure 3.8: Microstructure of hot pressed 

sintered sample with SiC 0% by wt 

Figure 3.9: Microstructure of hot pressed 

sintered sample with SiC 10% by wt 
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4. α-SiAlON/α-SiC ceramic materials are formed via SPS. FESEM images of mixed powder 

with various concentrations of SiC are shown below. For the concentration range of SiC 

by wt from 0-5%, the α-SiAlON grains have an average width of 2.5 μm. As the 

concentration is increased, α-SiAlON grains give way to smaller grains leading to equiaxed 

fine matrix microstructure. Anisotropic growth of SiC grains was due to Ostwald ripening 

rather than SiC going under any poly-type transformation with the sintering liquid from 

additive Y2O3 and the high heating rates of SPS technique aiding the anisotropic grain 

growth [37]. 

Figure 3.10: Microstructure of hot pressed 

sintered sample with SiC 20% by wt 

Figure 3.11: FESEM image of the SPS sample 

with SiC concentration of 0% by wt 
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Figure 3.12: FESEM image of the SPS 

sample with SiC concentration of 5% by wt 

Figure 3.13: FESEM image of the SPS 

sample with SiC concentration of 10% by 

wt 

Figure 3.14: FESEM image of the SPS 

sample with SiC concentration of 20% by 

wt 
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5. The α-SiAlON/SiC ceramic formed shows the mechanism which enhances fracture 

toughness. In Figure (18 a) the fracture surface of a sample with SiC having concentration 

of 0% by wt can be seen having an intergranular fracture but in Figure (18 b) of SiC having 

concentration of 30% by wt the fracture surface has grain pull-outs identified by red circles. 

These grains could be either of SiC or of sialon. Furthermore, also in the fracture surface 

of sample with SiC having concentration of 30% by wt, cleavage steps are seen in Figure 

(18 c). Furthermore, another fracture toughness enhancing mechanism, crack deflection, 

can be seen in the micrograph of indent test carried out on sample with SiC having 

concentration of 30% by wt where the SiC particles can be seen deflecting the crack Figure 

(19). Mechanisms such as grain pull-out, cleavage steps and crack deflection increase 

fracture toughness [38]. 

 

 

 

 

Figure 3.15: Fracture surface of sample with SiC concentration by wt 

(a) 0%        (b) 30%     (c) 30% 

Figure 3.16: Micrograph of indentation 

test of alpha SiAlON-SiC composite with 

SiC concentration of 30% by wt 
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3.4: Theoretical and Actual Hardness 

 The theoretical hardness of α-SiAlON/SiC can be calculated by the formula: 

Where at 1900 oC: 

 

 

➢ For α-SiAlON 

i 0 

n 48 

M 594.3141 

Hv
Pi 19.9 

 

➢ For SiC 

i 1 

n 4 

M 40.096 

Hv
Pi 25.5 

 

Using these values in the formula, the theoretical hardness in GPa at different 

concentrations are as: 

 

Table 3-1: Theoretical hardness of α-SiAlON/SiC composites at different concentrations of SiC 

at 1900 oC 

0% SiC 19.9 

5% SiC 20.20349376 

10% SiC 20.5044834 

15% SiC 20.80296727 

20% SiC 21.09894575 

30% SiC 21.68339722 

40% SiC 22.5787568 
 

 

Similarly, at 1700 oC: 

➢ For α-SiAlON 

i 0 

n 48 

M 599.893 

Hv
Pi 17.25 
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➢ For SiC 

i 1 

n 4 

M 40.096 

Hv
Pi 25.5 

 

Using these values in the formula, the theoretical hardness in GPa at different 

concentrations are as: 

 

Table 3-2: Theoretical hardness of α-SiAlON/SiC composites at different concentrations of SiC 

at 1700 oC 

0% SiC 17.25 

5% SiC 17.67023269 

10% SiC 18.09021308 

15% SiC 18.509825363 

20% SiC 18.92896064 

30% SiC 19.765387069 

40% SiC 20.59872314 
 

 

The experimental hardness in GPa of the composites at different concentrations in different 

experiments is shown below along with % error with the theoretical hardness. 

 

Table 3-3: Experimental hardness of experiment 1 and its difference with theoretical hardness 
[35] 

% SiC Hardness (GPa) % error 

0 17.25 0 

10 17.74 1.93 

20 18.67 1.36 

30 18.7 5.39 

40 19.02 7.66 

 

 

Table 3-4: Experimental hardness of experiment 2 and its difference with theoretical hardness 
[36] 

% SiC Hardness % error 

0 18.5 0 

5 18.9 0.16 

10 18.2 5.39 

15 15 23.47 

20 12 39.9 
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Table 3-5: Experimental hardness of experiment 3 and its difference with theoretical hardness [6] 

% SiC Hardness % error 

0 20.1 0 

5 20.4 0.01 

10 20.9 1 

15 21.1 0.56 

20 21.4 0.61 

 

 

Table 3-6: Experimental hardness of experiment 4 and its difference with theoretical hardness 
[37] 

% SiC Hardness % error 

0 19.9 0 

5 20.7 2.4 

20 21.6 2.32 

40 22.8 2.37 

 

 

Table 3-7: Experimental hardness of experiment 5 and its difference with theoretical hardness 
[38] 

% SiC Hardness % error 

0 21.1 0 

10 21.5 0.4 

20 23.1 4.48 

30 24.5 8.04 

 
 

 

4. Chapter # 4: SiAlON-ZrN Composites 

4.1: Introduction 

 Zirconium Nitride (ZrN) has a wide variety of uses in industries [39-42]. The main reason for 

its uses are due to its excellent thermal and chemical stabilities [43]. At room temperature, it has an 

electrical resistivity of 12.0 μ Ω cm [44]. SiAlON-ZrN composites combines the advantages of both 

materials providing excellent performance like high fracture toughness [45], good thermal shock 

resistance, high-temperature corrosion resistance [46] and wear resistance. β-SiAlON is the 

steadiest among SiAlON family [47,48]. General form of β-SiAlON is [49]: 

Si6-z-Alz-Oz-N8-z   (where z varies from 0 to 4.2) 
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4.2: Synthesis Methods 

 The different methods for the synthesis of β-SiAlON-ZrN ceramics are as follows: 

 

1. ZrN-coated Si3N4 is sintered along with additives like AlN, Y2O3 and Al2O3 at N2 

atmosphere for 2 hrs at 1850 oC. consider this sample as A1. Now consider another sample 

A2, in N2 atmosphere at 1600 oC, ZrN-coated Si3N4 was calcined for about 2 hrs. After this 

process, using same additives and process the powder is sintered [40]. 

2. ZrN is varied from 0-50% by wt in β-SiAlON (z=1). Sintering additive used was YAG 

composition (Y2O3 and Al2O3 with a molar ratio of 3:5 or Y3Al5O12). Powder is ball-milled 

for about 4 hrs in iso-propanol and dried in a rotary evaporator. Sample was nitrided in a 

graphite furnace under 0.4 MPa pressure of high-purity nitrogen gas for 3 hours at a 

temperature of 1400 °C [47]. 

3. β-SiAlON (z=4) and ZrN are used. The powders are  cold pressed at 200 MPa. The green 

pellets are sintered at 1600 °C and 1700 °C under a N2 atmosphere for 4 hours. [50]. 

 

4.3: Phase Assembly and Morphology 

 Phase assembly and morphologies of the above experiments is as follows: 

1. β-SiAlON grains are surrounded by ZrN grains in sample A1 as shown in the figure below. 

ZrN grain size ranges from 1-1.5 μm. Due to zirconia grains, transient liquid phase was 

observed in β-SiAlON particles. The morphology of the ZrN grains was round and irregular 

while that of β-SiAlON grains was prismatic and faceted. 

 

Figure 4.1: Electron Micrograph of sample A1 
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In sample A2, brighter ZrN particles could be observed in between the darker, elongated 

β-SiAlON particles. The ZrN particles, having irregular shape, were distributed in a non-

homogeneous pattern, but had the same size as in sample A1. It is clear that the transient 

liquid phase was in between the β-SiAlON particles. The problem with both these phase 

assemblies was the same; that it caused little electrical conductivity. The reason was that 

the conductive ZrN phase was surrounded by the β-SiAlON particles, consequently 

blocking its electrical conductivity characteristics. The ZrN particles were farther from 

each other too, which only increased the electrical resistivity [40]. 

 

2. β-SiAlON (z=1) had an elongated morphology. ZrN was varied from 0-50% by wt. ZrN 

and β-SiAlON (z=1) were sintered at 1600 oC, with an intermediate phase of YAG 

Figure 4.2: Electron Micrograph of sample A2 

Figure 4.3: Composites sintered at different temperatures with different content of ZrN 
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(Y3Al5O12). Similarly, at 1700 oC sintered composites were ZrN, β-SiAlON (z=1) and 

intermediate phase of Y5Si4Al2O17N. The various ZrN contents had no effect on the phase 

assemblage for these sintering temperatures. Increasing ZrN to 20% by wt, β-SiAlON (z=1) 

disappeared completely and was changed into Y-α-SiAlON (β to α phase transformation). 

The intermediate phases were Y2Si3O3N4 at 20% by wt and 30% by wt of ZrN; and 21R-

Sialon (SiAl6O2N6) for 40% by wt and 50% by wt of ZrN [47]. The morphologies at different 

temperatures and concentrations is shown below along with the phase assembly table: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-1: Phases of the samples prepared at 1600 and 1700°C (β-SiAlON (z = 1)) [47] 

T = 1600 °C T = 1700 °C 

Figure 4.4: High magnification of Figure 22. Red dot represents β-SiAlON grains while 

green represents intermediate phase 
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ZrN 

content 

(wt %) 

Phases Phases 

Major Intermediate Major Intermediate 

0 β-SiAlON (z=1) Y3Al5O12 β-SiAlON (z=1) Y5Si4Al2O17N 

10 - 50 β-SiAlON (z=1) 

ZrN 

 β-SiAlON (z=1) 

ZrN 

 

 

3. Sintering temperatures were 1600 and 1700 oC and variation of ZrN was from 0-50% by 

wt. The phase assembly is shown in the table below. At 1600 °C, the composition of the 

composites was β-SiAlON (z = 4) with ZrN having concentration of 0% by wt; ZrN and β-

SiAlON (z = 4) at ZrN having concentration of 10–50% by wt as the main phases. 

Meanwhile the intermediate phases consisted of AlN-Polytype SiAlON, ZrAl3O3N, 

Zr0.82Y0.18O1.91, Y3Al5O12 and Al2O3 all of which depended on the ZrN content. At 1700 

°C, the major phases were β-SiAlON (z = 4) and 15R-SiAlON without ZrN content; β-

SiAlON (z = 4), 15R-SiAlON and ZrN with ZrN having concentration of 10 – 50% by wt. 

For the sample without ZrN, a new intermediate phase Y4SiAlO8N was seen and with 

increasing ZrN content, a new intermediate phase (SiAl5O2N5 aka 12H-Sialon) appeared 
[50]. The morphologies are shown in below: 

 

 

Table 4-2: Phase of samples prepared at 1600 and 1700 oC (β-SiAlON (z = 4)) [50] 

ZrN 

content 

(wt %) 

T = 1600 °C 

Phases 

T = 1700 °C 

Phases 

Major Intermediate Major Intermediate 

0 Β-SiAlON (z=4) 

 

15R-SiAlON 

21R-SiAlON 

β-SiAlON (z=4) 

15R-SiAlON 

ZrAl3O3N 

Y4SiAlO8N 

10 - 50 β-SiAlON (z=4) 

 

ZrN 

ZrAl3O3N 

Zr0.82Y0.18O1.91 

Y3Al5O12 

Al2O3 

β-SiAlON (z=4) 

ZrN 

15R-SiAlON 

Zr0.82Y0.18O1.91 

Al2O3 

12H-SiAlON 
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Figure 4.5: Dispersal of ZrN in the samples formed at 1700 oC 
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4.4: Theoretical and Actual Hardness 

 The formula for theoretical hardness is given as: 

❖ z=1 

For temperature at 1600 oC: 

➢ For β-SiAlON 

i 0 

n 23 

M 281.46 

Hv
Pi 14.84 

Figure 4.6: Morphological comparison of different samples of ZrN-SiAlON (a) β-

SiAlON with z=4 having ZrN concentration of 0% by wt prepared at temperature 

1600 °C; (b) β-SiAlON with z=4 having ZrN concentration of 50% by wt prepared 

at temperature 1600 °C; (c) β-SiAlON with z=4 having ZrN concentration of 50% 

by wt prepared at temperature 1700 °C; and (d) β-SiAlON with z=1 having ZrN 

concentration of 0% by wt prepared at temperature 1700 °C 
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➢ For ZrN 

i 1 

n 3 

M 40.096 

Hv
Pi 22.7 

 

Using these values in the formula, the theoretical hardness in GPa at different 

concentrations are as: 

 

Table 4-3: Theoretical Hardness of β-SiAlON/ZrN Composite (z=1) at 1600 oC 

0% ZrN 14.84 

10% ZrN 14.43402209 

20% ZrN 16.06264175 

30% ZrN 16.72842562 

40% ZrN 17.43416988 

50% ZrN 18.18292424 

 

Similarly, for temperature 1700 oC  

➢ For β-SiAlON 

i 0 

n 23 

M 281.46 

Hv
Pi 15.25 

 

➢ For ZrN 

i 1 

n 3 

M 40.096 

Hv
Pi 22.7 

 

Using these values in the formula, the theoretical hardness in GPa at different 

concentrations are as: 

 

Table 4-4: Theoretical Hardness of β-SiAlON/ZrN Composite (z=1) at 1700 oC 

0% ZrN 15.25 

10% ZrN 15.82057011 

20% ZrN 16.4228411 

30% ZrN 15.05907354 

40% ZrN 17.73172322 

50% ZrN 18.44346093 

 

❖ z=4 

For temperature at 1600 oC: 

➢ For β-SiAlON 
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i 0 

n 20 

M 284.12 

Hv
Pi 6.27 

 

➢ For ZrN 

i 1 

n 3 

M 40.096 

Hv
Pi 22.7 

 

Using these values in the formula, the theoretical hardness in GPa at different 

concentrations are as: 

 

Table 4-5: Theoretical Hardness of β-SiAlON/ZrN Composite (z=4) at 1600 oC 

0% ZrN 6.27 

10% ZrN 7.18268274 

20% ZrN 8.214338614 

30% ZrN 9.378618558 

40% ZrN 10.69057188 

50% ZrN 12.16648539 

 

Similarly, for temperature 1700 oC  

➢ For β-SiAlON 

i 0 

n 20 

M 284.12 

Hv
Pi 10.2 

 

➢ For ZrN 

i 1 

n 3 

M 40.096 

Hv
Pi 22.7 

 

Using these values in the formula, the theoretical hardness in GPa at different 

concentrations are as: 

 

Table 4-6: Theoretical Hardness of β-SiAlON/ZrN Composite (z=1) at 1700 oC 

0% ZrN 10.2 

10% ZrN 11.09934099 

20% ZrN 12.06530513 

30% ZrN 13.10183008 

40% ZrN 14.21302072 

50% ZrN 15.40315282 
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The experimental hardness in GPa of the composites at different concentrations in different 

experiments is shown below along with % error with the theoretical hardness. 

 

Table 4-7: Experimental hardness of β-SiAlON-ZrN composite with z=1 at 1600 oC with % 

error from the theoretical values [40] 

% ZrN Hardness (GPa) % error 

0 14.84 0 

10 15.23 1.93 

20 14.84 7.61 

30 14.52 13.2 

40 14.16 18.78 

50 13.22 27.3 

 

 

Table 4-8: Experimental hardness of β-SiAlON-ZrN composite with z=1 at 1700 oC with % 

error from the theoretical value [47] 

% ZrN Hardness (GPa) % error 

0 15.25 0 

10 15.69 0.82 

20 16.05 2.27 

30 15.38 9.84 

40 14.96 15.63 

50 14.41 21.86 

 

 

Table 4-9: Experimental hardness of β-SiAlON-ZrN composite with z=4 at 1600 oC with % 

error from the theoretical value [50] 

% ZrN Hardness (GPa) % error 

0 6.27 0 

10 11.06 35 

20 10.49 21.7 

30 10.92 14.1 

40 10.12 5.63 

50 9.95 22.27 
 

Table 4-10: Experimental hardness of β-SiAlON-ZrN composite with z=4 at 1700 oC with % 

error from the theoretical value [50] 

% ZrN Hardness (GPa) % error 

0 - - 

10 11.96 7.2 

20 12.86 6.18 

30 12.39 5.75 

40 10.94 29.9 

50 11.11 38.64 
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5. Chapter # 5: SiAlON-WC Composites 

5.1: Introduction 

 Some of the noteworthy properties of Tungsten Carbide (WC) include high hardness, 

flexural strength and melting point, low friction coefficient and excellent corrosion resistance [51-

64]. By reinforcing SiAlONs with WC, the hardness of the composite is increased. The common 

matrix phase used can be either α-SiAlON or β-SiAlON or α-β-SiAlON composition [65-67]. 

Sometimes WC can also be used as a matrix phase while SiAlON as secondary phase. α-SiAlON 

provides high hardness while β-SiAlON provides high toughness. Main method used for 

preparation of this composite is Spark Plasma Sintering (SPS) technique [68-70]. 

 

5.2: Synthesis Methods 

 There are many methods for SiAlON-WC composites. Some of which are: 

1. Si3N4, AlN, Y2O3 and Al2O3 is mixed in acetone medium for about 6 hrs. The powder is 

collected after being dried. The powder is mixed with WC in the same medium for about 

3 hrs. α-SiAlON is mixed with WC in different proportions in 20%, 30% and 40% by wt. 

The powder is then sintered for about 25 min in 40 MPa pressure at 1750 oC [71]. 

2. WC is used as a matrix phase while β-SiAlON having concentration ranging from 20-40% 

by wt is used a secondary phase. Consolidation of the mixture consisting of AlN, Y2O3, 

Si3N4 and Al2O3 is performed in SPS furnace for about 25-30 min under 40 MPa pressure 

at 1750 oC [72]. 

3. α-SiAlON is used a matrix phase while WC is used as a secondary phase. While using 

acetone as a medium, mixture of AlN, Y2O3, Si3N4 and Al2O3 is mixed for about 6 hrs in 

agate pestle and mortar by hand. The powder followed by WC having different 

concentrations ranging from 20-40% by wt is mixed again for 3 hrs. It is the consolidated 

using Spark plasma sintering for 25 min in 40 MPa pressure at 1750 oC [73]. 

 

5.3: Phase Assembly and Morphology 

 The phase assembly and the morphologies of the above mentioned experiments are as 

follows: 
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1. The grain structure of pure WC and α-SiAlON-WC composite along with the grain 

distribution of α-SiAlON and WC is shown in the figure below. 

 

 

The table showing different concentrations of α-SiAlON in WC and their 

representation/sample ID is shown in the table below: 

 

 

Table 5-1: Sample ID of different composition of α-SiAlON in WC 

Composition Sample ID 

100% WC W0S 

80% WC + 20% α-SiAlON W20S 

70% WC + 30% α-SiAlON W30S 

Figure 5.1: Microstructure of  (a) Pure WC (b) 20% by wt α-SiAlON

 (c) 30% by wt α-SiAlON (d) 40% by wt α-SiAlON (e) Pure α-

SiAlON 

Grain size distribution of (f) WC  (g) α-SiAlON 
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60 % WC + 40% α-SiAlON W40S 

100% α-SiAlON W100S 

 

In pure WC structure, WC grains are equiaxed with few closed pores at grain junction. In 

20% α-SiAlON-WC (W20S) composite, both grains are almost identical to each other, the 

reason being the low density of α-SiAlON which results in similar volume fraction. In 

W30S, the formation of α-SiAlON grains in elongated, and WC grains forms an electrical 

percolating network of matrix grains. Elongation of α-SiAlON grains results in the increase 

in fluidity of the grain boundary liquid phase. In W40S, α-SiAlON grains were noticed to 

be equiaxed and sub-micron sized. W100S contains dense α-SiAlON grains [71]. 

 

2. The table showing different concentrations of β-SiAlON in WC and their 

representation/sample ID is shown in the table below: 

 

Table 5-2: Sample ID of different composition of β-SiAlON in WC 

Composition Sample ID 

100% WC W0β 

80% WC + 20% β-SiAlON W20β 

70% WC + 30% β-SiAlON W30β 

60 % WC + 40% β-SiAlON W40β 

100% β-SiAlON W100β 
 

The grain morphology of pure WC, W30β and pure β-SiAlON is shown in the figure below. 
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In pure WC, the grains were noted to be in the range of 2-5 μm, with closed pores at triple 

grain junctions. In the structure containing β-SiAlON 30% by wt, it is uniformly divided 

in the WC structure. The grain morphology of β-SiAlON is fine with closed pores having 

dimensions between 0.05-0.25 μm. Pure β-SiAlON structure is found to be dense due to 

the elongated β-SiAlON grains. Some grain pull-out regions were also observed in the 

structure as marked in the figure above. The size of the grains is about 125 μm [72]. 

 

3. The table showing different concentrations of WC in α-SiAlON and their 

representation/sample ID is shown in the table below: 

 

Table 5-3: Sample ID of different composition of WC in α-SiAlON 

Composition Sample ID 

100% α-SiAlON S0W 

80% α-SiAlON + 20% WC S20W 

70% α-SiAlON + 30% WC S30W 

60 % α-SiAlON + 40% WC S40W 

100% WC S100W 

 

Figure 5.2: Microstructure of   (a) Pure WC  (b) 30% β-SiAlON-WC 

Composite  (c) Pure β-SiAlON 
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The structure of pure α-SiAlON and WC along with the microstructure of WC in α-SiAlON 

is shown below. 

  

 

The structure of pure α-SiAlON is dense with certain areas containing grain pull-outs. 

These are formed during grinding operations in order to create fresh surface before 

polishing. The grain size is about 1-2 μm. In 20% WC-α-SiAlON and 30% WC-α-SiAlON, 

Figure 5.3: Electron microscopy of  (a) Pure α-SiAlON (b) 20% WC-α-SiAlON 

 (c) 30% WC-α-SiAlON  (d) Low magnification field emission scanning 

electron microscopy image of the 40 wt% WC-α-SiAlON.  High magnification of microscopy of  

 (e) 40% WC-α-SiAlON  (f) Pure WC 
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elongation of grains is observed. These elongations help in increase the toughness of the 

composites. As the concentration of WC reaches about 40% by wt, WC grains becomes 

larger to about 2-3 μm. Pure WC structure is dense having its grain size to about 2-5 μm 
[73]. 

 

5.4: Theoretical and Actual hardness 

 The formula for the theoretical hardness of a composite is as follows: 

For Experiment 1: 

➢ For WC 

i 0 

n 4 

M 195.85 

Hv
Pi 16.8 

 
➢ For α-SiAlON 

i 1 

n 48 

M 591.887 

Hv
Pi 19.4 

 
Using these values in the formula, the theoretical hardness in GPa at different 

concentrations are as: 

 

Table 5-4: Theoretical hardness of different composition of α-SiAlON in WC 

W0S 16.8 

W10S 17.5565818 

W20S 18.04847898 

W30S 18.39378695 

W40S 18.64949274 

W100S 19.4 

 

 

For Experiment 2: 

➢ For WC 

i 0 

n 4 

M 195.85 
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Hv
Pi 17 

 
 

➢ For β-SiAlON 

i 1 

n 23 

M 281.46 

Hv
Pi 16.8 

 
Using these values in the formula, the theoretical hardness in GPa at different 

concentrations are as: 

 

Table 5-5: Theoretical Hardness of different composition of β-SiAlON in WC 

W0β 17 

W10β 16.9381979 

W20β 16.89969093 

W30β 16.87339671 

W40β 16.85430048 

W100β 16.8 

 

For Experiment 3: 

➢ For α-SiAlON 

i 0 

n 48 

M 591.887 

Hv
Pi 19.4 

 
➢ For ZrN 

i 1 

n 4 

M 195.85 

Hv
Pi 16.6 

 
Using these values in the formula, the theoretical hardness in GPa at different 

concentrations are as: 

 

Table 5-6: Theoretical Hardness of different composition of WC in α-SiAlON 

S0W 19.4 

S10W 19.31786071 

S20W 19.22171347 

S30W 19.10764161 

S40W 18.97012046 

S100W 16.6 
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The experimental hardness in GPa of the composites at different concentrations in different 

experiments is shown below along with % error with the theoretical hardness. 

 

Table 5-7:  Experimental Hardness of α-SiAlON doped WC with % error from the theoretical 

hardness [71] 

 Hardness (GPa) % error 

W0S 16.8 0 

W10S 18 2.52 

W20S 19.6 8.6 

W30S 20 8.73 

W40S 21.6 15.82 

W100S 19.4 0 

 

 

Table 5-8: Experimental Hardness of β-SiAlON doped WC with error from the theoretical 

hardness [72] 

 Hardness (GPa) % error 

W0β 17 0 

W10β 17.2 1.55 

W20β 17.6 4.14 

W30β 18 6.68 

W40β 17.5 3.83 

W100β 16.8 0 

 

 

Table 5-9: Experimental Hardness of WC doped α-SiAlON with error from the theoretical 

hardness [73] 

 Hardness (GPa) % error 

S0W 19.4 0 

S10W 20 3.53 

S20W 17.6 8.43 

S30W 13.5 29.35 

S40W 19.8 4.37 

S100W 16.6 0 
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6. Chapter # 6: SiAlON-TiN Composites 

6.1: Introduction 

 Composite materials increase toughness and hardness by reinforcing them with other 

ceramics. By reinforcing TiN in SiAlONs increases different properties and makes it easy for 

different uses [74-80]. At high temperatures, SiAlONs have some little inferior properties but by 

reinforcing TiN with them, these properties are enhanced several times [81-85]. TiN can be 

reinforced in either α-SiAlON, β-SiAlON or the combination of the two. SiAlON is used as a 

matrix phase while TiN is mostly used as a secondary phase. α-SiAlON provides high hardness 

while β-SiAlON provides high toughness [86]. By varying the concentrations of α-SiAlON, β-

SiAlON and TiN different results are obtained. 

 

6.2: Synthesis Method 

 SiAlON-TiN composites is made by varying different concentrations of α-SiAlON and β-

SiAlON like α:β=10:90, 35:65 and 75:25 while also varying concentration of TiN like 17% and 

25% by wt. In order to obtain the desired composition, isopropyl alcohol is used as a medium and 

planetary milling is done at speed of 300 rpm for 1.5 hrs using Si3N4 balls. TiN is added in the 

SiAlON mixture powder and added homogenously. Rotary evaporator is used to dry the slurries 

produced and the powder were dry sieved. The powder formed is pressed at about 25 MPa followed 

by cold isostatically pressed at 300 MPa. Two-step sintering is carried out in the final step. Pre-

sintering is done for about 1 hr at 0.5 MPa at 1890 oC followed by second step of sintering is done 

in N2 atmosphere at 2.2 MPa pressure for about an hr at 1940 oC. the cooling rate is set at 5 oC/min 
[87]. 

 

6.3: Phase Assembly and Morphology 

 The table showing different concentrations of TiN, α-SiAlON and β-SiAlON and their 

representation/Sample ID is shown below: 

 

Table 6-1: Sample ID of different concentrations of TiN and α-SiAlON and β-SiAlON 

Sample ID % TiN α:β in SiAlON mixture 

T0035 0 35:65 

T1735 17 35:65 

T2510 25 10:90 

T2575 25 75:25 
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The microstructure of these samples is shown in the figures below: 

 

  

 

 

Addition of TiN particles increases surface roughness many times. TiN helps in increasing the 

hardness of the composite. TiN allows lowers the Co-efficient of friction of the composite. By 

increasing the β-SiAlON concentration in the composite, the hardness of the composite is 

decreased dramatically. TiN in the composite is mixed homogenously throughout the structure. 

Figure 6.1: Microstructure of   (a) T0035  (b) T1735 

 

Figure 6.2: Microstructure of   (a) T2575  (b) T2510 
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The elongated grains formed helps in increase the fracture toughness of the overall composite. 

Increase in α-SiAlON also leads in increase in the Co-efficient of friction of the composite [87]. 

 

6.4: Theoretical and Experimental Hardness 

 The formula for theoretical hardness of a composite is as follows: 

➢ For α-SiAlON 

i 0 

n 48 

M 591.887 

Hv
Pi 18 

 
➢ For β-SiAlON 

i 1 

n 23 

M 281.46 

Hv
Pi 15 

 
➢ For TiN 

i 2 

n 3 

M 61.874 

Hv
Pi 27 

 
The theoretical hardness of these samples are shown below: 

 

 

Table 6-2: Theoretical hardness of TiN-SiAlON composite with different concentrations 

T0035 15.98334276 

T1735 16.91994726 

T2510 16.78161088 

T2575 18.53029027 

 

The experimental hardness in GPa of the composites at different concentrations in different 

experiments is shown below along with % error with the theoretical hardness. 
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Table 6-3: Experimental Hardness of TiN doped SiAlON with error from the theoretical 

hardness [87] 

 Hardness (GPa) % error 

T0035 15.73 1.58 

T1735 15.87 6.2 

T2510 15.9 5.25 

T2575 16.57 10.58 

 

7. Chapter # 7: Conclusion 

 In above mentioned experiments, there is seen that from low concentration in doping, the 

theoretical hardness calculated is nearly equal to the actual hardness of the composite. As the 

concentration increases, the % error also increases. This is due to the intermolecular structure of 

the composite. The force between the matrix phase and secondary becomes stronger which allows 

the hardness of the overall composite to deviate from the theoretical value. Material densification 

and grain growth are largely affected by the holding time during hot pressing. In the theoretical 

prediction model, the influence of the grain size is not taken into account. In the experiments, while 

having different holding times, the composites with same compositions show different grain 

growth which affects the grain size followed by the hardness of the material. The main function of 

the theoretical formula for composite materials is to predict the outcome of the multi-phase 

composite ceramic material. The hardness of the material is little affected by the matrix grain size. 

The main reason for the change in the hardness of the multi-phase ceramic material is due to the 

intragranular and intergranuler microstructure. 

 

8. Chapter # 8: Future Prospects 

 The theoretical formula has very much eased in predicting the hardness of the multi-phase 

composite ceramic materials. Although there are still some deviations from the experimental 

results, but there is also work being done in order to improve the mathematical model so that the 

theoretical results become more close to the actual experimental results. Composite ceramic 

materials are now-a-days very important in our daily lives. They are used commonly today in 

different aspects like cutting, building, coating, etc. If we obtain the desired hardness from the 

prediction models, it will be easier for the researchers to develop more composite in the future 

which might enhance our everyday life. The future of composite ceramic materials is very wide 

and in the near future, we might find everything around us made of composite ceramics due to 

their excellent physical, thermal, chemical properties. 
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