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ABSTRACT 

The present work deals with the samples prepared with composition 0,5,10,35Vol.%BN in 

SiC with additive Y2O3 by Spark Plasma Sintering parameters to check the change in 

microstructure and the resulting changes that accompanies with the hardness and fracture 

toughness. The sintering parameters were changed to achieve a high dense material. The final 

SPS parameters were maximum temperature 1800℃. In all cases the holding time was kept at 

5min at the final temperature. The heating rate was kept at 100℃/min for all samples. Load 

applied was 55MPa. SEM images reveal the formation of structure for the samples. SEM 

images of the fractured surfaces shows how the fracture is takes place and hoe the BN content 

will effect the type of fracture. Hardness and fracture toughness of the samples is 19.20±0.2 

GPa max.for the SBN5 and 3.93Mpa-m
1/2

 max. for SBN35. After that the dry sliding wear 

test shows that the wear track width is decrease with increase in BN content shows the 

severity of the wear and also the wear volume is decreases as the BN content is decreased. 

Fractures surfaces of the composites shows how the BN content will effect the transgranular 

fracture also there is pull-out of material takes place
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Chapter1                                 Introduction 

1.1 Silicon-Carbide/Boron-Nitride Composites 

Siliconzcarbide (SiC) ceramicszhave long receivedzattention due to theirztechnological merits 

including theirzthermal andzmechanicalipropertieszas well as wearzand corrosion resistance [1–

9]. RigidzSiC ceramics containingzhigh percentage ofzthermal conductivity andzchemical 

stability utiliseszvarious industrialzapplications@such aszmechanical@seals, zbearings, heat-

sink@plates,automobilezparts,andzprotective@wallszforznuclearzreactors.However,thezbrittlene

ss of SiC materials@is a major impedimentzfor engineering applications, whichzalso increases 

the@difficulty of machiningzand cost. Also, SiCzhas low thermal shockzresistance, which leads 

to@azdeterioration of itszpotential. There arezseveral ways to improvezthese disadvantageous 

propertieszof SiC ceramics. Combiningzwith other materials tozform a hybrid structurezcan 

improve the fractureztoughness and thezthermal shock resistancezof the ceramic materials. 

Forzadjusting the elasticzmodulus making porous materials withzdifferent porosity and 

compositeszby adding phases withzlow elasticzmodulus are thezmainzapproaches.Thus, 

onezvalid method for improvingzthe disadvantageous@properties of SiC ceramicszis making a 

composite@withzceramiczreinforcement.Amongzceramiczreinforcement,hexagonalboronznitrid

e (h-BN) is a candidatezmaterial@as second phase, whichzhas excellent thermalzshock 

resistance andzmachinability [10,11]. HexagonalzBN (h-BN) iszalsozknown to have a 

highzelectrical resistivity aszwell as allow thermalzexpansion coefficient [10]. These 

propertieszof BN have led tozits use in a variety ofzspecialized areas includingzcrucibles for 

molten metalszand the sintering ofznitride ceramics, breakzrings for horizontalzcontinuous 

casting of steel andzthermal protection tubes. Onezapproach for tailoring properties@is to 

combine thezproper-ties of different materials. Aznew approach that has received\zless attention 

is the incorporationzof h-BN in SiC withoutzthe use of sinteringzadditives. The incorporation 

ofzh-BN in SiC can modifyzthe electrical and mechanicalzproperties of SiCzceramics, 

improveztheir thermal shockzresistance, and impartzmachinability to SiCzceramics [12–14]. 
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Objective of the thesis: 

The major objectives of the thesis are as follows: 

i. To prepare dense SiC-h-BN composites with varying h-BN content by optimum 

conditions of spark plasma sintering. 

ii. To study microstructural and phase evolution of sintered composites. 

iii. To evaluate mechanical properties of sintered composites. 

iv. To understand wear behavior of SiC-h-BN@composites as@function of h-BN 

content@and wear test parameters. 

1.2 Structure of thesis 

To investigate the above mentioned objectives, the thesis is structured as per the following: 

 

Chapter-2 Literature review 

A review of the published available literature in areas that are directly relevant to the present 

study is presented in this chapter2. It gives a deep insight into composition, microstructure, 

properties and processing techniques of SiC based composites. 

 

Chapter-3 Experimental details 

Details including powders used, compositions investigated, spark plasma sintering are explained. 

This is followed by details of density measurement, microstructural characterization, hardness, 

wear of composites. 

 

Chapter-4 Results and Discussion 

In this chapter, a discussion on major results obtained in preparation and characterization 

composite is provided, spark plasma sintering are discussed. This is followed by detailed 

discussion on microstructural characteristics, wear of composites. 

 

Chapter-5 Conclusions and future scope 

Important conclusions drawn from the present thesis work and future directions are suggested in 

this chapter. 
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Chapter2                        Literature review 

2.1 SiC Ceramics 

Siliconzcarbide is an importantznon-oxide ceramiczwhich has diversezindustrial applications. In 

fact, itzhas exclusive propertieszsuch as high hardnesszand strength, chemicalzand thermal 

stability, highzmelting point, oxidationzresistance, highzerosion resistance, etc. Allzof these 

qualitieszmake SiC a perfectzcandidate for highzpower, high temperaturezelectronic deviceszas 

well as abrasionzand cutting applications. Quiteza lot of works were reportedzon SiC synthesis 

since the manufacturingzprocess initiated by Achesonzin 1892. In thiszchapter, a brief summary 

iszgiven for the differentzSiC crystal structureszand the mostzcommon encounteredzpolytypes 

will bezcited. Emphasis is givenzon various fabrication routesvof SiC startingzfrom the 

traditional Achesonzprocess whichzled to a largezextent into commercializationzof silicon 

carbide. This processzis based on azconventional carbothermalzreduction methodzfor the 

synthesis of SiCzpowders. Nevertheless, thiszprocess involvesznumerous steps, has anzexcessive 

demand for energyzand provides rather poorzquality materials. Several alternativezmethods have 

been previouslyzreported for the SiCzproduction. An overview of thezmost common used 

methods for SiCzelaboration such as physicalzvapour deposition (PVT), zchemical vapour 

deposition (CVD), zsol-gel, liquid phasezsintering (LPS) or mechanicalzalloying (MA) will be 

detailed. Thezresulting mechanical, structural and electricalzproperties of thezfabricated SiC will 

be discussed as a functionzof the synthesis methods [15-18]. 

2.2 Chemical bonding andzcrystal Structure 

The formationzof SiC from the reactionzbetween silicon and carbonvcan take place at 

temperatureszbelow the melting point ofzsilicon. There areznumerous (~200) polytypeszfor SiC, 

but onlyza few are common. All ofzthe structures may be visualizedzas being made up ofza 

single basic unit, za layer of tetrahedral, inzwhich each silicon atom isztetrahedrally bondedzto 

four carbonzatoms and each carbon atom isztetrahedrally bonded to fourzsilicon atoms. The 

differenceszamong the existing polytypes are the orientationalzsequences by whichzsuch layers 

of tetrahedra arezstacked. Successive layers ofztetrahedra may be stacked in onlyzone of two 

ways orzorientations but with manyzpossible sequential combinations, eachzof which represent a 

differentzcrystal polytype. A common systemzof nomenclature used tozdescribe thezdifferent 

crystalline polytypeszassigns a numberzcorresponding to theznumber of layers in thezunit cell 
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followed by azletter suffix designating the crystalzsymmetry; “C” forzcubic, “H” forzhexagonal 

and “R” forzrhombohedral. The most commonzSiC polytypes are the 3C, 4H, z6H, 15R andz9T. 

The cubic 3C iszcommonly referred to aszbeta silicon carbide, ȕ-SiC, whichzhas the zinc blend 

structure, whilezall other polytypes arezreferred to as alphazsilicon carbide, α-SiC. Inzgeneral, α-

SiC phasezis mainly 6H, which is azwurtzite structure. Figure 1zshows an illustrationzof the two 

major crystalzstructures, zinc blend andzwurtzite, exhibited byzthe two SiC phases. Phase 

transformationzof SiC occurs fromzȕ-SiC to α-SiC upon heating. Undopedzȕ-SiC transforms to 

6H and 15Rzabove 2000°C, withzthe 15R being azmetastable phasezthat transformszto 6H. 

Doping ȕ-SiCzwith boron lowers theztransformation temperaturezand results in thezformation of 

4H polytype. On the otherzhand, doping with nitrogenzprevents the formationzof 4H and 

stabilizes thez6H. The ȕ → α phase transformationzis irreversible underzambient atmosphere. 

However, under pureznitrogen atmosphere, the transformationzcan be reversed andzȕ-SiC phase 

can be stabilizedzup to 2500°C by applyingza nitrogen pressure. Underzatmospheric pressure, 

silicon carbidezdoes not melt when heatedzto elevated temperatures rather, itzsublimes and/or 

dissociates. Inzaddition, incongruent meltingzof SiC was reportedzat 2829°C under >500 psi 

pressurezof argon and is also possiblezwhen it is heated rapidly inzan arc-imagezfurnace at 

atmospheric pressure. 

 

 

Fig.1 SiC Crystal Structures: (a) Zinc BlendzStructure for ȕ-SiC and (b) WurtzitezStructure α-

SiC. (From:Kingeryzetzal, “Introduction tozCeramics”, 2nd., Wiley, NewzYork, 1976, p. 63) 
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2.3 Properties of SiC 

Silicon carbidezis a candidate material forvhigh temperature structuralzapplications because of 

its goodzmechanical properties, andzexcellent corrosion andzoxidation resistance.Silicon carbide 

haszbeen recognized as anzimportant material with a widezrange of industrialzapplications 

because of itszgood thermal conductivity, highzmechanical strength, andzoxidation and 

corrosion resistance. Thezvarious properties of SiliconzCarbide are given in Table1: 

 

Table1: Properties of SiliconzCarbide Ceramics (ref17) 

Physical Units SI/Metric 

Density g/cc 321 

Hardness Kg/mm
3
 2800 

Compressive Strength MPa 3900 

Elastic Modulus GPa 416 

Flexural Strength MPa 550 

Fracture Toughness MPam
1/2

 46 

Poisson’s ratio  - 0.14 

Melting Point °C 2780 

Maximum Use Temperature °C 1650 

Thermal Conductivity W/m-k 120 

Coefficient of Thermal expansion 10
-6

/ °C 4.0 

Specific Heat J/kg-k 750 

Volume Resistivity Ohm*cm 10
2
-10

6
 

 

2.4 Applications of SiC 

It is used in abrasives, refractories, zceramics, and numerous high-performancezapplications. 

The material can also be madezan Electrical Conductor and haszapplications in Resistance 

Heating, Flame Igniterszand Electronic Components. Structuralzand Wear applications are 

constantly developing. 
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2.4.1 As Abrasive 

 It is widely used as abrasive because of its hardness and low cost. It is used on grinders, energy 

powers and as abrasives material in water jet cutting and wear testing. 

2.4.2 Ball bearings and seal ring 

Silicon carbide is also used in ball bearings and seal rings due to is combination of favorable 

properties like high hardness, high elastic modulus and low density, low coefficient of thermal 

expansion, high chemical corrosion resistance etc. 

                                                                               

            

Fig2 (a) SiC ball bearings (b) SiC seal rings [19] 

2.4.3 Cutting tool applications 

Cutting tools usually mustzbe hot-pressed to achieve fullzdensity and the necessary thermal-

mechanicalzproperties. Such toolsvare cost-effective for shapingzdifficult-to-machine metals 

such as steel andzNi-based superalloys forvturbines in aerospacezapplications. For thezcutting 

tool application, onezis generally interested in thezfollowing properties of thezcomposite: 

fracture toughness, thermalzconductivity, abrasive wearzresistance, chemicalzinertness, and 

thermalzshock resistance. Duringzcutting steels with toolszof Al2O3-SiCw, damagezis 

accompanied byzwhisker toughening mechanismszand reaction mayzoccur between SiC. This 

generallyzlimits cutting of ferrous materialszto lower speeds. 

 

a b 
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Fig. 3 (a) SiC based cutting Tool inserts (b) SiC based cutting tools [19] 

2.4.4 For defence applications: 

Silicon carbide has many applications in defence. Many components like proof vests. Cobham 

armour which is used to protect main battle tanks and dragon skin are prepared by silicon 

carbide. 

 

Fig4 Bullet Proof Vests [19] 

 

 

 

 

a b 
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2.4.5 For automobile applications: 

Silicon carbide is widely used in automobiles. Automobiles parts are like brakes and clutches 

plates and diesel filters. 

           

Fig5 (a) Disk brakes (b) Clutch Plates  [18] 

2.5 SiC ceramics and their composite 

2.5.1 Effect of Alumina 

Unlu et alzreported the effect ofzalumina on the spark plasma sintering of SiC ceramics. SiC 

ceramics were prepared with the addition of alumina as sintering additive by spark plasma 

sintering at e different temperatures in the range of 1700-1800 ◦C applying two different 

pressures 40 and 80MPa under vacuum atmosphere.. The hardnesszand fracture toughnesszof the 

samples werezevaluated by the Vickers indentationztechnique. Microstructure ofzspark plasma 

sintered SiC samplesvwere characterized by usingzscanning electron microscopyvtechnique.  

 

 

 

  

 

 

a 
b 
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Fig.7. SEM imageszof fracture surfaces ofzSiC ceramics (a) at 1800 ◦C at 40 MPa, (b)1950 ◦C at 

80 MPa, (c) SiC+5 vol.% Al2O3at 1800 ◦C under at 40 MPa, (d) SiC+5 vol.% Al2O3  at 1800 

◦C at 80 MPa 

Table2 Relative density, Vickers hardness, fracture toughness of SiC ceramics with Al2O3 

Samples SPS parameters 

(°C, MPa, min.) 

Relative density 

(%) 

Vickers hardness 

(GPa) 

Fracture Toughness 

(MPa*m
1/2

) 

SiC+5vol.%Al2O3 1700,40,5 97.7 26.4 4.6±0.2 

 1800.40,5 97.8 26.9 5.8±0.5 

 1700,80,5 97.5 26.2 5.7±0.2 

 1800,80,5 98.3 28.9 5.9±0.2 

Monolithic SiC 1800,80,5 87.2 10.2 - 

 1950,80,5 99.7 31.9 3.6±0.3 

 

2.5.4 SiC-BN composites 

Seo et al. were studied SiC-BN composite which werezfabricated by conventionalzhot-pressing 

from -SiCzand h-BNzpowders withz2 vol.% Y2 O3 asza sinteringzadditive. Electrical, 

mechanical, andzthermal propertieszof SiC-BN compositeszwere investigatedzas a function of 

the BNzcontent in the startingzmaterials. The additionzof BN sup-pressed thezgrain growth of 

the SiCzand triggered thezȕ →α phase transformationzof the SiC in SiC-BNzcomposites. A 

minimumzelectrical resistivity of 3.7 × 10
−2

 _ cmzwas obtained for thezSiC-4 vol.% BN 

composite (SBN4). Thiszlow electrical resistivityzwas ascribed to N-dopingzin the SiC lattice, 

which actszas a donor for supplyingzelectrons to thezconduction band. Typicalzvalues for the 

electricalzconductivity, fractureztoughness, flexural strength, andzthermal conductivity ofzthe 

SBN4 at roomztemperature were 27 
−1

 cm
−1

 , 4.1zMPa m
1/2

 , 566 MPa, andz87 W/m K, 

respectively. ThezSiC-4 vol% BN composite canzbe electrical dischargezmachined to form 

complexzshapes. 
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Fig. 9 Typicalzmicrostructures ofzmonolithic SiCzand SiC-BNzcomposites sinteredzwith 2 

vol.% Y2 O3 : (a) zSBN0, (b) SBN4, (c) zSBN10, and (d) SBN35 

 

2.5.6 Effect of Y2O3-Al2O3Additive 

Zhang et al. studiedzwhat happens when additionzof Y2O3-Al2O3 additivezduring phase 

formation and inzdensification processzof in situ of SiC compositezhas been enquired. Thezin 

situ reactionzstarted at 1450°C when thezaddition of Y2O3-Al2O3 additivevis not there. However, 

when Y2O3-Al2O3 iszthere the reaction waszvery fast and finished after hotzpressing at 1700°C. 

During, densezmaterial withzwell-crystallized SiCzand BN grains iszobtained. Denitrification 

mechanismzis also there during thezoccurence reaction processzfor both specimenszwith or 

without Y2O3-Al2O3 Howeverzdenitrification takes placezcontinuously atzhigher temperature 

1700°C for thezspecimen without Y2O3-Al2O3 additivezand results that therezis in the nitrogen 

content. Resultszfrom this effect explainedzbased the followingzmechanism during the Y2O3-

Al2O3 additivezmakes Y-Al-Si-O liquid phase withzSilicon oxide present inzSi3N4 powder, 

promote or increasezdiffusion of the elementszof the reactants. 
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Fig10 Reaction sequences of the specimens with and without Y2O3-Al2O3 addition 

 

2.6 Processing of composite 

2.6.1 Milling of the powders 

The SiC is mixed with BN(0,5,10,35vol.%) and Y2O3(2 wt%) were milled in a jar mill in a bottle 

containing tungsten carbide balls of 10 mm diameter and filled with toluene for 24 hours. The 

weight of the balls to the weight of the powder mixture to be milled is maintained in the ratio of 

10:1. Moisture is removed from the powder by heating at 120°C for 3 hours and then sieved 

through a 45 μm sieve. 

 

2.6.1 Sintering of powders 

The conventional sintering method which requires high temperature holdings for long periods is 

unable to accomplish our requirement. So, some better processing route needs to be chosen. The 

various important sintering techniques are vacuum sintering (NS), hot isostatic pressing sintering 

(HIP), Microwave vacuum sintering (MVS), Spark plasma Sintering (SPS). The most advanced 

technique known till date for sintering ceramic powders is Spark Plasma Sintering (SPS). This 

method is adored for its unique advantages like low sintering temperature, low holding times, in-

situ cleaning of oxide surfaces obtained cleaner materials with high consolidated densities. [20]. 

This method has been used in the present work, so it is discussed at detail in following 

paragraphs. 
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Before going into the details, it is pre-requisite to understand various concerns related to the 

sintering of ultrafine cermets. The major concern is of coarsening as the conventional sintering 

techniques subject sample to high temperatures and extended holding times which results in 

unacceptable grain growth. The driving force for sintering is reduction of surface energy, either 

by reducing total surface i.e. grain growth which is undesirable or by replacing solid-vapor 

interface with solid-solid interface, the latter leads to densification. But, there is a problem that 

both these phenomena compete with one-another [21-22].     

                              

 

Fig11 (A)  Schematic showing a typical densification phenomenon. (B) Schematic showing 

coarsening phenomenon 

 

The two important points have come to light from various sintering mechanism proposed: 

i. Mechanism responsible for coarsening is surface-diffusion which is prevalent at lower 

temperatures. 

ii. Extended holding times at elevated temperatures are unable to restrict grain-growth. 

 

These two problems can be solved if we are able to use a method which has high heating rates 

plus lower holding time at lower temperature. 

This problems could be solved by using hot isostatic pressing sintering (HIP) as it has an 

inherent advantage over conventional process that is uses both pressure and temperature at the 

A B 
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same time. Pressure helps in bringing particles closer, thus helps in augmenting the mass transfer 

rate. Pressure application contributes for the increased densification kinetics via 

i. Reduced stress due to the presence of larger interagglomerate pores 

ii. Breakage of agglomerates 

iii. Pore shrinkage via plastic deformation of grains  

But, still holding temperatures are high and process is time consuming too. And one more 

concern is that the pressure requirement increases with decrease in particle size. For instance, 

pressure requirement for ultrafine powder rises to 500MPa as compared to only ~5MPa in case 

of micrometer sized powder compact.  

 

(σ = ‐2Ȗ/r)                                                                                                                   Eqn. (1) 

σ Sintering stress  

Ȗ Surface tension  

r Pore radius  

So, it can be clearly seen from the formula that as particle size goes down, requirement of 

sintering stress shoots up and in case of ultrafine cermets such stresses become so high that they 

are impractical to achieve practically.  

But, SPS don’t require such high pressure because it uses a synergetic combination of electrical 

energy and mechanical pressure. It is also called as the activated sintering as it has an inherent 

advantage of physically activating the particles by removing the contamination layer on the 

surface such that bare surface with high surface energy can actively take part in sintering. SPS 

involves three major qualities which enables it to lower the severity of the sintering conditions: 

i. Like HIP, it is a pressure assisted sintering. 

ii. It involves physical activation of the particles. 

iii. It mechanism is such that it provides local heating effect at surface of powder particles 

which helps in restricting the grain growth. 
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Fig. 12 Schematic diagram showing SPS setup[23] 

Fig. 12 shows essential parts of a SPS machine which includes a die-punch assembly containing 

powder specimen is kept between two carbon electrodes of machine. These electrodes are linked 

to electric circuit which can provide pulsed current through specimen and also they are attached 

to a hydraulic system which can apply sintering pressure. The mechanism discussed here refers 

to ref. [23]. In SPS, initially there is spark discharge between powder particles by on-off pulse 

energization. This causes high temperature ionized gas column between particles called plasma 

which generates very high temperatures such that melting and vaporization takes place at particle 

surfaces. Then there is generation of spark impact pressure and sputtering. Sputtering mechanism 

generated by spark plasma and spark impact pressure removes adsorptive gases and impurities 

existing on the surface of the mixed powder particles. Sputtered melt connects adjacent particles 

and diffusion start taking place between particles by joule heating. With repeated application of 

On-Off DC pulse voltage these points of discharge and joule heating are transferred and 

dispersed uniformly through entire specimen. Further, heating and consequent diffusion takes 

place via joule heating only. 
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Fig.13 Schematic showing various stages in SPS process[24] 

Various steps in SPS Mechanism: 

Stage 1 There is a spark discharge between the charged particles. 

Stage 2 Discharge ionizes the gas column between the powder particles, thus generating spark     

plasma. 

Stage 3 Plasma leads to very high temperature generation at particle surfaces such that 

vaporization and melting takes place on particle surface. 

Stage 4 Spark plasma leads to high pressure in between two powder particles that leads to spark 

impact pressure and sputtering of molten particles. 

Stage 5 Sputtering reveals the virgin surfaces with high surface energy that leads to necking 

between powder particles.  
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Fig. 14 Schematic diagram shows the joule heating between powder particles followed by initial 

plasma discharge.[25] 

Various advantages of SPS are 

i. Only particle surface is heated, so in absence of excess heat grain growth is 

prevented. 

ii. Heat is supplied at a place where it is needed, so, low power consumption. 

iii. Localized pulse causes enhanced diffusion, thus rapid sintering, thus preventing grain 

growth. 

iv. SPS has 200°C less temperature than many of the conventional sintering and less 

holding times (maximum 10 min) . All these conditions prevent grain growth. 

 

Despite of the advantages that SPS offers, it has some limitations also which includes limited 

shapes whish limits mass production, problem of leakage, porosity of as sintered cermets etc 
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Chapter3             Experimental Procedure 

In this chapter, experimental procedure involved in preparation, characterization and wear testing 

of sintered B4C ceramic has been explained. The chapter has been divided into six sections 

including preparation of materials, milling of the powders, spark plasma sintering, density 

measurement, hardness measurement and dry sliding wear testing. 

3.1. Preparation of the materials 

As received SiC powder has an average particle size is on microns and BN .The sintering aid 

chosen for these powder was Yttrium Oxide (Y2O3) powder. The Y2O3 powder has an average 

particle size of 1 μm. The alumina powder has a purity of 99.9%. The X-ray diffraction analysis 

is carried out for the material characterization and to found different impurities and 

stoichiometries present in the powders. 

 

3.2. Milling of the powders 

The SiC-hBN(0,5,10,35wt%) power mixtures were milled in a jar mill in a bottle containing 

tungsten carbide balls of 10 mm diameter and filled with toluene for 24 hours. The weight of the 

balls to the weight of the powder mixture to be milled is maintained in the ratio of 10:1. The 

powders were then dried in oven at temperatures of about 120
o
C with 3 hours duration and then 

sieved through a 45 μm sieve. 

 

3.3. Spark plasma sintering 

The sintering technique used in current work is spark plasma sintering (SPS-625,Fuji Electronics 

Ltd., Japan). The controlled SPS parameters are temperature, load applied and time of sintering. 

The powder was compacted in a graphite die to form a specimen of 10mm in diameter and 4mm 

in thickness. The heating rate was 100
o
C/min. holding time was 5 min. maximum temperature 

1800
 o
C, pressure was 55MPa and cooling rate was 200

 o
C/min. 
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Fig.15 Spark plasma sintering Facility 

3.4. Density calculation method 

The theoretical density of powder mixture was measured using the rule of mixtures as  

1/ρ = w1/d1 + w2/d2 + w3/d3 

where ρ is the theoretical density of composite.  

w1 weight fraction of first component.  

d1 density of first component. 

The experimental density is calculated by water immersion method based on Archimedes 

principle. The sample weight both in air and water is measured and the experimental density i.e, 

density of sintered sample is calculated using the formula stated as  

Densityexperimental = (weight ofzsample in air)/ (weightzof sample in air – weightzof sample                         

inzwater) 

The relative density is simply the ratio of experimental density to the theoretical density. 

Relative density = Densityexperimental/ Densitytheoretical 
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3.5. Hardness and fracture toughness measurement 

The hardness and fracture toughness of the polished samples were measured by Vickers 

indentation. For hardness measurement, the load applied was 0.5 kgf or 4.9N with a dwell time 

of 15 s which caused a diamond shape indentation on the samples. Both diagonals of indentation 

were identified and calculated using SEM images of the indentation and hardness is calculated 

using the Vickers indentation equation 

Hv = 1.854(P/d
2
)                                                                                      Eqn. (2) 

where Hv corresponds to Vicker’s hardness test (in Pascal), P corresponds to applied load (in 

Newton), and d is average diagonal value of indenter (in metres).The indentation load should 

result to well developed as well as stable indentation without damage or cracking around 

indentation. 

For fracture toughness a load of 3 kgf was applied for 15 s and the length of the cracks generated 

at the edges of Vickers indentation diagonals was measured. The fracture toughness (KIC) was 

determined using Anstis formula (ref) 

KIC = 0.016 (E/H)
0.5

 P/C
1.5

                 Eqn. (3) 

An elastic modulus (E) of 410 GPa for SiC and 180 GPa for BN were considered for determining 

the  elastic modulus of the SiC-BN composite by the rule of mixture. 

 

3.6. Dry Sliding Wear Testing 

The wear and friction behaviors of the composites were studied against SiC ballszusing a ball-

on-diskz (TRz201E-M2,DUCOM, India) (Fig. 3.5). Provided by manufacturer’s description SiC 

is 28 GPa respectively. Before sliding wear testing, the composites and all the balls were cleaned 

ultrasonically using acetone, then dried in  hot air stream. 

The SiC ball was not moving it should be steady when the disk was rotated (500 rpm)and its 

linear speed was 0.157 m/s) to make a track diameter of 3 mm. The schematic diagram of sliding 

wear arrangement is shown in the Fig.16 Testszwere done in ambientzconditions (27±5
0
C and 

30± 5% RH) at a singlezload of 10 N. 
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Fig.16 Ball on disk sliding wear facility 

The frictional force was recorded time to time by electroniczsensor to obtained a realztime 

coefficient ofzfriction (COF). The surface profileszof worn disk samples werezanalyzed to 

determine depth andzwidth of worn surfaces using azprofilometer (SJ 400, Mitutoyo, Japan). A 

minimumzof 10 orthogonal measurements perztrack and only three tracks forzeach sample were 

studied to findzthe average values of depthzas well as width of wearvscars. Values of depth as 

well as width were used for calculating volumetriczwear damage. (V in mm
3
). 

V = 2rwd 

where, r, w and d arevradius, width and depth ofzwear track, respectively (mm). 
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Chapter4                 Results and discussion 

4.1 Characterization of received powders 

The material characterization of as received silicon carbide (SiC) and boron nitride (BN) 

powders was carried out using the X-ray Diffraction technique. XRD was done for the 

conformation that the received powder has not any other major impurities. 

                   

Fig.17 XRD analysis of as received SiC powder. 

Fig. shows the XRD patterns for BN powder. From the XRD analysis of Boron Nitride, it was 

found that there are major peaks of hexagonal Boron Nitride.  

                     

Fig.18 XRD analysis of as received BN powder 

SEM analysis of powders indicated the size of powders is on microns and the elements presents 

are same as received powders that is for confirmation. 



22 

 

  

 

Fig.19 EDX analysis of SiC 

 

 

Fig20 EDX Analysis of BN 
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4.2 Density Calculation 

The density of sintered sample was calculated using Archimedes principle. 

Densityexp. = (weight of sample in air)/ (weight of sample in air – weight of sample                       

in water). 

Table 3 Shows the Relative Density of the different composites 

                         Composition Relative Density % 

                         SBN0 90.41 

                         SBN5 96.08 

                         SBN10 98.27 

                         SBN35 98.32 

                        SBN10 Without additive(Y2O3) 95.82 

 

4.3 Microstructural characterization of composites  

The relative densities of ȕ SiC and SiC-BN composites are shown in Table 3. All specimens 

prepared using 2 vol.% Y2O3 as a sintering additive (except SBN10) showed relative density 

even greater than 99% after Spark Plasma sintering1800 
◦
 C under applied pressure 55MPa in a 

argon atmosphere. Relative density of the composite with 35 vol.% BN (98.3%) was higher than 

the other specimens because of the impingement of BN grains in composites, resulted in the 

specimen and this leads to a limited densification. During sintering Y2 O3 reacts with the native 

Silicon oxide and B2O3, they are present on the surface of Silicon cardide and BN particles, 

respectively, to form a Yttrium boro silicate oxide melt. Again heating at high temperatures led 

to the formation of a Y-B-Si-OCN melt by diffusion of SiC, BN, and argon comes by the 

sintering atmosphere.Y-B-Si-OCN melt was responsible for the densification of the ȕ SiC and 

SiC-BN composites via liquid phase sintering (18). 
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Fig.21 SEM images of SiC ceramics with (a) 5vol. % BN with additive (b) 10vol. % BN with 

additive (c) 35vol. % BN with additive (d) 10vol. % BN without additive 

4.4 XRD analysis of composites 

XRD patterns of composites sintered with Y2O3 were compared with that of ȕ SiC ceramic 

sintered with Y2O3. No such peaks of Y2O3 attributed to the small amount (2 vol. %) of additive 

in the compositions. The ȕ SiC was composed of SiC, whereas the SiC composites consisted of 

SiC, hexagonal BN, and Silicon carbide. By adding boron helps to stabilize the hexagonal 

structure of the SiC, whereas the addition of additive and oxynitride or OCN helps to stabilize 

a a 

a a 
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the cubic structure. Therefore, the 𝛽 →α phase transformation observed in the SiC-BN 

composites in literature which result of the competition among three materials: boron, nitrogen, 

and yttria. It is well documented that inter-diffusion of the B and N atoms occurred at the 

SiC/BN iinterface (18). As the BN-derived B and N atoms diffused into the SiC lattice at the 

SiC/BN interface. 

 

Fig.22 XRD analysis of the SiC-BN composites with different BN content 

4.4 Mechanical Properties 

The estimated values of hardness and fracture toughness listed in the Table 4. The value of the 

hardness is decreased with increasing BN content. The highest value of hardness is 19.20 GPa 

for SBN10 without additive and lowest value is 15.67 GPa for SBN10. Hardness and fracture 

toughness of the composites shown in Table 4. 
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Table4 Hardness and fracture toughness of the composites 

Sample Hardness (GPa) Fracture Toughness(Mpa-m
1/2

) 

SBN5 19.20±Ͳ.Ͷ 2.33±Ͳ.ʹ 

SBN10 15.67±Ͳ.ʹ 2.70±Ͳ.ͳ 

SBN35 16.73±Ͳ.͵ 3.93±Ͳ.ʹ 

SBN10 without 

Y2O3 

17.86±Ͳ.Ͷ 2.50±Ͳ.ͳ 

 

4.4 Sliding wear of composites 

4.4.1 Frictional behavior 

The unlubricated sliding wear test subjected against SiC ball with 10N load for 45 minutes at 500 

rpm to all composites. The value of coefficient of friction is between 0.26-0.43 (see Fig.23). As 

the BN content is increased 5 to 10 vol. % the COF is decreased but for 35 vol.% it increased to 

0.26 to 0.35 and in comparison to without additive COF is also increased.  

             

Fig23 Coefficient of friction vs time for the investigated composites. 
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4.4.2 Wear Results 

Typical surface profiles of the wear scar acquired in the perpendicular direction of sliding are 

shown in Figure 24 and calculated wear volume of composites is shown in fig. 

 

 

 

 

 

 

   

 

 

 

Fig.24 Depth of wear track vs width of wear track for the investigated composites. 

From fig.24 it is observed that wear track width and wear track depth decreased from SBN5 to 

SBN35. Wear track width and wear track depth of SBN10 without Y2O3 is found 

maximum.From fig.25 Wear volume calculated of wear track decreased from 4.8 x 10
-2

 mm
3
 to 

6.4 x 10
-3

 mm
3
for SBN5 to SBN35 respectively. Maximum wear volume of 6.8 x 10

-2
 mm

3
 was 

found in case of SBN10 without Y2O3. Therefore SBN35 showed maximum wear resistance and 

SBN10 without Y2O3 showed least wear resistance. 1 order of difference in wear volume was 

found SBN35 to SBN10 without Y2O3. 
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Fig25 Shows the bar graph of wear volume of different composites 

 

4.4.3 Worn Surface Analysis 

 Worn Surface of SiC-BN composites were analyzed by SEM analysis to find mechanisms of 

material removal in this conditions of the sliding. The severity of sliding damage significantly 

decreased as the BN content increased from 5 to 35 vol.%, during sliding for longer duration of 

45 min with sliding speed of 0.1 m/sec. SEM images of composites are shown in Fig. at low 

magnification. From fig.26 observed that width of the wear scar decreased with increase in BN 

content. For example, width of the scar decreased from 506µm to 268 µm as BN content is 

increased.  
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Fig. 26 SEM images of worn surfaces of composites (a)5 vol. %BN with additive (b)10 vol.     

%BN with additive (c)35 vol. %BN with additive (d)10 vol. %BN without additive 

The least wear scar width (268 µm) is observed for SBN35 and maximum wear scar width (1300 

µm) was observed for SBN10 without additive. From fig, maximum severity of wear is observed 

in SBN10 without additive and minimum severity of wear was observed in SBN35. As we go to 

the higher magnification (5000X) for the wear surface the severity of the wear is clearly visible 

and also the fracture surface. As the BN content is increasing the wear volume is decreasing 

which is clearly shown below in given figures. To find out possible wear mechanism responsible 

for wear, higher magnification SEM images of worn surface of composites are shown in Fig.26  

b

a 

a

a 

c

a 

  
a 
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Fig27 SEM images of the wear track (a)5 vol. %BN with additive (b)10vol. %BN with  

additive (c)35vol. %BN with additive (d)10 vol. %BN without additive 

Mainly mechanical fracture of and particles pull-out were observed from Fig27.which are 

responsible for wear of composites. Particles pull-out were reduced with the increase in BN 

content from 5 vol% to 35 vol% SBN35 vol% showed high wear resistance due to have layer 

structure with mechanical fracture. This layer structure reduces the mechanical fracture and 

pullout of BN particles which is weaker phase in matrix. SBN10 vol. %BN without additive 

showed least sliding resistance against SiC counterbody due to high pull-out of weaker phase 

and severe mechanical fracture. Microstructure of fracture surface of composites is shown in 

a 

d c 

b 
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Fig. The wear characteristics can be explained from the fractured microstructures. From 

Fig.28 It is clear visible that SBN35 has less pull out and mechanical fracture than SBN5 due 

to have layer structure. In fig b and d, The additive effect of Y2O3 is observed because the 

presence of  Y2O3 in SBN10 allows mechanical fracture of grains while tearing of grains 

with severe mechanical fracture were observed in fig d.. 

  

Fig.28 SEM images of the fractured surface (a)5vol.%BN with additive (b)10vol.%BN with 

additive (c)35vol.%BN with additive (d)10vol.%BN with additive 

4.4.4 Wear analysis of debris and balls 

When the ceramics slides each other, mechanical processes like indentation, abrasion, and 

fracture produce a lots of debris particles contact area is increased by several order of magnitude. 

a b 

c d 
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In order to understand the relationship between characteristics of debris and tribological 

performance of these debris is analyzed SiC ceramics, debris particles comes from worn SiC 

ceramics surfaces were collected very carefully and analyzed by SEM. 

Fig.29 SEM images of the wear debris (a)5vol.%BN with additive (b)10vol.%BN with additive 

(c)35vol.%BN with additive (d)10vol.%BN with additive 

From the fig.28 the particle size of the wear debris is decreased as the BN content is increased 

which is also explained as from the fracture toughness is increased and hardness is decreased, 

from fig.28(d) i.e BN10 without additive which has hardness more than SBN10 or SBN35 shows 

more wear debris also it is non uniform than all others compositions. 

a b 

c d 
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Fig.30 SEM images of the wear debris (a)5vol.%BN with additive (b)10vol.%BN with additive 

(c)35vol.%BN with additive (d)10vol.%BN with additive 

 

The shape of wear scar on ball is almost oval on all counter body of respective composites 

except SBN10 without Y2O3. Because in case of SBN10 without Y2O3 wear scar changes from 

circular to oval shape. Counter body of SBN35 composites has mild abrasion with transfer of 

tribo layer  while other counter body of respective composites has abrasion on surface Counter 

a b 

c d 



34 

 

body of  SBN35 shows least wear in size and SBN10 without Y2O3 shows severe wear of 

counter body which are completely in the relevance with worn surface of composite. 
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Chapter5                 Results and discussion 

 

SiC-BN composites 0 vol.%, 5 vol% , 10 vol% and 35 vol.%BN contents ceramics formed 

by spark plasma sintering at 1800C for 5min , at 55 MPa. The effect of BN addition was 

investigated for microstructural, mechanical properties of sintered composites. The behaviour 

of sintered composites during dry sliding was investigated. The following are major 

conclusions: 

a) The density of sintered composites increased with increase in BN content. High density with 

good bonding between SiC and BN grains comes at 35vol% BN composite with the optimum 

SPS conditions. 

b) Hardness, fracture toughness is increased with BN content A combination of high 

microhardness (19.20±𝟎. 𝟒GPa), high fracture toughness (3.93±𝟎. 𝟐MPa.m
1/2

) obtained for 

SiC-35vol% BN composite. Mixture fracture of BN grains, tearing and grain pull out of SiC 

particles are observed for all SiC –BN composites. 

c) Dry sliding wear against SiC balls at 10 N load for 45 min. is done for all composites. From 

wear analysis we get the severity of wear is maximum at SBN5 than it goes on decreased at 

BN content increased among all max. at SBN10 with additive Y2O3  and mechanical fracture, 

pull-out ant transgranular fracture are observed that is maximum at SBN35 which is mixed 

type, for SBN10 with additive and without additive additive addition resist the fracture. 
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Chapter6                Scope of Future work 

 

In the present work, same load , BN content, counterbody  on tribological behaviour are 

understood in unlubricated sliding wear conditions, while the study can be extended for the 

effect of different loads, different counter bodies and also at different temperatures other 

parameters like etc: 

 

[1] Similarly, effect of test parameters and materials (BN content) on friction and wear 

properties in sliding wear with lubrication can be studied.  

[2] The erosion wear can be further studied to understand the effect of velocity of particle 

impingement and type of erodent particles in high temperature erosion conditions.  

[3] The potential of the newly developed SiC-BN composites can be further assessed by the 

studying the behaviour in other wear modes like cavitation, fretting etc.  
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