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Abstract 
 
 
 

This research provides a comprehensive investigation in understanding the 

effect of the addition of graphene nano-platelets (GNP) on the mechanical, 

tribological and biological properties of glass/ceramic composites. We investigated 

two kinds of materials namely amorphous matrices like glasses (silica, bioglass) and 

polycrystalline matrices like ceramics (alumina). The idea was to understand the 

effect of GNP on these matrices as GNP was expected to behave differently in these 

composites. Bioglass (BG) was also chosen as a matrix material to prepare BG-GNP 

composites. GNP can improve the electrical conductivity of BG which can be used 

further for bone tissue engineering applications. The effect of GNP on both electrical 

conductivity and bio-activity of BG-GNP composites was investigated in detail. 

There were three main problems for fabricating these novel nano-composites:  

1) Production of good quality graphene;  

2) Homogeneous dispersion of graphene in a glass/ceramic matrix and;  

3) Retention of the graphitic structure during high temperature processing.  

The first problem was solved by synthesising GNP using liquid phase 

exfoliation method instead of using a commercially available GNP. The prepared 

GNP were ~1 µm in length with a thickness of 3-4 layers confirmed using 

transmission electron microscopy. In order to solve the second problem various 

processing techniques were used including powder and colloidal processing routes 

along with different solvents. Processing parameters were optimised to fabricate 

glass/ceramic-GNP composite powders. Finally in order to avoid thermal 

degradation of the GNP during high temperature processing composites were 
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sintered using spark plasma sintering (SPS) technique. Fully dense composites were 

obtained without damaging GNP during the sintering process also confirmed via 

Raman spectroscopy. Finally the prepared composites were characterised for 

mechanical, tribological and biological applications.  

Interestingly fracture toughness and wear resistance of the silica nano-

composites increased with increasing concentration of GNP in the glass matrix. 

There was an improvement of ~45% in the fracture toughness and ~550% in the 

wear resistance of silica-GNP composites with the addition of 5 vol% GNP. GNP 

was found to be aligned in a direction perpendicular to the applied force in SPS. In 

contrast to amorphous materials fracture toughness and scratch resistance of 

alumina-GNP composites increased only for small loading of GNP and properties of 

the composites decreased after a critical concentration. There was an improvement of 

~40% in the fracture toughness with the addition of only 0.5 vol% GNP in the 

alumina matrix while the scratch resistance of the composite increased by ~10% in 

the micro-ductile region. Electrical conductivity of the BG-GNP composite was 

increased by ~9 orders of magnitude compared to pure BG. In vitro bioactivity tests 

performed on BG-GNP composites confirmed that the addition of GNP to BG matrix 

also improved the bioactivity of the nano-composites confirmed using XRD analysis. 

Future work should focus on understanding electrical and thermal properties of these 

novel nano-composites.     
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Chapter 1 Introduction 
 
 
 

Monolithic ceramics have attractive properties like high elastic stiffness, 

mechanical strength, stability at high temperatures, making them useful for 

biomedical, electronic, automotive, industrial, defence and space applications. 

However, monolithic ceramics tend to be brittle, mechanically unreliable and poor 

electrical conductors, which limit their use. In order to improve these properties, 

ceramic matrix composites have been developed. There has been a considerable 

amount of research reported in the literature on fibre-ceramic composites [1]. In the 

last decade it has focussed mainly on CNT reinforced glass and ceramic composites 

[2]. Authors have reported remarkable improvements in properties like hardness [3], 

toughness [4, 5], strength [6], thermal [7] and electrical [8, 9] conductivity over 

monolithic ceramics. In the case of alumina composites, Fan et al. [10] reported an 

improvement of ~100% in fracture toughness and ~20% in flexural strength with the 

addition of only 1 wt% SWNTs. Zhan et al.[11] reported an improvement of 13 

orders of magnitude in electrical conductivity with 15 vol% SWNTs.  

Graphene has similar electrical [12], mechanical [13] and thermal [14] 

properties compared to CNTs. The main advantages of using graphene over CNTs 

are a higher specific surface area [15] and less tendency to tangle, which makes it 

easier to disperse graphene into a matrix [16], whereas CNTs usually require surface 

modification [2] in order to process them. It is also relatively easy to produce, 

inexpensive and potentially is less of a health hazard compared to CNTs [17].  In 

view of these advantages and its excellent properties, incorporating graphene into 

ceramics to produce reinforced ceramic composites has great potential. 
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 Graphene may find use in various applications including sensors [18], ultra 

capacitors [19], liquid crystal displays [20], organic light emitting diodes [21], solar 

cells [22], and polymer [23-26] and ceramic [27] composites. In polymers there has 

been a considerable amount of research on graphene composites [28], which have 

low electrical percolation thresholds (0.1 vol%) [23] and good mechanical properties 

and thermal conductivity [29]. Research on Graphene Ceramic Matrix Composites 

(GCMC), although quite promising, is still quite limited and unexploited.   

 Present work focuses on understanding the effects of GNP on mechanical, 

tribological and biological properties of glass/ceramic composites. The thesis is 

divided into three parts: 1) Silica composites (amorphous matrix); 2) Alumina 

composites (polycrystalline matrix); and 3) Bioglass composites (bio-materials). 

Each part focusses on processing, fabrication and characterisation of the nano-

composites. The thesis is organised as follows; Chapter 2 is the literature review and 

provides details about production, processing and properties of graphene-

glass/ceramic composites. Chapter 3 contains details about the synthesis of GNP, 

materials used and characterisation techniques. Chapter 4-6 provides details about 

the silica composites. Chapter 3 is focussed on the optimisation of the processing 

conditions for preparing silica-GNP composites while Chapter 5 and 6 provide 

details about mechanical and tribological properties of the composites. Chapter 7 

provides details about fabrication and mechanical properties while Chapter 8 

focusses on the scratch resistance behaviour of alumina nano-composites. Chapter 9 

describes processing, electrical properties and bioactivity of bioglass nano-

composites. Finally a summary of the thesis and prospects of future work are 

provided in Chapter 10.          
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Chapter 2 Review of graphene-ceramic 

matrix composites 
 
 
 

2.1 Introduction 

  

The main purpose of this literature survey is to give a comprehensive picture of 

the current state of the art on graphene ceramic composites. The review includes: 

synthesis of graphene (section 2.2); fabrication and consolidation methods for 

preparation of GCMC (sections 2.3 and 2.4); structural, functional and biological 

properties (sections 2.5, 2.6 and 2.7); and future research trends (section 2.8).  The 

content of the review is outlined in Figure 2.1. 

 

 

 

Figure 2.1 Illustrates the topics covered in the review. 
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2.2 Production of Graphene-Ceramic Composite 

 
 

2.2.1 Graphene Synthesis 

In the papers published on graphene ceramic composites, the main challenge 

has been to produce good quality graphene. So far three methods have mainly been 

used to produce graphene using commercially available graphite. One relies on 

preparing graphene from graphite by breaking it using high energy milling while 

mixed with the ceramic matrix powder. In the second method graphite is oxidised 

using Hummer’s method and then dispersed in a solvent using mild sonication to 

produce graphene oxide (GO). Third method uses ultrasonic energy to remove layers 

of graphite and produce graphene in a polar solvent. All methods use top down 

approaches and require overcoming the cohesive forces between the graphitic planes 

in order to produce graphene from graphite. The details of the methods used for 

graphene synthesis is described in sections 2.2.1.1, 2.2.1.2 and 2.2.1.3.  

 

2.2.1.1 In situ synthesis using high energy milling 

In the work of Fan et al. [15] they synthesized graphene with a ceramic 

powder by planetary milling for long durations. They used commercially available 

expandable graphite (160–50 N, Grafguard, USA) and heated it to 1000 
o
C for 60 

seconds under a nitrogen atmosphere. This sudden heating allowed the graphite to 

expand in the direction perpendicular to the plane direction (i.e., c-axis direction) 

making it easier to be exfoliated during planetary milling. After this the expanded 

graphite powder was mixed with Al2O3 powder using planetary ball milling for 30 

hours using N-methyl-pyrrolidone (NMP) as the dispersing media.  

Tapasztó et al. [30] used a similar method with a Si3N4 matrix. Using a high 

efficiency union process type attritor mill for 3 hours they produced graphene from 
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expanded graphite in a Si3N4 matrix. They reported producing graphene with lateral 

dimensions of a few microns and thickness of a few nanometres (1-30 layers). Kun 

et al. [31] have compared the mechanical properties (bending strength, elastic 

modulus) of graphene composites produced by mechanical milling with 

commercially available exfoliated graphite nano-platelets (5-8 nm). They found that 

in situ produced graphene produced composites with better mechanical properties as 

compared to the commercial material. They used high efficiency attritor milling at 

600 rpm for 30 min for mixing Si3N4 powder with the graphene using ethanol as the 

dispersing media. Figure 2.2 a) illustrates the production of graphene using 

planetary ball milling, which involves mechanical exfoliation produced by the shear 

stresses generated during ball-ball contacts [15]. 

In work done by Ting et al. [16], they showed the effect of ball milling time 

on the synthesis of graphene using a planetary ball mill with Al2O3 powder. They 

used a rotation speed of 250 rpm with a powder to ball ratio of 1:30 and rotation 

times ranging from 10-30 hours.  They reported that after 10 hours of ball milling the 

majority of the graphite sheets were not broken and some exfoliation of graphene 

occurred. With further increment of the milling time, the sizes of the graphite sheets 

were reduced and thinning was observed. However, long ball milling times lead to 

crumpling and rolling of the graphene sheets which results in damaging of the 

graphene flakes.  They reported producing 3-4 nm thick graphene sheets after 30 

hours of milling. Figure 2.2 b) shows a TEM image of the alumina-graphene 

powder mixture milled for 30 hours; the graphene flakes are 3-4 nm in thickness.   

 



Chapter 2 
 

6 
 

 

 

Figure 2.2 a) Production of Graphene Nano-sheets from graphite flakes during ball 

milling with arrows indicating direction of shear stress; and b) HRTEM image of 

Al2O3-5vol% C powder mixture milled for 30hour. Adapted from references [15, 16] 

respectively. 

 

2.2.1.2 Graphene from Graphitic Oxide (Modified Hummer’s Method) 

To produce graphitic oxide using modified Hummer’s method, commercially 

available graphite powder is treated with Sodium Nitrate (NaNO3), Sulphuric acid 

(H2SO4) and Potassium Permanganate (KMNO4) at 0
o
C for 2 hours. After stirring 

the mixture for 30 min at room temperature, distilled water is slowly added while 

maintaining the temperature below 98 
o
C for 3 hours. The mixture is subsequently 

treated with hydrogen peroxide (H2O2) followed by filtering and washing with 

distilled water. After dispersing the mixture in distilled water and ultasonicating for 

15 minutes, the dispersion is centrifuged and stable supernatant containing GO is 

collected[32-34]. Figure 2.3 a) illustrates the typical chemical structure of GO 

produced by hummer’s method [32, 34]. The obtained GO can be used with 

hydrophilic solvents to prepare ceramic graphene composites. Generally, GO 

prepared using this method forms colloids stable in water, contains negative surface 
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charge, is ~1 nm thick and electrically insulating. Figure 2.3 b) is an AFM image of 

exfoliated GO with 1nm thickness [34, 35]. The electrical conductivity of GO can be 

partially restored by chemical reduction [36]. Reduction of GO to graphene can be 

characterized using Raman spectroscopy as shown in Figure 2.3 c) pristine graphite, 

displays only a G band mainly due to stretching of sp2 bonds [37], while the Raman 

spectrum of GO has the G band and an additional D band corresponding to reduction 

in size of the in plane sp2 domains due to oxidation. Raman spectra of reduced GO 

also contain D and G band, the increased ID/IG ratio is due to decrease in the average 

size of the sp2 domain upon reduction [35]. 

 

 

 

Figure 2.3 a) Typical chemical structure of GO produced by Hummer’s Method;  b) 

AFM image of exfoliated GO sheets in non-contact mode; c) Raman spectra of 

Graphite (top), GO (middle) and Reduced GO (bottom). Adapted from references 

[32, 34, 35]. 
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Similarly, Wang et al. [38] produced graphitic oxide suspensions using 

modified Hummer’s method followed by ultrasonication. The suspension was mixed 

with alumina powder using a colloidal processing route. GO was reduced to 

graphene using hydrazine monohydrate at 60 
o
C for 24 hours. 

 Walker et al. [27] used rapid thermal expansion (>2000 
o
C/min) of graphite 

oxide to produce graphene. They were able to produce 3-4 layer graphene with 

average thickness of less than 2 nm.  Because of the thermal shock the majority of 

the oxygen moieties were expelled, converting GO to graphene, as verified by 

elemental analysis. 

In general, producing graphene from graphitic oxide is a two-step process, in step 

one graphitic oxide is exfoliated to obtain GO using different mechanical or thermal 

methods and in step two GO is converted to graphene using different chemicals 

including hydrazine, sodium boro-hydride, hydroquinone or by thermal treatment in 

a reducing atmosphere [33].  

The major problems associated with both mechanical milling and hummer’s 

method to synthesise graphene are: 1) In-situ production of graphene using high 

energy milling method has lack of control over the quality. This method produces 

unexfoliated graphite crystallites in the ceramic matrix and graphene flakes with 

various size and thicknesses, which in turn can negatively affect the properties of 

graphene ceramic composites. 2) Hummer’s method damages the graphene flakes by 

oxidation, which produces a lot of structural defects, degrading the physical 

properties compared to those of pure graphene. Also, it has been reported that the 

electrical conductivity of reduced GO is much lower than that of pristine graphene 

because significant amounts of oxygen is still present in the reduced GO, which was 
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confirmed by elemental analysis [34]. It should be noted that although authors have 

reported using graphene/GO of various thicknesses, most of the present work reports 

using graphene/GO with lateral dimensions of 200 nm to few micrometres. In order 

to prepare high quality GCMC we need to solve these problems using methods that 

have better control over the structural and chemical quality of graphene.  

 

2.2.1.3 Liquid phase exfoliation (Graphene from graphite flakes using 

ultrasonic energy) 

The main problem associated with producing graphene using high energy ball 

milling is we do not have proper control over the quality of graphene flakes. When 

using high energy ball milling method we end up with thick non exfoliated graphite 

flakes which can influence the properties of the composites. While in the case of 

Hummer’s method we use strong acids to oxidise graphite which in turn damages the 

graphene sheets and thus influences its properties. In order to solve these problems 

authors have used liquid phase exfoliation method. Liquid phase exfoliation can 

produce good quality graphene flakes without the use of strong acids and we can 

remove the unexfoliated graphite by centrifugation thus solving both problems 

associated with previous described methods.  

Liquid phase exfoliation uses the idea of ultrasonic energy to separate the 

graphite flakes layer by layer. In a typical setup for producing graphene using liquid 

phase exfoliation method graphite flakes are added to a polar solvent (NMP, DMF) 

and the suspension is sonicated using sonic tip or sonic bath for long times (24 

hours). With the use of sonic energy the layers of graphene are separated from the 

bulk graphite while solvent stops the restacking of graphene layers by covering the 

graphene flakes. The choice of solvent plays a critical role in achieving good 
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exfoliation. According to Coleman [39], if the surface energy of solvent matches the 

surface energy of graphite we get better exfoliation of graphite in the solvent to 

produce graphene. After exfoliation the prepared suspension is centrifuged to 

separate the unexfoliated graphite flakes and the top supernatant which contains the 

good quality graphene is collected. Typically the length of graphene flakes produced 

using liquid phase exfoliation ranges from 0.2 to 4 µm while the thickness varies 

from 1-10 layers. Figure 2.4 a) shows the change in concentration of graphene with 

sonication time. As the sonication time increases more graphene flakes are exfoliated 

from graphite and thus the concentration of the suspension increases. For longer 

sonication times the concentration of the suspensions starts decreasing probably due 

to oxidative degradation of solvent [40]. Figure 2.4 b) shows the TEM image of 

graphene produced using liquid phase exfoliation method.  It is also possible to 

separate the graphene flakes produced using liquid phase exfoliation according to 

their size distribution. Khan et al. [41] separated the graphene according to various 

sizes by centrifuging graphene suspension at various centrifugation speeds ranging 

from 4000-500 rpm with higher centrifugation rates resulting in smaller flakes and 

vice versa.            
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Figure 2.4 a) Change in concentration of graphene with sonication time; and 

b) TEM images showing graphene flakes produced using liquid phase exfoliation 

method [40]. 

 

2.3 Graphene Dispersions in the Ceramic Matrix 

 
 

Another challenge associated with preparing GCMC is to develop processing 

routes that produce good dispersion of graphene in the ceramic matrix. The quality 

of the graphene dispersion in a ceramic matrix significantly affects the final 

properties of the composite.  There has been a considerable amount of work done 

with CNTs in the past decade to produce well dispersed ceramic composites [5, 8, 9, 

42, 43].  As graphene shares a similar chemical structure with CNTs, it is possible to 

use CNTs as a reference in terms of processing conditions to produce well dispersed 

graphene ceramic composites. The advantage of graphene over CNTs is related to 

their better processesability because of the high specific surface area and the 2D 

geometry of graphene flakes [16]. 

According to the papers published in the field of GCMC, researchers have mainly 

used either “powder processing” or “colloidal processing” to produce well dispersed 
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composites. Both of these techniques will be discussed in detail in sections 2.3.1.1 

and 2.3.1.2. The physical principle behind these techniques consist of breaking the 

graphene agglomerates by applying shear forces, either by using high energy milling 

or ultrasonic probes. Graphene surface engineering either by direct functionalization 

or by using surfactants allows the preparation of stable dispersions as demonstrated 

in the case of CNTs. This is a new field, and there is a lot of scope for further 

research to investigate scalable and environmentally friendly processing routes for 

preparing well dispersed GCMCs. 

 

2.3.1 Graphene-Ceramic Composite Processing Methods 

2.3.1.1 Powder Processing 

Powder processing has been very commonly used for the processing of 

ceramic-CNTs composites [44] with different matrices, including alumina [45], 

zirconia [46], silicon nitride [47], silica [8] and boro-silicate glass [48]. This 

technique has produced mixed results for ceramic-CNTs composites depending on 

the matrix used. In this technique the filler material is first de-agglomerated using 

various methods including ultrasonication and then mixed with the ceramic powder 

in a solvent, using conventional ball milling or high energy ball milling to produce 

slurries of well dispersed ceramic composites. In the research reported so far, 

researchers were able to produce GCMC with alumina [15] and silicon nitride [30] 

matrices. In their work they had used NMP/ethanol as the dispersing media with 

either planetary or attritor ball milling, with the milling time ranging from 3-30 

hours, and reported producing well dispersed graphene-ceramic composites.  As 

graphene, is easier to process compared to CNTs, powder processing is a promising 

method to produce well dispersed composites. In a work by Tapasztó et al. [49] they 
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produced silicon nitride-SWCNTs, MWCNTs and few layer graphene composites 

using attritor milling and compared the quality of the dispersion of the carbon nano-

materials using the same processing method. They used small angle neutron 

scattering experiments and SEM to confirm the quality of the dispersions and found 

that graphene can be more efficiently dispersed in the ceramic matrix compared to 

CNTs. Figures 2.5 a) and 2.5 b) are SEM images of fractured surfaces of graphene-

Si3N4 (1 wt % and 3 wt %) samples, produced by powder processing. Arrows in the 

figure show the location of embedded graphene[31]. Michálková et al. [50] 

compared the homogenisation of graphene nanoplatelet in silicon nitride matrix 

using various methods including attritor milling, ball milling or planetary ball 

milling and found that best results were obtained for composites prepared using 

planetary ball milling although all the composites prepared showed a decrease in 

mechanical properties compared to pure silicon nitride.  

 

2.3.1.2 Colloidal Processing  

Colloidal processing is a technique for producing ceramic suspensions on the 

basis of colloidal chemistry. This technique is used to prepare graphene-ceramic 

mixtures by combining colloidal suspensions of graphene and ceramic powders. 

Typically, the same solvent is preferred for both the materials in order to provide a 

uniform dispersing medium while mixing.  The suspensions prepared are mixed 

slowly by magnetic stirring/ultrasonication in order to favour uniform distribution of 

the graphene into the matrix.  

Colloidal processing also requires surface modification of both the graphene 

and the matrix powder; this can be achieved either by direct functionalization (i.e. 

oxidation) or by using surfactants which generate same/opposite electric charges. 
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Modification generally involves generating opposite electric charges between the 

ceramic particles and the graphene, and the process is commonly known as hetero-

coagulation. According to the literature hetero-coagulation has been demonstrated to 

be a very effective route for producing well dispersed ceramic-CNTs composites [5, 

51].  

Wang et al. [38] employed hetero-coagulation to produce well dispersed 

graphene-alumina composites. In their work a suspension of GO was prepared by 

ultrasonication in water. Separately, they also produced an alumina suspension in 

water by sonication for 30 minutes. Finally, well dispersed graphene-alumina 

composites were achieved by adding GO drop wise to the alumina suspension under 

magnetic stirring conditions.  

Walker et al. [27] successfully produced well dispersed graphene-Si3N4 

composites with different concentrations using a colloidal processing route. In their 

work they used cetyl trimethyl ammonium bromide (CTAB) as a cationic surfactant 

to produce positive charges on both the ceramic and graphene surfaces. It is worth 

noting that in order to produce good dispersion using a surfactant system the 

concentration of surfactant should be above a critical micelle concentration. They 

used 1 wt% of CTAB to disperse both graphene and Si3N4 and developed an 

electrostatic repulsive forces on the surfaces of the materials to obtain good 

dispersion of graphene in the Si3N4 matrix. Figure 2.5 illustrates c) low and 2.5 d) 

high resolution SEM images of exfoliated graphene platelets mixed with Si3N4 

particles after colloidal processing [27]. The images clearly indicate that Si3N4 

particles are well dispersed over the surface area of the graphene platelets.  

In interesting work by Rincón et al. [52, 53], they used tape casting to 

produce alumina (A), alumina-3YTZP (AZ), alumina-3YTZP-GO (2 vol%) (AZGO) 
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multilayer laminate composites. Firstly they optimised the processing conditions for 

preparing stable colloidal suspensions of A, AZ and AZGO in DI water using poly 

acrylic acid as the deflocculant. After preparing stable suspensions the rheological 

properties of A, AZ and AZGO were optimised. In order to get uniform dispersions 

without large agglomerates they sonicated the prepared suspensions and also 

optimised the sonication time. Finally the suspensions with the best rheological 

properties were tape caste after adding acrylic latex emulsion for tape casting. They 

conducted the tape casting on Mylar film for A, AZ and AZGO suspensions and the 

produced tapes were left to dry at room temperature for 24 hours. In the second step 

three kinds of alternating layers of laminates were produced: 1) layers of A-AZ, 2) 

AZ-AZGO and 3) A-AZ-AZGO. They punched the tapes of A, AZ and AZGO in 20 

mm discs and the discs were laminated applying small pressure and using a few 

drops of water as the gluing agent. Symmetric laminates with 9 layers were obtained. 

Finally the prepared laminates were sintered in SPS at 1400 
o
C. In this work they 

demonstrate the possibility of making multilayer laminates using the tape casting 

method.                     

 

2.3.1.3 Sol-Gel Processing 

Sol gel processing is another route for producing graphene glass/ceramic 

composites. This method basically requires creating a precursor that can undergo 

condensation to produce a green body with well dispersed graphene. In this 

technique, first a stable suspension of well dispersed graphene is prepared to which 

TMOS (tetra methyl ortho silicate) is added and the suspension is sonicated to obtain 

a uniformly dispersed sol. To initiate gelation, a catalyst such as acidic water is 

added which promotes hydrolysis and composite gels are formed after condensation 
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at room temperature. This technique is mainly used for creating silica nano 

composites. There are a number of reports in the literature on preparing well 

dispersed CNT-silica composites using the sol gel method [54, 55]. 

In work reported by Watcharotone et al. [29], they used the sol-gel technique 

to prepare graphene-silica films that can be used as transparent conductors. In their 

work they prepared GO using modified Hummer’s method that was then exfoliated 

in a mixture of water-ethanol to prepare a stable GO suspension. Subsequently 

TMOS, a silicate precursor, was added to the above suspension to create a very 

stable GO containing sol that can be stored for several days. Instead of preparing 

gels from these sols, thin transparent films were prepared by spin coating on 

borosilicate glass or silicon. The solvent was evaporated from the prepared films, 

which were further treated in a reducing environment of hydrazine mono hydrate, 

which reduced the GO to graphene sheets. Figure 2.5 e) and 2.5 f) are SEM images 

of 6.6 wt% graphene-silica composite films produced by sol-gel processing. Arrows 

in the images indicate the edges of the graphene sheet.  

Other than preparing composite films, the sol-gel technique has been used to 

prepare graphene composites for various applications including sensors [56], 

electrode materials for solar cells [57], Li-ion batteries [58] and catalysts [59, 60]. 

For example Zeng et al. [56] used this technique to prepare SiO2 coated GO 

composites for electro chemical sensing of dopamine. Similarly, Cheng et al. [57] 

used an organic sol-gel process to produce graphene aerogels to produce highly 

efficient counter electrode material for dye sensitized solar cells. Yang et al. [58] 

used a template free sol-gel route to produce 3D porous graphene-LiFePO4 hybrid 

cathodes with enhanced efficiency for Li-ion batteries.        
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The advantages of using sol-gel processing are that it can be used to obtain 

transparent and mechanically stable films and bulk materials. Because the technique 

requires liquid precursors it is easy to prepare doped materials or well dispersed 

composites by dissolving or suspending materials in a liquid phase [54].  

 

 

Figure 2.5 SEM images of: (a) fractured surfaces of Graphene-Si3N4 (1 wt %) 

sample; and (b) Graphene-Si3N4 (3 wt %) sample produced by powder processing; 

(c) and (d) Images after colloidal processing of Graphene-Si3N4 showing decorated 

graphene flakes with well dispersed Si3N4 particles; (e) and (f) GO-Silica (6.6 wt%) 

composite films produced using sol-gel processing. Adapted from references [27, 29, 

31] respectively. 
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2.3.1.4 Molecular Level Mixing 

 In order to have better control over the microstructure and properties of 

ceramic-graphene composites authors have tried to control the processing of 

graphene and ceramic particles at the molecular level. In molecular level processing 

authors use functionalised graphene in a solvent and mixed it with a ceramic salt that 

can be converted to ceramic particles by heat treatment or other processing methods. 

By doing this they can coat the graphene with ceramic particles at the molecular 

level. This type of processing has two advantages: 1) it ensures good dispersion of 

graphene in the ceramic matrix; and 2) it provides better interfacial bonding between 

graphene and ceramic particles at the molecular level. This type of method has been 

used in the past for fabricating Copper-CNTs composites [61].        

 In interesting work by Lee et al. [62], they used a molecular mixing process 

to produce alumina-reduced (r) GO composites with different GO loading. In their 

work, a GO suspension was produced using distilled water as the solvent and the 

alumina precursor salt (Al(NO3)3.9H2O) was added to this suspension followed by 

12 h magnetic stirring. After mixing, the solution was vaporised at 100 
o
C and the 

dried powders were oxidised at 350 
o
C in air to produce alumina particles from 

precursor salt. The powders were further planetary ball milled for 12 h and well 

dispersed alumina-rGO powders were collected. Figure 2.6 shows a schematic for 

producing alumina-rGO composite powders using molecular mixing. Aluminium 

(Al) nitrate is thermally decomposed in to Al ions while hydroxyl and carboxylic 

groups present on the surface of GO react with Al ions at the molecular level 

resulting in heterogeneous nucleation of Al ions on to GO surface. The coating of Al 

ions on to the surface of GO avoids the agglomeration of GO flakes. In the final step 

water is removed resulting in the formation of alumina coated GO powders.     
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Figure 2.6 Schematic showing the fabrication of alumina-rGO powders using 

molecular mixing method [62]. 

   

2.3.1.5 Polymer Derived Ceramics  

Polymer derived ceramics (PDC) is a processing route for producing ceramic 

fibres, layers or composite materials that are difficult to produce using conventional 

powder technology. Typically preceramic polymers (polysilazanes, polysiloxanes, 

and polycarbosilanes) are processed and shaped using conventional polymer-forming 

techniques such as polymer infiltration pyrolysis (PIP), injection molding, coating 

from solvent, extrusion, or resin transfer molding (RTM). After processing, PDCs 

are synthesized by direct thermal decomposition of preceramic polymer precursors, 

which can be either in liquid form, melt form or as an organic precursor. Other than 

producing unconventionally shaped ceramic components and devices, PDCs in 

general exhibit enhanced thermo-mechanical properties, high chemical durability, 

high creep resistance and low sintering temperatures [63].      

They also have advantages over other techniques like sol gel as they do not 

have any drying problems that hamper the possibility of fabricating bulk 

components, do not need long processing times for gelation and drying, do not 

require flammable solvents, can be processed in the molten state and their solutions 

are stable with time [63, 64].  
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The PDC technique is particularly suitable for fabrication of ceramic nano-

composites because the desired dispersion of nano-filler (CNTs, graphene) is 

relatively easy to produce in liquid phase precursors just prior to pyrolysis. It is also 

possible to control the interface of ceramic and nano-filler by either functionalizing 

the surface of the nano-filler or modifying the chemistry of the precursors, or both.  

In the last decade the PDC technique has been used to produce CNTs-ceramic 

composites with enhanced mechanical and functional properties[65, 66] for various 

applications including laser thermal detectors [67], and anode material for Li-ion 

batteries [68].  

Ji et al. [69] used the PDC technique to produce graphene nano sheet (GNS) 

and silicon oxycarbide (SiOC) composites to be used as anode material for Li-Ion 

batteries. GNS and SiOC composites were fabricated by dispersing the GO powder 

into a polysiloxane (PSO) precursor liquid followed by crosslinking and pyrolysis at 

1000 
o
C in argon for 1 hour, reducing GO to GNS and PSO to SiOC. Composites 

with up to 30 wt% loading were fabricated using this technique. They found that the 

discharging capacity of GNS-SiOC composite was higher than the graphite reference 

and SiOC monolithic. Both initial discharge capacity and reversible capacity 

increased linearly with increasing concentration of GNS in the SiOC matrix. 

 

2.4 Sintering Techniques  

 
 

Conventional sintering technique, such as, pressureless sintering require 

relatively long processing times and high temperature to prepare dense materials, 

both factors results in grain growth and simultaneous degradation of the nano-fillers 

(i.e. graphene, CNTs) in ceramic composites [70]. In order to avoid these problems 
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for ceramic graphene composites, novel sintering techniques are being exploited 

with the aim of both lowering the sintering temperature and shortening the dwell 

times. Apart from conventional sintering, Hot Pressing (HP) and Hot Isostatic 

Pressing (HIP) allow sintering of ceramics at lower temperatures by the application 

of pressure, while other sintering techniques, such as, Spark Plasma Sintering (SPS) 

and microwave sintering, involve the use of electromagnetic fields to obtain high 

heating rates in order to decrease the sintering temperature and dwell times. 

 

2.4.1 Spark Plasma Sintering (SPS) 

In terms of sintering carbon containing composites like graphene or CNTs 

ceramic composites, reducing the sintering temperature and time is critical in order 

to avoid degradation. Degradation of carbon nanotubes during conventional sintering 

has been reported in the literature [3, 70-75] due to the relatively long sintering time 

(2-10 hours) and high temperatures involved (> 800 
o
C) in the sintering process. In 

order to avoid these problems, rapid sintering techniques such as Spark Plasma 

Sintering (SPS) have been used to sinter GCMC. SPS is a pressure and electric field 

assisted sintering technique. The technique uses joule heating of the sample powder, 

punch and die, to generate very high heating rates (few hundred 
o
C/min) [76]. 

Pressure as high as 1 GPa [77] can also be applied to the samples in order to sinter 

them quickly (3-10 minutes) and at relatively low temperatures. This minimizes any 

degradation of the nano-filler and grain growth. SPS is useful for investigating the 

sintering behaviour of ceramic composites with nano-fillers because it can rapidly 

achieve isothermal conditions, enabling densification to be studied over a wide range 

of densities [78, 79].  Milsom et al. reported a significant decrease in the sintering 

activation energy for the Y2O3 partially stabilised zirconia with the addition of CNTs 
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above the percolation threshold. The lower activation energy is attributed to the 

intrinsic effect of the carbon nano-filler. Other advantage of using SPS for sintering 

of ceramic-graphene composites is in-situ reduction of GO and alignment of 

graphene in the ceramic matrix. The high temperature and reducing environment of 

SPS results in the in-situ reduction of GO to graphene in a single step without the 

need of additional methods to reduce GO [80]. Alignment of graphene has been 

observed in a direction perpendicular to the applied pressure during SPS. The main 

reason for the alignment in the case of graphene compared to CNTs is the 

morphology of the graphene flakes. Since graphene is a two dimensional material 

during sintering when pressure is applied it tends to align naturally in a direction 

perpendicular to the applied pressure. Centeno et al. [80] used Raman spectroscopy 

to confirm the alignment of graphene in an alumina matrix. They did Raman scans 

on the surface of graphene-alumina composites in both the parallel and perpendicular 

directions to the applied pressure during SPS and found that the ID/IG ratio for 

graphene was different in both cases. ID/IG ratio on the sample surface perpendicular 

to the pressing direction was higher (ID/IG = 1.13) than the ID/IG ratio on the sample 

surface parallel to the pressing direction (ID/IG = 0.83). Figure 2.7 shows the Raman 

spectra of graphene-alumina composites taken in two different directions. The ID/IG 

ratio in the Raman spectra is a measure of defects in graphene. In the case of 

graphene, the edges of the graphene flakes contribute to the high ID peak intensity. 

Since graphene is aligned in a direction perpendicular to the applied pressure in SPS 

we see fewer edges when we do the Raman spectra on graphene alumina composite 

surface parallel to the pressing direction and more edges in the case of composite 

surface perpendicular to the pressing direction.        
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Figure 2.7 Raman spectra of graphene-alumina composites taken in two 

different orientations: a) perpendicular; and b) parallel to the pressing direction in 

SPS [80]. 

 

2.5 Mechanical Properties and Possible Toughening Mechanisms 

 
 

Table 2.1 summarizes the mechanical properties of graphene ceramic composites 

reported in the literature. Several authors have reported an improvement in 

mechanical properties (with special attention on the fracture toughness) with the 

addition of graphene to a ceramic matrix.  
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Table 2.1 Mechanical Properties of Graphene-Ceramic composites as reported in 

literature. 

Matrix 

material 

 

 

Nano-filler 

Type 

Nano-

filler 

content 

Processing 

Route/ 

Consolidation 

Method 

 

Relative 

Density 

(%) 

Investigated 

properties (%) shows 

improvement in 

properties compared 

to monolith 

Si3N4 [27] Reduced GO 

 (thermally) 

1.5 

vol% 

Colloidal/SPS  99.6 % Fracture Toughness 

(VI): 6.6 MPa m
1/2

 

(235%). 

Si3N4 [30] Milled 

graphene 

sheets 

3 wt% Powder/HIP - Fracture Toughness 

(Nihara-formula):  

3.6 MPa m
½
. 

Hardness (HV10): 14.3 

GPa. 

Bending strength, 4 

point: 654 MPa.  

Bending strength, 3 

point: 900 MPa. 

Young’s modulus: 245 

GPa.  

10-50% less decrease in 

properties compared to 

MWNTs composites.  

Si3N4 [81]  Exfoliated 

graphite 

sheets 

3 wt% Powder/ 

HIP and SPS 

- Fracture Toughness 

(VI):  

4.29 MPa m
1/2

 (HIP), 

3.24 MPa m
½ 

(SPS). 

Hardness (HV): 12.6 

GPa (HIP) and  

17.37 GPa (SPS).   

Young’s Modulus: 214 

GPa (HIP),  

227 GPa (SPS). 

Si3N4 [31] Milled, 

commercially 

available 

graphene 

platelets and 

1 and 3 

wt% 

Powder/HIP  ~98 % Bending Strength: 643 

MPa-1 wt% and  

452 MPa-3 wt %, 4 

point. 

Elastic Modulus: 239 
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*multilayer 

graphene 

GPa-1 wt% and  

188 GPa-3 wt %. 

 

Si3N4 [82] Exfoliated 

graphite, 

nano 

graphene and 

*multilayer 

graphene 

platelets  

1 wt% Powder/HIP - Fracture Toughness 

(VI): 9.92 MPa m
1/2

 

(45%) 

Hardness (HV): 16.38 

GPa (7%) 

 

Al2O3 [38] Reduced GO 

(chemically) 

2 wt% Colloidal/SPS  96 % Fracture Toughness 

(SENB):  

5.21 MPa m
1/2

 (53%). 

Zirconia 

toughened 

alumina (ZTA) 

[83] 

Graphene 

platelet 

0.8 

vol% 

Powder/SPS 98 % Fracture Toughness 

(SENB):  

9.05 MPa m
1/2

 (40%). 

Al2O3 [84] Graphene 

platelet 

0.38 

vol% 

Powder/SPS  99.5 % Flexural Strength: 523 

MPa (30%) 

Fracture Toughness: 

4.49 MPa m
1/2 

(27%) 

Hardness (HV): 17.6 

GPa (-2%) 

Al2O3 [80]   Reduced GO 

(in-situ SPS) 

0.22  

wt% 

Colloidal/SPS 99% Fracture Toughness 

(SENB):  

5.1 MPa m
1/2

 (50%). 

Fracture Strength: 630 

MPa (80%) 

TaC [85] Graphene 

nano 

platelets 

5 vol% Powder/SPS 98.8% Fracture Toughness 

(VI): 11.1 MPa m
1/2

 

(99%). 

Nano Hardness: 20.6 

GPa (-27%) 

Elastic Modulus: 490 

GPa (-10%) 

Grain size: 1.4 µm (-

70%)  

 

Si3N4 [86] Exfoliated 

graphite, 

1 wt% Powder/GPS - Fracture Toughness 

(VI): 8.5 MPa m
1/2
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nano 

graphene and 

*multilayer 

graphene 

platelets  

(35%) 

 

CaSiO3 

scaffolds [87] 

Graphene 0.5 

wt% 

Powder/SLS - Fracture Toughness 

(VI): 1.73 MPa m
1/2

 

(46%) 

Compressive Strength: 

42.4 MPa (142%)  

Compressive Modulus: 

160.7 MPa (37%)  

Al2O3 [88] Graphene 

nano sheets 

0.1, 0.2 

wt% 

Powder/HIP 99% Fracture Toughness 

(SENB):  

6.6 MPa m
1/2

 (44%). 

Bending Strength: 542 

MPa (30%) 

Al2O3 [89] Un-oxidised 

graphene, 

GO, reduced 

GO 

0.25 

vol% 

Colloidal/Pressure 

less sintering 

- Fracture Toughness 

(SENB):  

4.72 MPa m
1/2

 (48%). 

Flexural Strength: 424 

MPa (28%) 

Wear Rate: 2.12x10
-4

 

mm
3
/N.m (95%) 

Al2O3 [62] Reduced GO 3 vol% Molecular Level 

Mixing/SPS 

- Fracture Toughness 

(VI): 10.5 MPa m
1/2

 

(130%) 

Hardness (HV): 22.5 

GPa (13%) 

Flexural Strength: 424 

MPa (22%) 

SiO2 [90] Reduced GO 10 

vol% 

Solgel/SPS 98.9% Fracture Toughness 

(VI): 3.56 MPa m
1/2

 

(50%) 

Hardness (HV): 6.30 

GPa (-30%) 

Elastic Modulus: 44.5 

GPa (-35%) 

CaSiO3 [91] Reduced GO 1 wt% Hydrothermal/HIP 94% Fracture Toughness 

(VI): 2.76 MPa m
1/2
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(123%) 

Hardness (HV): 4.54 

GPa (40%) 

Elastic Modulus: 115 

GPa (52%) 

Hydroxyapatite 

[92] 

Reduced GO 1 wt% Colloidal/SPS - Fracture Toughness 

(VI): 3.94 MPa m
1/2

 

(203%) 

Hardness (HV): 4.3 

GPa (26%) 

Elastic Modulus: ~150 

GPa (48%) 

Hydroxyapatite 

Coating [93] 

Reduced GO 1 wt% Vacuum Cold 

Spray 

- Fracture Toughness 

(VI): 0.42 MPa m
1/2

 

(280%) 

Hardness (HV): 0.22 

GPa (30%) 

Elastic Modulus: 4.25 

GPa (40%) 

Hydroxyapatite 

[94] 

Graphene 

Nano Sheets 

0.5 

wt% 

Colloidal/SPS - Bending Strength: 96 

MPa (12%) 

 

VI- Vickers Indentation                                                                                                                                                                                 

SENB- Single Edge Notch Beam                                                                                                                                                                                

SPS- Spark Plasma Sintering                                                                                                                                                                                       

HIP- Hot Isostatic Pressing                                                                                                                                                                              

GPS- Gas Pressure Sintering                                                                                                                                                                           

SLS- Selective Laser Sintering                                                                                                                                                                              

*Mechanical properties reported in table for multilayer graphene composites. 

 

Researchers have mainly used two techniques to measure the fracture 

toughness: Vickers Indentation fracture toughness (VI); and Single Edge Notched 

Beam (SENB). Vickers indentation is the most commonly used technique. Although 

the VI technique has advantages in terms of ease of use [2, 95], it should be noted 

that it does not provide absolute values for fracture toughness because it measures 

the toughness of the material locally in the sample under a complex stress field [96, 
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97]. Whereas the SENB method gives the fracture toughness values for the bulk 

under mode І crack opening [98]. Therefore it is recommended to use the SENB 

method if absolute fracture toughness values are required. The VI method can be 

used for simply comparing the fracture toughness and behaviour of different 

materials. Most authors have used the VI method due to the limited availability of 

samples, and calculated fracture toughness using Anstis’ equation [99]. 

         

KIC = 0.16 (E/H) 
½
 (P/co 

3/2
)                         (2.1) 

 

Where, E is the modulus of the composites, H is the measured hardness, P is the 

applied load and co is the radical crack length.     

 

In recent work by Walker et al. [27], they reported an improvement of 

~235% in fracture toughness with only a 1.5 vol% loading of graphene in a Si3N4 

matrix measured using VI method. The graphene appeared to be wrapped or 

anchored around the Si3N4 grains and formed a continuous network along the grain 

boundaries. They reported some unexpected toughening mechanism for these 

composites. Cracks were not able to propagate through the graphene walls and were 

arrested. Graphene blocked the in plane propagation of cracks, therefore forcing 

cracks to deviate around the graphene sheets. This kind of toughening mechanism is 

new compared to what has previously been observed for particulate, CNT and fibre-

reinforced ceramic materials. 

In work by Tapaszto et al. [30], they compared the mechanical properties of 

CNT and graphene-Si3N4 composites for 3 wt% loading. According to them 

graphene was easy to process and disperse compared to CNTs, which resulted in 
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better mechanical properties. There was an enhancement of 10-50% in the 

mechanical properties (fracture toughness, hardness, bending strength, Youngs 

modulus) for graphene composites compared to CNT composites with the same 

loading, although the overall properties for both composites decreased compared to 

monolithic Si3N4. Figure 2.8 shows different mechanical properties of few layer 

graphene and CNT reinforced silicon nitride composites prepared under the same 

experimental conditions [30].  In other work by the same authors [81] they compared 

the mechanical properties of reinforced Si3N4 composites processed by different 

sintering techniques such as Hot Isostatic Pressing (HIP) at 1700 
o
C/ 20 MPa/ 3 

hours and Spark Plasma Sintering (SPS) at 1650 
o
C/ 50-100 MPa/ 3-5 minutes. They 

found composites prepared by the different sintering techniques possessed different 

structural and mechanical properties. For example composites prepared using SPS 

consisted of alpha Si3N4 and were therefore stiffer and harder, whereas composites 

prepared using HIP had elongated β Si3N4 grains and were tougher [81].     

 

Figure 2.8 Mechanical properties of few layer graphene (FLG) and CNTs reinforced 

silicon nitride composites. Adapted from reference [30]. 
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Kun et al. [31] prepared 1 and 3 wt% graphene-silicon nitride composites 

using HIP. They compared the bending strength and elastic modulus of composites 

reinforced with different types of graphene, namely multilayer graphene (MLG) with 

thickness of 14 nm, commercially available exfoliated graphite nano-platelets 

(xGnP) with thickness of 5-8 nm and graphene platelets with thickness of 10-20 nm. 

They found graphene platelets induced porosity in the samples. As a result of this the 

elastic modulus and bending strength both decreased with increasing amount of 

graphene. Better results were obtained for multi layer graphene compared to 

graphene nano platelets and graphene platelets (Table 2.1). In a similar work, 

Kvetkova et al. [82] prepared 1 wt% graphene-silicon nitride composites with 

different graphene nano-fillers. They used multilayer graphene prepared by 

mechanical milling and commercially available graphene nano platelets. They 

fabricated silicon-nitride nano composites using HIP. Unlike Kun et al., they 

reported an improvement in fracture toughness for all the composites using the VI 

method. There was a reinforcement of ~45% in fracture toughness for multilayer 

graphene composite. They observed various toughening mechanisms, including 

crack bridging, crack branching and crack deflection. However, the hardness of all 

the composites was lower than the pure silicon-nitride material except for the 

multilayer graphene composite. The decreased hardness was attributed to increased 

residual porosity, whereas less porosity and smaller grain size explained the higher 

hardness of multi layer graphene composite. In another work by the same group they 

compared the effect of different sintering techniques on the mechanical properties of 

silicon nitirde nano-composites prepared with different kinds of graphene flakes. 

They compared HIP to Gas Pressure Sintering (GPS) technique and found that nano-

composites prepared using GPS showed less improvement in fracture toughness and 
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hardness values compared to HIP method. Although similar to their previous work 

best results were obtained for composites prepared with multi layer graphene [86]. In 

another similar work on silicon nitride matrix Dusza et al. [100] prepared graphene 

(1wt%)-silicon nitride composites with different size graphene flakes including multi 

layer graphene (0.5–3 µm), exfoliated graphene platelets (1-25 µm) and nano-

graphene platelets (0.5-5 µm). According to them the best results for fracture 

toughness were obtained for the composites with the smallest graphene size i.e. 

silicon nitirde-multi layer graphene composites. They reported an improvement of 

45% in the fracture toughness.          

Figure 2.9 illustrates the various mechanisms of crack toughening involved 

in GCMC: Fig. 2.9 a) shows a radical crack produced by indentation in graphene-

Si3N4 composites, and crack bridging by graphene is apparent; b) shows the three 

main mechanisms of toughening including graphene sheet pullout, crack bridging 

and crack deflection in graphene-silicon nitride composites [27]; c) crack branching 

in 1 wt% graphene platelet-silicon nitride composites [82]; and d) graphene pull out 

from multi layer graphene reinforced ZTA nano-composites [83].  
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Figure 2.9 SEM images showing various mechanism of crack propagation (a) 

radical cracks (inset) crack bridging mechanism; (b) graphene pull out, crack 

deflection and crack bridging; (c) crack branching; and (d) graphene pull out 

mechanism of crack propagation. Adapted from references [27, 81, 82] respectively. 

 

Wange et al. [38] used colloidal processing to produce well dispersed 

graphene-alumina composites. They reported a reinforcement of ~53% (SENB 

method) with a 2 wt% loading of graphene. They reported various toughening 

mechanism, including nano-sheet pull out and bridging. They observed that the 

addition of graphene in the alumina matrix resulted in  grain size refinement. The 

grain size of pure alumina was 1000 nm, while the grain size of composites was 500 
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nm. This is similar to the effect of CNTs, Inam et al. [79, 101] reported inhibition of 

grain growth by CNTs in an alumina matrix.  

Liu et al. [83] prepared graphene platelet reinforced zirconia toughened 

alumina (ZTA) nano composites using SPS. The fracture toughness of their material, 

measured by SENB method, resulted in an increment of ~40% for only 0.8 vol % 

loading of graphene. They also observed toughening mechanism such as pull-out, 

bridging and crack deflection on fractured surfaces with graphene trapped and 

anchored in between grain boundaries. 

Kim et al. [89] reported improvements in fracture toughness, flexural strength 

and wear resistance of unoxidised graphene-alumina composites. In their work they 

compared the mechanical properties of unoxidised graphene composites with GO 

and reduced GO composites and found that best results were obtained for unoxidised 

graphene-alumina composites. The improvement in mechanical properties was 

related to less defect concentration in the case of unoxidised graphene flake. They 

reported an improvement of ~48% in fracture toughness, ~28% in flexural strength 

and ~95% in wear resistance of the composites. Crack bridging was considered as 

the main toughening mechanism. The amount of graphene loading (~0.5 vol%) 

required for achieving such reinforcement in mechanical properties (fracture 

toughness, flexural strength, wear resistance) of the alumina composites was much 

smaller when compared to CNTs (~1-10 vol%) and whiskers (>10 vol%) 

reinforcements. They also compared the effect of graphene size (~100, 20 and 10 

µm) on the fracture toughness of graphene-alumina composites and found that best 

results were obtained for graphene flakes with lateral size of ~20 µm. Very big 

graphene flakes (~100 µm) produced structural defects in alumina nano-composites 
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while in the case of smaller flakes (~10 µm) the crack bridging toughening 

mechanism appeared to be less dominant.        

In a fiber reinforced ceramic, the strength of the ceramic depends on the 

interface between the ceramic and fiber material. Once a crack is initiated and 

propagated, load is transferred from the ceramic matix to the fiber in the way of a 

crack. If the interface between the fiber and the ceramic is weak the fiber remains 

intact and the crack is deflected, and if the interface is too strong the crack penetrates 

through the fiber and the composite is brittle, just like a monolithic ceramic. Similar 

to fibre reinforced composites, a crack can propagate in three ways in graphene 

reinforced ceramic matrix composites i.e. singly deflected crack, doubly deflected 

crack and penetrating crack, (Figure 2.10).  However, the crack propagation 

behaviour can be different in graphene ceramic composites compared to fibre 

reinforced composites. In the case of strong bonding between graphene and the 

ceramic matrix, the high strength and increased contact area of graphene does not 

allow a crack to propagate through the graphene and in order for the crack to 

propagate it has to take more tortuous route, as shown in Figure 2.10 f). Moreover, 

the force required to pull out a graphene sheet is expected to be higher than that 

required to pull out a nano-fiber because of its larger specific surface area and the 

wrapping/anchoring of graphene around ceramic grains. Also, the relatively large 

size of graphene flakes provides a lengthy deflection path. These properties 

contribute to the toughness of graphene ceramic composites and make graphene a 

good reinforcement [83]. It should be noted that the interface between graphene and 

ceramic plays an important role in deciding the mechanical properties of the GCMC. 

It may be more sensible to use graphene with carbides (eg. B4C, SiC) and GO with 



Chapter 2 
 

35 
 

oxides (eg. Al2O3 and ZrO2) to obtain better interfacial bonding and to obtain better 

mechanical properties, although further research on this topic is needed.  

 

 

 

Figure 2.10 A schematic of toughening mechanism in composites with micro and 

nano scale ceramic matrix. Adapted from reference [82]. 

 

Ramirez et al. [102] explained the toughening in graphene nano platelet 

(GNP)/GO-silicon nitirde composites by using a well known model for 

reinforcement in ceramic composites by whiskers/fibers. In order to explain this they 

made a few assumptions: 1) GNP/GO platelets are aligned in a direction 

perpendicular to the pressing direction in SPS, this assumption is supported by many 

experimental observations [80]. 2) Graphene fillers in the ceramic matrix are in 

residual tension because of the mismatch in thermal expansion coefficient values of  

graphene fillers and silicon nitride. 3) Since nanofillers are in residual tension in the 

silicon nitride matrix contribution in fracture toughening due to GNP/GO pullout 

was not considered. Although they did not consider the contribution to toughening 

due to GNP/GO pullout in their model, their assumption is a bit contradictory to the 
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experimental evidence, as many authors have reported improvement in fracture 

toughness due to GNP/GO pullout [27].  

The improvement in toughness due to the failure of the filler in the wake 

zone was calculated using equation 2.2 [102] and compared to the experimental data 

for GNP/GO-silicon nitride composites. 

 

             (2.2) 

 

where, f is the filler volume fraction, S is the strength of the filler, R is the 

filler radius, EF is the fiber elastic modulus, eT is the misfit strain and Γi is the 

interface fracture energy. The λi coefficients depend on the filler volume fraction and 

the ratio between the fiber and matrix elastic modulus. The first term in equation 2.2 

is related to toughening due to crack bridging while the second term is associated 

with debond surface energy. The experimental toughness data was converted to 

critical strain energy release rate (Gc) using the expression GI = KI
2
/E’ (E’ = E/1-v

2
) 

and compared to data plotted using equation 2.2. The best fittings for the 

experimental data were obtained by using strength (S) values for GNP and reduced 

GO of 20 and 40 GPa repectively which seems contradictory because strength of 

GNP should be higher than GO since GO were damaged during oxidation. Authors 

found a good corelation between experimental and theoretical data for GNP 

composites, where as some divergence in data was observed for reduced GO 

composites with filler loading >4 vol%. In the case of GNP composites, the 
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divergence in the data was observed at 7 vol% loading. For high graphene loading 

because of the overlapping of the interface crack propagation happens through the 

overlaping interfaces of graphene fillers and hence crack bridging becomes a less 

dominant toughening mechanism leading to a discrepency in the theoretical and 

expermental data for high GNP loading. They explained crack bridging to be the the 

main dominant toughening mechanism in the case of GNP/GO-silicon nitride 

composites. For high loading of graphene nano-fillers, the crack briding model 

becomes invalid because of the formation of a three dimensional inter connected 

network of GNP which controls the failure of the composites.       

 

2.5.1 Tribological Properties 

The tribological properties of ceramics are very important for a variety of 

engineering applications. Although the majority of the work on graphene-ceramic 

composites has reported improvement in mechanical properties (fracture toughness, 

strength, hardness, elastic modulus), some authors have also investigated the friction 

and wear properties of the graphene-ceramic composites. Since, carbon is considered 

a very good lubricant, the tribological properties of graphene-ceramic composites are 

expected to be better compared to pure ceramics. Authors have mainly used ball on 

disc appratus to study the tribological properties (friction and wear rate) of graphene-

ceramic composites. The wear rate (W) is usually calculated using equation 2.3 

while coefficient of friction is recorded during the experiment 

 

                                 W = V/ L. Fp (mm
3
/mN)                                     (2.3) 
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where, W is the specific wear rate, V is the worn volume, L is the sliding 

distance and Fp is the loading force during the experiment. 

Hvizdos et al. [103] measured the tribological properties of graphene nano 

platelet-silicon nitiride composites (1 and 3 wt%) composites using the ball on disk 

method with silicon nitride ball as the counter part for a sliding distance of 300 m. 

They studied the effect of four different kinds of GNP on the tribological properties 

of GNP-silicon nitride composites. No significant change in coefficient of friction 

was observed for all the composites suggesting graphene was nicely embedded in the 

silicon nitride matrix and did not take part in the lubrication process. In the case of 

the wear resistance, no significant change was observed for 1wt% GNP-silicon 

nitride composites while there was an improvement of 60% for composites with 3 

wt% GNP loading. Also when comparing different kinds of GNP they found larger 

size GNP showed better wear properties. They also compared the GNP-silicon 

nitride composites to CNTs-silicon nitride composites and found GNP composites 

were more wear resistant compared to CNT composites for the same nano-filler 

loading. The improvement in wear properties was related to the improvement in 

mechanical properties of the nano-composites with GNP addition. The group also 

extended their work on GNP-silicon nitirde composites to understand the tribological 

properties at high temperatures (300, 500 and 700 
o
C) [104]. They found for 3 wt% 

GNP-silicon nitride composite both the coefficient of friction and wear rate 

increased with increasing temperature. In the case of pure silicon nitride and 1 wt% 

GNP composites, the coefficient of friction and wear rate first decreases at 300 and 

500 
o
C and then increases again at 700 

o
C. The decrease in wear rate at 300 and 500 

o
C was associated with the formation of an oxide layer in silicon nitride composites. 

The final wear rate at 700 
o
C was high for all of the composites and improvement in 
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wear properties was observed at room temperature only for GNP-silicon nitride 

composites. 

In another study on silicon nitride matrix composites, Belmonte et al. [105] 

used ball on disc method and different loads (50, 100 and 200 N) to understand the 

tribological properties of GNP (3 wt%)-silicon nitride composites. They found that 

coefficient of friction was higher for the nano-composites at lower loads and 

decreased with increasing loads. The coefficient of friction of GNP-silicon ntirde 

composite was 11% lower than pure silicon nitride for a 200 N load, while wear of 

the material was lower in the case of GNP composites. Similar to coefficient of 

friction, the difference between the wear properties was more marked for composites 

tested at higher loads. There was an overall decrease of 56% in the wear rate of 

GNP-silicon nitride composites tested at 200 N loads. They also found that wear of 

counter part material decreased when tested against nano-composites, suggesting 

increase in lifetime of counter part materials.  

Li et al. [106] prepared GNP reinforced zirconia coatings and investigated the 

tribological properties of the composite coatings with ball on disc method for 

different loads (10, 50 and 100 N). They also prepared pure zirconia and zirconia-

graphite coatings for comparison. Similar to Belomonte et al., they observed that 

both the coefficient of friction and wear rate of the GNP composite films decreased 

with increasing load. The best results for tribological properties were obtained for 

GNP-zirconia films compared to pure zirconia and graphite-zirconia films for all 

loadings. They reported a reduction of 29% in the coefficient of friction and 50% in 

the wear rate of GNP-zirconia compared to pure zirconia coatings.                 
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2.6 Functional Properties and Percolation Threshold 

 
 

Because of the remarkable in plane electrical (10
7
 S m

-1
) [36] and thermal (5300 

W mK
-1

) [14] conductivities of graphene, some researchers have investigated the 

functional properties of GCMCs. Table 2.2 summarizes the electrical and thermal 

properties of GCMC reported in the literature so far.  

 

Table 2.2 Overview of the functional properties of Graphene-ceramic composites as 

reported in literature. 

Matrix 

material 

 

 

Nano-

filler 

Type 

Nano-

filler 

content 

Processing 

routes/ 

Consolidation 

Method 

 

Temperature 

Measurement 

Investigated properties 

(%) shows increase in 

properties compared to 

unloaded ceramics 

Al2O3 [15] Milled 

graphene 

platelet 

0-15 vol% Powder/SPS Room Temp. 

2-300 K for 

3.5 and 4 

vol% 

Percolation Threshold: 3 

vol%.  

Electrical conductivity: 

5709 S m
-1

 for 15 vol%. 

Al2O3 [38] Reduced 

GO  

 

2 wt% Colloidal/SPS Room Temp. Electrical conductivity: 

172 S m
-1

,  

13 orders magnitude 

higher than Pure alumina.  

Al2O3 

[107] 

Reduced 

GO  

 

0- 2.35 

vol% 

Colloidal/SPS Room Temp. Percolation Threshold: 

0.38 vol%. 

Electrical conductivity: 

1000 S m
-1

 for 2.35 vol%. 

Si3N4 

[108] 

GNP 12 and 15 

wt% 

Powder + 

Colloidal /SPS 

Room Temp. Percolation Threshold > 

4.4 vol%. 

Si3N4 

[109] 

GNP 4-25 vol% Powder + 

Colloidal /SPS  

Room Temp. Percolation Threshold: 7-

9 vol%. 

Electrical Conductivity: 

40 S m
-1

. 

Al2O3 [80] Reduced 0- 0.45 Colloidal/SPS Room Temp Percolation Threshold: 
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GO wt% 0.22 wt%. 

Electrical Resistivity: 9 

and 81 Ω.cm 

(perpendicular and 

parallel to pressing 

direction in SPS 

respectively) 

8 orders of magnitude 

lower than pure alumina 

SiC [110] In-situ 

Few Layer 

Graphene  

4 vol% Powder/SPS Room Temp. Electrical Conductivity: 

102 S m
-1

. 

Si3N4 

[111] 

Reduced 

GO 

7 vol% Powder/SPS Room Temp. Electrical Conductivity: 7 

S m
-1

. 

13 orders of magnitude 

higher than pure silicon 

nitride. 

ZrO2 

[112] 

Reduced 

GO 

4.1 vol% Colloidal/SPS Room Temp. Percolation Threshold: 

2.5 vol%. 

Electrical Conductivity: 

1.2 X 10
4
 S m

-1
.  

>14 orders of magnitude 

higher than pure zirconia. 

Thermal Diffusivity: 1.1 

mm
2
/s (12%). 

Si3N4 

[113] 

GNP 4.3-24.4 

vol% 

Powder/SPS Room Temp. 

320-1073 K 

for through-

thickness 

direction 

Thermal Conductivity:  

40 W mK
-1

 (100%). 

Si3N4 

[114] 

GNP 10 wt% Powder/HIP Room Temp. Thermal Conductivity:  

Perpendicular to pressing 

direction 60 W mK
-1

 

(200%). 

Parallel to pressing 

direction 21 W mK
-1

 (-

21%). 
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According to percolation theory, the macroscopic properties of a material 

(such as electrical conductivity) changes with nano-filler loading at a critical 

percolation threshold due to the formation of a continuous network structure. This 

change in property can be related to the change in concentration of nano-filler by the 

following scaling law: 

 

σc = σo (ϕ - ϕc)
t 
   for ϕ > ϕc                (2.4) 

 

where, σc and σo are the conductivity of the composite material and conducting 

component (nano-filler), respectively. ϕ is the volume fraction of graphene and ϕc is 

the critical volume fraction or percolation threshold and t is the fitting constant 

which represents the dimensionality of the system.    

The percolation threshold for GCMC was studied for the first time by Fan et 

al. [15], in which they prepared composites with 0-15 vol% graphene loading in an 

Al2O3 matrix. The percolation threshold for the composites was around 3 vol%. The 

electrical conductivity of the composites increased with increasing amount of 

graphene as shown in Figure 2.11, and reached a value of 5709 S m
-1

 for 15 vol%. 

This is 170% higher than the previously best reported result for alumina-CNTs 

composites [11]. They also studied the temperature dependence of electrical 

conductivity in the temperature range of 2-300 K and found that the composites 

behaved as semi-metals.   
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Figure 2.11 Change in electrical conductivity of graphene-alumina composites with 

increasing conc. of graphene with threshold value at 3 vol%. Adapted from reference 

[15]. 

 

In a more recent work by Fan et al. [107] they used colloidal processing to 

prepare well dispersed GO and alumina composite powders. GO was reduced to 

graphene thermally during SPS processing. They reported a threshold value of 0.38 

vol%, which is much lower than their previously reported value of 3 vol%. It is also 

lower than the best reported value of 0.64 vol% for CNTs-MgAl2O4 [75] composites. 

This improvement was attributed to good dispersion and the high quality of the 

graphene used, but their method for measuring graphene volume content in the 

alumina matrix is not well established. In order to measure the net graphene volume 

after sintering of the composites, they loaded a certain amount of GO in a graphite 

die and processed it in SPS under the same conditions used for the graphene-alumina 

composites. They found that only 35% of the amount of GO was left after sintering 
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in SPS and therefore used this calculation to estimate the net graphene content in the 

graphene-alumina composites. They reported an electrical conductivity of 1000 S m
-

1
 for only 2.35 vol% loading of graphene. More interestingly, they reported that the 

Hall coefficient reversed it sign from positive to negative with increasing 

concentration of graphene, revealing a change in the major charge carrier. They also 

confirmed this effect by thermo power measurements, where the value of Seebeck 

coefficient changed from positive to negative. The intrinsic charge carrier type for a 

graphene film should be electrons as chemically reduced and annealed GO films 

have semi-metallic characteristics. The reason for the positive Hall coefficient was 

considered to be due to doping of the graphene by the alumina matrix. It has been 

reported that the substrate can influence the properties of graphene. In the case of 

graphene-alumina composites, due to mismatch in coefficient of thermal expansion, 

graphene expands during cooling while alumina contracts. It was suggested that this 

generates high pressure and very firm contact between alumina and graphene. Also, 

in an environment of low oxygen partial pressure at high temperature, oxygen 

vacancies and aluminium interstitials are promoted as the main point defects. These 

positively charged defects act as electron acceptor and make graphene hole doped. 

They explain the positive value of hall coefficient due to this doping affect. This 

changed to negative value when the concentration and thickness of the graphene 

increased. This phenomenon is very unique and has not been reported for other 

composites. In some other work with an alumina matrix, Wang et al. [38] reported a 

conductivity of 172 S m
-1

 for a 2 wt% loading of graphene. 

Ramirez et al. [108] used conductive scanning force microscopy to 

investigate the electrical conductivities of 12 and 15 wt% graphene nano platelets-

silicon nitride composites above their percolation threshold. As confirmed by current 
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maps obtained for parallel and perpendicular orientation, they reported the 

preferential orientation of graphene platelets in the ceramic matrix of materials 

prepared by SPS. In other recent research by the same group, also with a silicon 

nitride matrix [109], they prepared composites with a loading of up to 20 vol%, and 

reported an electrical conductivity of 40 S m
-1

. They confirmed the preferred 

orientation of the graphene platelets in silicon nitride matrix from electrical 

conductivity measurements. In the direction perpendicular to the SPS pressing axis 

the electrical conductivity was one order of magnitude higher than in the parallel 

direction. They reported a percolation threshold of 7-9 vol% depending on the 

conductivity measuring direction. Also, different mechanisms of charge transport 

were reported for the different directions. The variable range hopping mechanism for 

charge transport was dominant in the perpendicular direction; while in the parallel 

direction it was attributed to a complex behaviour with a metallic type transition. 

Inam et al. [115] used the change in the electrical conductivity values of the 

alumina nano-composites prepared using various carbon nano-fillers (CNTs, GNP 

and Carbon black) to quantify the damage to alumina matrix with indentation. They 

found that the electrical conductivity of alumina-CNTs composites showed a 

decrease in 86% after indentation compared to 69% and 27% decrease in electrical 

conductivity values in the case of GNP and carbon black respectively. Although 

GNP showed reasonable sensitivity, CNTs were more sensitive to material damage 

because of their fibrous nature and high electrical conductivity. This novel approach 

can be used for damage sensing applications. In another work by the same group 

they analysed the thermal stability of GNP (3 vol%)-alumina nano-composites [116]. 

They prepared composites using SPS and HIP with different dwell times (10-60 

minutes) and compared their electrical conductivities. They found that for longer 
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dwell times (60 minutes) the electrical conductivity values were higher compared to 

composites sintered using short dwell times (10-20 minutes) for both SPS and HIP. 

The increase in electrical conductivity was attributed to increased graphitisation at 

high temperatures for longer dwell times which was lacking in composites prepared 

using short dwell times.        

Research on thermal conductivity of GCMC was carried by Miranzo et al. [113], 

in which they compared the thermal conductivities of CNTs and graphene platelets 

reinforced silicon nitride composites. They prepared composites ranging from 0.9 to 

8.6 vol% for CNTs and 4.3 to 24.4 vol% for graphene platelets. They reported that 

the addition of both carbon nanostructures leads to anisotropic thermal response, 

decreasing the through thickness thermal conductivity of silicon nitride composites 

and increasing the in plane conductivity. In the case of graphene platelets 

composites, the thermal conductivity in the in plane direction increased twice as 

compared to the pure silicon nitride matrix. This effect was attributed to the 

preferential orientation of graphene platelets after SPS in the ceramic matrix leading 

to a more conductive network in the in plane direction of thermal conductivity. 

Similar anisotropy in thermal conductivity of GNP-silicon nitride composites was 

reported by Rutkowski et al. [114].   

It should be noted the functional properties of the GCMC depend not only on the 

quality of graphene dispersion in the ceramic matrix but also on the surface 

functionalization. GO or reduced graphene is reported to have poor electrical and 

thermal properties as compared to pure graphene due to defects induced during 

functionalization [34, 117]. Similarly the oxidation and degradation of graphene 

during high temperature processing can also affect the properties of GCMC as 
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reported in case of CNTs [70]. A detailed study is needed to understand these topics 

and may be of interest to other researchers for future work.    

 

2.7 Bioactivity 

 
 

The main problem associated with bio-materials (Calcium silicate (CS), 

Hydroxyapatite (HA), Bioglass) is they have poor mechanical properties which 

limits their applications in bio-medical fields [118]. Authors have used second phase 

reinforcements (ceramics, polymers, metals) to improve the mechanical properties of 

bio-materials but these second phase fillers do not show enough bio-compatibility to 

be used for bio-medical applications [119-121]. Recently it has been shown by 

Conroy et al. [122] that graphene films produced by CVD and Liquid phase 

exfoliation method are bio compatible. They reported no detectable change in cell 

morphology or attachment of cells during the bio-compatibility testing of graphene 

films for a 72 hour incubation period. Since graphene has very good mechanical, 

electrical and thermal properties along with biocompatibility, authors have used 

graphene as a second phase nano-filler to improve simultaneously the mechanical 

and biological properties of graphene-bio material composites.  

Mehrali et al. [91] produced reduced GO-CS composites with various loading of 

reduced GO (0.25, 0.5, 0.75, 1 and 1.5 wt%) and reported an improvement in 

mechanical properties of CS nano-composites (Table 2.1). Other than improving the 

mechanical properties, the addition of reduced GO resulted in the improvement of 

bioactivity of CS composites compared to pure CS. They reported a thicker HA layer 

formation on the surface of nano-composites compared to pure CS after Simulated 

Body Fluid (SBF) test. Also the introduction of reduced GO into the CS matrix 
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stimulated the human osteoblast cells proliferation and significantly increased the 

alkaline phosphate activity of human osteoblast cells compared with pure CS 

ceramics. Similarly improvement in bioactivity of chitosan, silica and HA with 

incorporation of graphene or reduced GO has been reported by other authors [92, 

123, 124].  

Interestingly not all authors reported an improvement in bioactivity of graphene-

bio-material composites. Zhu et al. compared the bioactivity of graphene nanosheet-

HA and MWCNTs-HA composites. They reported a decrease in osteoblast cell 

adhesion and proliferation in the case of graphene nanosheet-HA composites 

compared to pure HA. On the other hand, the addition of MWCNTs to HA increased 

the bioactivity of HA composites. They suggested the dimensions and morphology 

of graphene to be the main reasons for reduced bioactivity in graphene nanosheet-

HA composites, resulting in reduced osteoblast adhesion and proliferation on 

graphene surface of several micrometres.          

 

2.8 Future work and Conclusion 

 
 

This review presents the current state of knowledge of the synthesis of graphene 

and the processing and properties of GCMCs. It is clear that graphene has 

considerable potential as filler for ceramic matrices. This is confirmed by significant 

improvement in mechanical, tribological, electrical, thermal and biological 

properties reported in a number of publications.  

Various mechanism of structural reinforcement has been identified in GCMCs. 

They can be differentiated from the ones occurring in CMCs containing CNTs.  

Uniaxial-pressure assisted sintering such as SPS results in a preferential alignment of 



Chapter 2 
 

49 
 

graphene in the ceramic matrix, leading to highly anisotropic properties. The 

orientation of nano-filler in composites prepared using SPS has not been reported for 

CNT-ceramic composites. The reported work shows that thinner graphene flakes 

improves various properties of GCMCs.  

 Work on graphene ceramic composites is in its early stages and there is still 

considerable work that needs to be done in order to optimise their processing, 

microstructure and interfacial properties. There is great potential to produce 

multifunctional materials with a completely new window of thermo physical 

properties for a wide range of applications. 

Present research provides a comprehensive investigation in understanding the 

effect of the addition of graphene nano-platelets (GNP) on the mechanical, 

tribological and biological properties of glass/ceramic composites. We investigated 

two kinds of materials namely amorphous matrices like glasses (silica, bioglass) and 

polycrystalline matrices like ceramics (alumina). The idea was to understand the 

effect of GNP on these matrices as GNP was expected to behave differently in these 

composites. Bioglass (BG) was also chosen as a matrix material to prepare BG-GNP 

composites. GNP can improve the electrical conductivity of BG which can be used 

further for bone tissue engineering applications. The effect of GNP on both electrical 

conductivity and bio-activity of BG-GNP composites was investigated in detail. 
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Chapter 3 Experimental Details 
 
 
 

3.1 Materials Used 

  

This section provided the details about the materials used in this study. 

 

3.1.1 Graphene 

Graphene was synthesized using a liquid phase exfoliation method from 

graphite flakes, natural, 10 mesh (Alfa Aesar, Purity 99.9%, Size 1mm, MP > 2660 

o
C, Figure 3.1 (a)). The whole process was carried out in 2 cycles because of 

oxidative degradation of n-methyl pyrrolidone (NMP) after the 1
st
 cycle of 

sonication [125]. Briefly, 10 g of graphite was mixed with 100 ml of NMP (Sigma-

Aldrich). The sample was sonicated (CV33 flat probe sonic tip, 50 W, 25 KHz) for 

10 hours in an ice bath and filtered using vacuum filtration. In the 2
nd

 cycle filtered 

graphite was washed twice with fresh NMP and again re-dispersed in 100 ml of fresh 

NMP. The prepared suspension was sonicated for 10 hours using the sonic tip in an 

ice bath. After the 2
nd

 cycle of sonication, the sample was filtered using vacuum 

filtration. The prepared graphene was washed twice with DMF (Sigma-Aldrich) to 

remove the traces of NMP.  

The prepared graphene was then re-dispersed (Branson-5510 sonic bath) in 

fresh DMF. To remove the un-exfoliated graphite, the suspension was centrifuged 

(Centurion Scientific) at 500 rpm for 45 minutes. The top 80% of the supernatant 

was separated by pipet after centrifugation [40, 41]. The produced suspension was 
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very stable with a yield of 4 to 8 wt% and showed very small sedimentation after a 

period of 90 days.    

Figure 3.2 shows the typical setup used for preparing graphene suspensions. 

Figure 3.2 a) image shows ultrasonic probe. Ultrasonication was done at amplitude 

of 25% with 5 second on and 1 sec off pulsing. Figure 3.2 b) Vacuum filtration 

setup used and Figure 3.2 c) centrifugation machine used. The centrifugation 

machine was used at 500 rpm speed for 45 minutes.     

It should be noted that NMP was used as a solvent for the exfoliation process 

because of its higher boiling point ~200 
o
C which enabled the sonication process to 

be carried out at higher energies and resulting temperatures without deteriorating the 

solvent, while DMF [44] was used for processing of the powders because of its 

lower boiling point ~80 
o
C, thus enabling easy drying.  The prepared graphene flakes 

were characterised using UV, Raman spectroscopy and Transmission electron 

microscopy as described in detail in the sections below. Figure 3.1 b) shows the 

TEM image of graphene produced from graphite flakes using liquid phase 

exfoliation. The average length of the flakes was ~1.5 µm and average thickness was 

4-5 layers.    

 

Figure 3.1 a) SEM image showing as received graphite flakes (Alfa Aesar); b) TEM 

image showing graphene produced using liquid phase exfoliation and; c) AFM 

image showing GO flakes with average length of 1-2 µm and thickness of 2-3 nm. 
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Figure 3.2 shows: a) the ultrasonic probe; b) vacuum filtration setup and; c) 

centrifugation machine. 

 

3.1.2 Graphene oxide 

The graphene oxide (GO) used in the present work was purchased 

commercially from Nano-innova. The data sheet provided by the company shows the 

characterisation of the GO flakes using FTIR, XRD, XPS, AFM and solid state 

NMR spectroscopy. The average length of GO flakes was 1-2 µm and thickness was 

2-3 nm (Figure 3.1 (c)). SEM analysis after dispersion of the GO flakes in a glass 

matrix suggests that the GO flakes thickness was 20-50 nm. To prepare GO 

suspension, GO powder was dispersed in ethanol using an ultrasonic bath for 2 

hours. The zeta potential (Malvern Instrument-Nano ZS) values of the prepared 

suspensions were measured to be -5.36 mV. GO was also characterised using XRD 

and Raman spectroscopy.   
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It should be noted that after processing both graphene and graphene oxide 

flakes were found to be thicker compared to graphene and graphene oxide flakes 

before processing so from here on they will be referred as graphene nano platelets 

(GNP) and graphene oxide nano platelets (GONP).    

 

3.1.3 Silica 

Silica was used as the glass matrix in the present study. Commercially 

available nano silica powder was purchased from Sigma Aldrich with particle size of 

10-20 nm, density of 2.2 g/cm
3
, boiling and melting points 2230 and 1600 

o
C 

respectively.   

 

3.1.4 Alumina 

Alumina used in the present work was purchased commercially from 

Sumitomo Chemicals sold with commercial name AKP-53. It has a particle size of 

200 nm, specific surface area of 12.3 m
2
/g and density of 3.98 g/cm

3
. The main 

phase of the alumina used was α. Figure 3.3 shows a) the properties and b) TEM 

image showing the particle size of commercial alumina powder used.  
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Figure 3.3 a) Properties and; b) TEM image showing particle size of the alumina 

powder as provided by Sumitomo Chemicals. 

 

3.1.5 Bioglass 

Bioglass (BG) powder used in the present work is a commercially available 

product, Bioglass 45S5®. The BG powders were provided to us by our collaborator 

Prof. Aldo R. Boccaccini from Institute of Biomaterials, Erlangen, Germany. The 

chemical composition of the BG powders was 45 wt.% SiO2 , 24.5 wt.% Na2O, 24.5 

wt.%, CaO and 6 wt.% P2O [126, 127]. The BG particles were very coarse with an 

average particle size ranging from 60-80 µm and density of 2.72 g/cm
3
. Figure 3.4 

shows the SEM image of as received BG particles.   
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Figure 3.4 SEM image of bioglass powder. 

 

3.2 Processing 

 
 

We tried various processing methods to obtain good dispersion of the graphene 

and GO in the glass/ceramic composites. Since different glass/ceramic matrices were 

used, processing was optimised for each material. Mainly powder and colloidal 

processing methods were used to prepare GNP/GONP-glass/ceramic composites. 

The details about the processing are described in sections below. 

 

3.2.1 Powder processing 

Powder processing was used to prepare composites with all kinds of matrices 

used in this study namely alumina, silica and BG. In order to prepare uniform and 

well dispersed nano-composites using powder processing route. The already 
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prepared graphene suspension were diluted to the desired concentration of 1 mg/ml 

using DMF as the solvent, and then sonicated for 2 hours in an ultra-sonic bath. 

After sonication, commercially available α-Al2O3 powder, silica powder or BG 

powder was added to the prepared suspension, and the slurry was ball milled at 350 

rpm using QM planetary ball mill (Nanjing University Instrument Plant) and zirconia 

balls (diameter 10 and 5 mm) for 4 hours with a powder-to-ball weight ratio of 1:20. 

After milling the prepared slurry was dried on a hot plate at 90 
o
C for 10 hours. The 

dried mixture was ground and sieved using 250 mesh followed by drying in a 

vacuum oven at 90 
o
C for another 2 days. Figure 3.5 shows the images of the a) 

nylon ball milling jars and b) planetary ball milling machine used for powder 

processing of the nano-composite powders. It should be noted that the pure alumina, 

silica and BG sample were also fabricated using the same processing route for 

comparison of the properties of the nano-composites against pure samples. It should 

be noted that only powder processing was used to fabricate alumina-GNP 

composites while both powder and colloidal processing were used to fabricate silica-

GONP/GNP and BG-GNP composites. 

 

Figure 3.5 images showing: a) Nylon ball milling jar and; b) Planetary ball milling 

machine used for powder processing.  
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3.2.2 Colloidal processing 

Colloidal processing was used to optimise the processing conditions for 

preparing both silica-GNP/GONP and BG-GNP composites using various solvents. 

Details about the processing method are described below separately for both silica 

and BG matrix composite powders. 

 

3.2.2.1 Silica-GNP/GONP 

In order to prepare silica-GNP and silica-GONP composite powders using 

colloidal processing, suspensions of GNP, GONP and silica were prepared 

separately. First, GNP/DMF [44] and GONP/ethanol suspensions were sonicated for 

4 hours in order to obtain good dispersion and exfoliation of GNP and GONP 

powders in the solvents. The concentrations of the suspensions were 1 mg/ml. 

Similarly silica/DMF and silica/ethanol suspensions with concentrations 30 mg/ml 

were prepared by sonication for 2 hours. Already prepared GNP and GONP 

suspensions were added drop wise to the silica suspensions with magnetic stirring 

(200 rpm). After 2 hours of magnetic stirring, suspensions were dried on a hot plate 

at 80 
o
C for 12 hours. Similar to the powder processing method, the dried mixtures 

were ground and sieved using 250 mesh followed by drying in vacuum oven at 80 
o
C 

for another 2 days.     

 

3.2.2.2 BG-GNP  

Two different solvents were used to prepare BG-GNP powder mixtures using 

colloidal processing route. In the first case, separate BG and GNP suspensions were 

prepared by adding separately powders of BG and GNP into a mixture of acetone 
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and DI water (3:1) [128], followed by ultrasonication for 2 hours. In the second case, 

separate BG and GNP suspensions were prepared using DI water as the solvent 

followed by 2 hour sonication. As GNP is hydrophobic in nature, cationic surfactant 

Cetyl trimethylammonium bromide (Ctab, Sigma Aldrich) was added before the 

ultrasonication step to obtain good dispersion of GNP in DI water. The surfactant to 

GNP weight ratio was 1:5. In both cases after sonication the GNP suspensions were 

slowly added drop wise to the BG suspensions while magnetic stirring (200 rpm). 

The concentrations of BG and GNP suspensions were 30 and 1 mg/ml respectively. 

After 2 hours of magnetic stirring, the suspensions were dried on a hotplate at 80 
o
C 

for 12 hours followed by grinding and sieving using 250 mesh and drying in a 

vacuum oven at 80 
o
C for another 2 days.   

 

3.3 Sintering 

  

Spark plasma sintering uses pulsed DC electric currents to achieve very high 

heating rates (600 
o
C/min) while applying uniaxial pressures (upto 75 MPa this 

work) [77]. High heating rates combined with high pressure can be used to decrease 

both sintering times and temperatures for sintering nano-composites. As discussed in 

the chapter 2, decreasing the sintering times and temperatures is very important to 

maintain the structural integrity of carbon nano-materials during high temperature 

processing. Another advantage of using SPS is the alignment of graphene flakes in 

the glass/ceramic matrix in a direction perpendicular to applied pressure. This can be 

useful for preparing nano-composites with anisotropic properties. Figure 3.6 shows 

a typical SPS setup with inset showing the cross section view of the carbon die set.  
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Bulk samples were prepared after sintering of nano-composite powders using an 

SPS furnace (HPD 25/1, FCT systems, Germany, Furnace). Different materials were 

sintered at different temperatures, details about the sintering procedure for each 

material are provided in the sections below. It should be noted that the powders were 

held at 450 (silica, alumina) and 300 
o
C (BG) for 5 to 10 minutes during heating in 

the SPS furnace in order to remove any traces of solvent left after the processing. 

The samples prepared were 20 mm in diameter and 4 mm in thickness for silica and 

alumina composites and 10 mm in diameter and 4 mm in thickness for BG 

composites.     

 

 

 

Figure 3.6 Spark Plasma Sintering Furnace, inset showing the cross sectional 

view of the carbon die set.  

 

3.3.1 Silica-GNP/GONP composites   

The silica-GNP and silica-GONP composites were densified using an SPS 

furnace at 1200 
o
C (heating, cooling rate 100 and 50 

o
C/min respectively) with 
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simultaneous application of 50 MPa pressure for a dwell time of 7 minutes. The 

pressure was raised during heating (1100-1200
 o

C) from 12 to 50 MPa, and then 

linearly decreased in 6 minutes at 1200 
o
C. 

 

3.3.2 Alumina-GNP composites  

Al2O3-graphene nano composites with different vol% loading were sintered 

using a SPS furnace at 1350 
o
C (heating and cooling rate 100 

o
C/min) with 

simultaneous application of 50 MPa pressure for a dwell time of 5 minutes. The 

pressure was removed at the end of the sintering.  

 

3.3.3 BG-GNP composites 

BG-GNP composite powders were densified using an SPS furnace  at 600 
o
C 

with a 2 minutes dwell time and 70 MPa pressure [127]. The pressure was applied 

from the start and maintained constant throughout the sintering process while the 

temperature was increased at a rate of 50 
o
C/min up to 550 

o
C. Just before the 

holding temperature, the heating rate was reduced to 10 °C/min to avoid overheating 

and consequent crystallization of the glass. The samples were 10 mm diameter and 3 

mm thick.  

 

3.4 Characterisation 

   

              3.4.1 UV spectroscopy 

The concentration of prepared GNP suspensions was measured using UV-Visible 

spectroscopy (Perkin Elmer-Lambda 950) by recording the absorbance at 660 nm 
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and calculating the concentration using Beer-Lambert’s law (equation 3.1), where A 

is the absorbance, l is the path length (10
-2

 m) and α is the extinction coefficient with 

a value of 3620 ml/mg/m [40] and C is the concentration of the suspension. The 

concentration of the prepared suspension ranged from 2.5 to 5 mg/ml. Figure 3.7 

shows UV spectrums of GNP suspensions produced using liquid phase exfoliation 

method. The red and black lines in the figure indicate GNP suspensions with 

different concentrations. Absorbance of GNP suspensions is directly related to the 

concentration. This can be used to calculate the concentration of GNP suspensions 

using Beer lamberts Law (equation 3.1).   

A/l = αC                   (3.1) 

 

 

 

Figure 3.7 UV spectrums of GNP suspensions with black line showing GNP 

suspension with higher concentration. 
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3.4.2 Polishing and Density Measurements  

 

The sintered samples were ground and polished using SiC paper down to 

4000 grit and then diamond suspensions before characterisations. The surface 

roughness of polished samples was around ~1 µm. The bulk density of the prepared 

composites were measured using Archimedes’ method (equation 3.2) and their 

theoretical density were estimated assuming a rule of mixtures and taking the 

densities of Silica, Al2O3, BG, and graphene/GO to be 2.2, 3.98, 2.72 and 2.1 g/cm
3 

[129] respectively.    

ρ = m1 ρo/m2-m3                     (3.2) 

Where, ρ is the density of the sample, ρo is the density of the water, m1 is 

mass of the sample is air, m2 is mass of the water soaked sample and m3 is mass of 

the sample in water. For samples with closed porosities m1 = m2. 

 

3.4.3 X-ray Diffraction (XRD) 

XRD was used to determine the final crystalline phases in the sintered 

samples. XRD was done using Siemens Diffraktometer-D5000 instrument. XRD 

instrument was operated in reflection mode with Cu-Kα incident radiation from 5-

70° (2 theta) with a step size of 0.033
o
. XRD spectra were analysed using X'Pert 

HighScore Plus software. To determine the crystalline to amorphous ratio in a XRD 

spectrum JADE 5.0 software was used.  

 

3.4.4 Raman Spectroscopy 

Raman spectroscopy was performed using Renishaw inVia Raman 

microscope. The samples were excited with a 514 nm argon laser with the power and 
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spot size maintained at 12.5 mW and 5 μm, respectively. The Raman spectra 

spanning between 100 and 3200 cm-1 was obtained three times for each sample after 

12 accumulations. Raman is a very sensitive instrument for investigating any change 

or damage in carbon nano-materials. A typical Raman scan of GNP/GONP consists 

of D (1350 cm
-1

), G (1585 cm
-1

) and 2D (2700 cm
-1

) peaks (Figure 3.8) where D 

peak corresponds to local defect/disorders, G peak corresponds to sp
2
 graphitised 

structure and shape and intensity of the 2D peaks gives some idea about the number 

of layers in a graphene flake [130]. The ratio of the D and G peak intensities can give 

information about the defect concentration in graphene flakes (ID/IG). Raman 

spectroscopy was used to analyse the effect of high temperature sintering and 

mechanical properties characterisations on GNP and GONP in glass/ceramic 

composites. It was also used to quantify the alignment of GNP and GONP in 

glass/ceramic matrices. Figure 3.8 shows a Raman spectrum of GNP film produced 

using liquid phase exfoliation method. Typical D, G and 2D were observed 

corresponding to defects/disorder, sp
2
 graphitised structure and no. of layers in a 

graphene flake.      
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Figure 3.8 Raman spectrum of a GNP film showing D, G and 2D peaks with 

ID/IG ratio of 0.301 typical for liquid phase exfoliated graphene films. 

 

3.4.5 Scanning and Transmission Electron Microscopy (SEM, TEM)  

 

High resolution images of the fractured surfaces of nano-composites were 

taken using a FEI–Inspect F SEM at 10-20 KV accelerating voltage with 5-10 mm 

working distance. Samples for SEM were prepared after fracturing nano-composites 

and coating the fractured surfaces with Carbon. Carbon coating was needed to form a 

conductive layer on the sample surfaces before analysing in SEM. SEM was used to 

analyse both dispersion of GNP/GONP and understand the behaviour of crack in the 

glass/ceramic matrix.    

TEM analysis was done to investigate the length, width and thickness of 

GNP produced using liquid phase exfoliation. TEM measurements were done using 

a JEOL JSM-2010 microscope. Samples for TEM were prepared after diluting the 

GNP suspensions and drop casting them onto carbon grids. TEM statistics were done 

D 

G 

2D 
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after counting length, width and thickness of >100 graphene flakes using Image J 

and origin image analysis softwares. Figure 3.9 a) shows a TEM image of graphene 

produced by liquid phase exfoliation. Figure 3.9 b) shows statistics of the graphene 

produced using liquid phase exfoliation. The average lateral dimension of the flakes 

was ~1.5 µm and thickness ~3 layers as measured by the edge counting method 

[131].     

 

 

 

Figure 3.9 a) TEM image and; b) statistics showing average length, width and 

thickness of graphene produced using liquid phase exfoliation method. 

 

 

3.4.6 Grain Size Analysis 

The alumina-GNP samples for grain size analysis were prepared by thermal 

etching polished surfaces at 1200 
o
C for 30 minutes dwell time with a heating and 

cooling rate of 5 
o
C/min using a Carbolite furnace HTF- 1800. SEM images were 
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taken of the etched grains and analysed using Image J software. The grain size was 

determined by the line intercept method which involves counting the number of 

grain boundaries intercepted by a line of known length drawn on an SEM image of 

the sample. In all cases 10 lines were used per image and typically 4 images were 

chosen to calculate the grain size. In total 200 grains were counted for each sample.   

 

3.4.7 Electrical Conductivity Measurements 

The electrical conductivity measurements were performed for the BG-GNP 

composites using a two point probe method. The voltage was applied from 0 to 1 V 

using an Agilent voltmeter in steps of 0.1 V and I-V curves were recorded. 

Resistivities of the samples were determined using the formula ρ = (R x A) / L, 

where R is the resistance, A is the cross sectional area and L is the length of the 

sample. Silver paste was used to prepare the electrodes on the cross sectional areas 

of the samples.   

 

3.4.8 Mechanical testing 

3.4.8.1 Chevron Notch Fracture Toughness Measurements  

The Chevron notch technique was used for fracture toughness determination of 

the glass/ceramic nano-composites. Chevron notches with an angle of 90° were 

introduced into each bar (having rectangular cross-section of 2 mm x 3 mm) using an 

ultra-thin diamond blade on a precision saw Isomet 5000 (Buehler, USA). A 

universal testing system Instron 8862 (USA), equipped with a three point bend test 

fixture, with a span of 16 mm, was used to apply the loading. A span of 16 mm is 

widely accepted [132-135] for obtaining a valid value of the fracture toughness 

unless the specimen geometry has a span-to-thickness (height) ratio of less than 4 
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[134]. Figure 3.10 a) shows the three point bending test setup with an alumina-GNP 

beam with a chevron notch. The calculation of the geometric function Y*min for 

CVN bend bars with chevron notch depth (a0) and specimen height (W) was based 

using the Bluhm’s slice model [136] and a simplified solution of normalized stress 

intensity factors for chevron-notched specimens. The procedure used for the 

purposes of this investigation has been described elsewhere [137, 138]. The Bluhm’s 

slice model helps to obtain an appropriate geometry of the chevron notch when the 

specimen dimensions are different from the standardized geometry (3 mm x 4 mm x 

45 mm) [ASTM C1421, Standard Test Method for Determination of Fracture 

Toughness of Advanced Ceramics at Ambient Temperature, 2002]. The reliability of 

this approach is described elsewhere [132]. The chevron notch depth, a0, was 

measured from SEM micrographs of the fractured specimens and the values varied 

between 0.60 and 0.65 mm for the individual samples, which corresponds to the 

recommended value in the ASTM standard (0.02 - 0.025 of height W). The chevron 

notch thickness was less than 0.20 mm in all cases. A cross–head speed of 1 μm/min 

was used in all tests to achieve slow crack propagation during loading. An inductive 

extensometer was used to measure deflection, and force–deflection curves were 

recorded. Stable crack propagation was achieved for all samples. The fracture 

toughness values were calculated using the maximum force evaluated from the 

force–deflection curve and the specimen dimensions using the following equation [5, 

138].  

K1c = Fmax/BW
1/2

.Y
*

min                       (3.3) 

 



Chapter 3 
 

68 
 

Where Y
*

min is the minimum of geometrical compliance function, and B and 

W are the width and height of specimens, respectively. At least 3 beams were tested 

for each sample.   

3.4.8.2 Vickers Indentation Toughness and Hardness 

Indentation hardness values were measured for glass/ceramic nano-

composites using a Vickers indentations machine (Figure 3.10 (b)) with a load of 

9.8 N for 10 seconds (Zwick/Roell ZHU/Z2.5, Ulm, Germany). The Martens 

hardness (HM) was calculated for silica nano-composites automatically by dividing 

the maximum test force P by the surface area of the indenter penetrating beyond the 

original surface of the test piece.  

The indentation fracture toughness (IF) was estimated for the alumina-GNP 

composites from the crack lengths produced by Vickers indentations. Calculation of 

the fracture toughness was done using the equation proposed by Anstis [99].  

 

2/3

2/1

..016.0
c

P

H

E
K IC 










  (3.4) 

 

Where E is the Young's modulus of materials, H is the hardness of materials, 

P is the indentation load and c is the indentation cracks length. At least 10 indents 

were measured for each sample in randomly chosen and well separated areas. Radial 

crack lengths were measured using a confocal microscope (Olympus Lext OLS 

3100). 
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3.4.8.3 Elastic Modulus  

The elastic modulus of silica composites was determined using the slope of 

the stress-strain curves produced during indentation while for alumina composites 

was determined on the polished test bars 2 x 3 x 20 mm
3
 using the resonance method 

using a GrindoSonic Mk5i (J.W. Lemmens N.V., Belgium), and at least 10 readings 

were taken for each sample. It should be noted that because glass/ceramic nano-

composites were anisotropic, all composites were tested on a surface with a normal 

parallel to the pressing direction of SPS. Figure 3.10 c) shows the setup for 

measuring elastic modulus using resonance method.  

 

3.4.8.4 Tribological Properties  

The wear behaviour of the silica composites were studied in unlubricated 

ball-on-disc experiments [ASTM G99-03, Standard test method for wear testing with 

a pin-on-disk apparatus, 2003] using a tribometer (DTHT 70010, CSM Instrument, 

Switzerland, Figure 3.10 (d)), against commercial borosilicate and alumina balls 

(with a diameter of 6 mm). The samples were in the form of polished disks with a 

diameter of 20 mm and thickness of 3 mm. The tested surface was ground and 

polished with a final diamond suspension of 3 μm (roughness Ra < 0.25 µm). The 

specimens were tested normal to the major surface of the sample with an applied 

load of 5 N for silica composites. The tests were performed in air with a relative 

humidity of 40 ± 5 %. The total sliding distance was 100 m (borosilicate balls) and 

500 m (alumina balls), and the sliding velocity was 0.1 ms
–1

 for both cases. The 

coefficient of friction was continually recorded during the tests and the average value 

was calculated for each test within the distance of 100 and 500 m for the BS and 

alumina balls respectively. The wear volume of each specimen was calculated from 
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the surface profile traces (at least 6) across the wear track and perpendicular to the 

sliding direction using a profilometer (Mitutoyo SJ-201, USA), or by using a high 

precision confocal microscope (PLu neox 3D Optical Profilometer, Sensofar, Spain). 

The specific wear rate (r) is defined as the worn volume (V) per loading force 

(Fp), per sliding distance (L), i.e.:  

 

                    









N.m

mm

.LF

V
r

p

3

                        (3.5) 

 

The worn volume was estimated from the following equation: 

 

                       ][2. 3mmRAV                 (3.6) 

 

Where A is the average value of at least 6 different measurements of cross 

section area of the wear track estimated by profilometer or confocal microscopy, and 

R is sliding radius (7 and 3.5 mm). It should be noted two kinds of balls (borosilicate 

and alumina) were used to investigate the wear properties of silica nano-composites. 

Detailed analysis of the wear tracks as well as the wear debris, along with EDS 

analysis of the wear tracks, were performed using SEM in order to investigate the 

wear mechanisms. 
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Figure 3.10 a) Three point bending test setup; b) Zwick/Roell ZHU/Z2.5 indentation 

machine; c) setup for measuring elastic modulus using ultrasonic method and; d) 

DTHT 70010, CSM Instrument tribometer. 

 

3.4.8.5 Scratch Testing 

The scratch test parameters reported in ISO 20502 for ceramic coating were 

adopted for alumina-GNP composites. To perform progressive load scratch testing, a 

Scratch tester UMT-2 (Bruker, USA) was used. The scratch tests were conducted 

with a standard Rockwell diamond indenter (200 µm tip radius). The normal load 

started at 1 N and increased linearly during the scratch test up to a pre-defined 

maximum load of 200 N (with an accuracy of 10 mN), over a displacement of 10 

mm. A constant speed of the indenter displacement of 0.01 mm/s was used. The 

sample surfaces for the scratch testing were polished with a final diamond 

suspension of 1 µm. The normal (penetration) force, coefficient of friction, indenter 
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displacement and acoustic emission signal were continuously recorded during the 

testing. After the tests, the scratch grooves were examined using a confocal 

microscope (PLu neox, Sensofar-Tech, S.L., Spain) in order to assess both the profile 

and optical appearance of the scratch grooves. Detailed analysis of the scratch 

grooves were performed using Scanning Electron Microscopy (SEM, JEOL 7000F, 

Japan) in order to investigate the micro-damage mechanisms. The lengths at which 

radial cracks and chipping initiated were measured by analysing the SEM images 

using ImageJ software.  
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Chapter 4 In-situ reduction of graphene 

oxide nanoplatelet during spark plasma 

sintering of a silica matrix composite  

 
 
 

4.1 Introduction 

 
 

So far the improvement in the properties of graphene nano-composites has 

been limited because of the difficulty in producing single layer graphene flakes. The 

strong van der wall forces between graphene layers leads to GNP formation when 

using liquid phase exfoliation or milling methods. On the other hand these forces can 

be overcome by oxidising the graphene which avoids re-agglomeration of graphene 

flakes, but in turn compromises its excellent electrical properties. Oxidised graphene 

is easy to disperse in aqueous solvents and can be used to produce GONP reinforced 

glass/ceramic composites. Authors have reported reduction of GONP either by using 

chemical or thermal methods [35, 111]. Spark plasma sintering (SPS) uses pulsed 

direct current in an inert/vacuum environment to achieve very high heating rates, 

thus reaching the sintering temperature in just a few minutes. The inert and high 

temperature conditions in SPS are sufficient for reducing GONP to GNP during 

sintering [111]. Although authors have reported reduction of GONP during sintering 

in SPS, no systematic study has been performed to understand the reduction process 

in detail during SPS.    
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In the present work, the processing conditions for preparing well dispersed 

silica-GNP/GONP composites are discussed. Colloidal and powder processing routes 

were investigated with different solvents including ethanol, deionized (DI) water, n-

methyl pyrrolidone (NMP) and di-methyl formamide (DMF). SPS was used to 

consolidate the powders. SPS avoided any damage/decomposition of GNP/GONP by 

minimizing the sintering times while reducing GONP to GNP during sintering. In-

situ reduction of GONP in SPS was investigated for various sintering times and 

temperatures using Raman spectroscopy and XRD analysis. Finally, the conditions 

for preparing well dispersed and reduced silica-GONP composites were optimised 

avoiding crystallization of the nano-composites.              

 

4.2 Experimental Section  

 
 

GNP and GONP were used for optimising the fabrication conditions for 

preparing silica nano-composites using various processing routes and solvents. 

Details about the processing of GNP and GONP silica composites powder mixtures 

are provided in chapter 3. SPS was used for the sintering of silica-nanocomposites. 

Various sintering temperatures and times were investigated to understand the in-situ 

reduction of GONP to GNP during SPS processing without crystallising the silica 

matrix. The prepared composites were characterised using SEM, Raman and XRD.        
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4.3 Results and Discussion 

 
 

Figure 4.1 shows the shrinkage rate (blue curve), temperature (red curve) 

and pressure profile (black curve) of the silica-GONP (2.5 vol%) composite. To 

optimise the processing conditions, the nano-composites were sintered at 1200 
o
C [5] 

with a 6 minutes dwell time. The short dwell time minimized any structural damage 

of the GNP/GONP during high temperature processing.  

 

 

 

Figure 4.1 Shows shrinkage rate (blue curve), temperature (red curve) and pressure 

(black curve) profile for silica-GONP (2.5 vol%, ethanol and colloidal processing) 

composite during SPS processing (1200 
o
C/ 50 MPa/ 6 min). The shark shrinkage 

peak indicates viscous flow sintering mechanism for silica-GONP composite.    

 

 Table 4.1 lists the processing methods, solvents, sintering conditions, and 

bulk and relative densities of the pure silica, silica-GONP (2.5 vol%) and silica-GNP 
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(5 vol%) composites along with qualitative analysis of their dispersion. All of the 

samples were at least 98% dense except for the silica-GNP (5 vol%) sample 

processed using the powder processing route and NMP as the solvent. The low 

density of the NMP sample can be explained because of its high boiling point (205 

o
C), which was not sufficient for complete evaporation of the solvent at 200 

o
C. 

During sintering the trapped solvent formed bubbles thus inhibiting complete 

densification.  

 

Table 4.1 Bulk and relative theoretical densities of prepared silica GNP/GONP (2.5 

and 5 vol%) composites along with processing methods, solvents and sintering 

conditions. All the samples were sintered at 1200 
o
C under 50 MPa pressure for 6 

minutes. The quality of the GNP/GONP dispersion is also qualitatively described.  

 

Sample Bulk Density 

(g/cm
3
) 

% Relative 

Density 

 Dispersion 

SiO2  2.18 

  

99.2 

 

- 

SiO2 + GONP (2.5 

vol%) (Colloidal-

Ethanol) 

2.19 

 

99.5 

 

Very Good 

SiO2 + GONP (2.5 

vol%) (Colloidal-

DI water) 

2.16 

 

98 

 

Poor 

SiO2 + GNP (5 

vol%) 

(Colloidal-DMF) 

2.16 

 

98.1 

 

Fair 

 

SiO2 + GNP (5 

vol%) 

(Powder-NMP) 

1.94 

 

87.9 

 

Good 
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In order to evaluate the quality of the dispersion of the GNP and GONP in 

the silica matrix, SEM images of fractured surfaces of the silica nano-composites 

were studied. Figure 4.2 (a) shows an SEM image of a fractured surface of the 

silica-GONP (2.5 vol%) composite prepared using the colloidal processing route and 

ethanol as the solvent. The GONP was found to be well dispersed and preferentially 

aligned perpendicular to the applied uniaxial pressing direction in the silica matrix 

(figure 4.2 (a), arrow indicates the pressing direction). Figure 4.2 (b) shows an 

SEM image of a fractured surface of the silica-GONP composite prepared using the 

colloidal processing route and DI water as the solvent. The GONP was found to be 

agglomerated and poorly dispersed in the silica matrix (figure 4.2 (b), arrows 

indicate silica and agglomerated GONP). The reason for the good dispersion of 

GONP in ethanol compared to its poor dispersion in DI water can be related to the 

good affinity of GONP to the alkyl and hydroxyl groups present in ethanol compared 

to only hydroxyl functional groups in DI water. As GONP also contains both alkyl 

and hydroxyl functional groups it is possible that it had a better affinity and 

interaction with the functional groups of ethanol compared to DI water. Figure 4.2 

(c) shows an SEM image of a fractured surface of the silica-GNP (5 vol%) 

composite prepared using the colloidal processing route and DMF as the solvent. 

There was good dispersion of GNP in the silica matrix but some agglomerates of the 

GNP were present as highlighted in figure 4.2 (c). Although DMF is a good solvent 

for producing good quality dispersions of GNP, the colloidal processing route using 

DMF was not the best method for fabrication of these composites. Figure 4.2 (d) 

shows an SEM image of a fractured surface of the silica- GNP (5 vol%) composite 

produced using the powder processing route and NMP as the solvent. It is clear from 
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the SEM images that the GNP was damaged during the processing (also confirmed 

by Raman spectroscopy) as highlighted in figure 4.2 (d). Because of the high boiling 

point of NMP, the powders were dried at 200 
o
C in air, which resulted in damage of 

the GNP as a result of oxidation. Also, residual porosity was observed (Table 4.1) 

because it was not possible to completely remove the solvent from the powders. 

NMP has been reported in the literature [41, 131] to be a good solvent for producing 

GNP suspension but because of its high boiling point it is not suitable for drying in 

air. Although GNP was damaged during drying, the quality of GNP dispersion was 

still satisfactory; suggesting that powder processing might still be a promising 

method for fabricating these composites. Similar to silica-GONP (ethanol) 

composite, alignment of GNP was also observed in silica-GNP (NMP) composites. 

The best dispersion and densification was obtained for silica-GONP composites 

prepared using the colloidal processing route and ethanol as the solvent, and sintered 

at 1200 
o
C, 50 MPa pressure and 6 minutes of dwell time. 
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Figure 4.2 SEM of fractured surfaces of silica-GONP (2.5 vol%) and silica-GNP (5 

vol%) nano composites: a) colloidal processing using GONP in ethanol (arrow 

showing direction of applied pressure during SPS); b) colloidal processing using 

GONP in DI water (arrows showing agglomerated GONP); c) colloidal processing 

using GNP in DMF (arrow showing dispersion of GNP) and; d) powder processing 

using GNP in NMP (arrows showing well dispersed but damaged GNP). 

 

GONP contain large quantities of H2O molecules and oxide groups of –OH 

(hydroxyl), -COOH (carboxyl) and >O (epoxy) [139]. This results in distorted sp
3
 

hybridised geometry of the carbon atoms in GONP and thus poor electrical 

properties. Therefore, after optimising the processing method and sintering 

conditions for silica-GONP composites, reduction of GONP to GNP is necessary in 

order to achieve good electrical conductivity. In order to investigate the reduction of 
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GONP to GNP during sintering more samples were prepared of silica-GONP (2.5 

vol%) composites using SPS. The sintering conditions were chosen in order to 

systematically investigate the effect of both different sintering times (1200 
o
C -6, 15 

and 25 minutes) and temperatures (1100, 1200 and 1300 
o
C for 15 minutes dwell 

time) on the reduction of GONP to GNP (Table 4.2). The prepared composites were 

analysed using Raman spectroscopy and XRD to understand the kinetics and 

mechanism of the reduction of GONP to GNP during high temperature SPS.   

 

Table 4.2 Sintering conditions for silica-GONP (2.5 vol%) composites prepared 

using different sintering times and temperatures for investigating the reduction of 

GONP to GNP.  

 

Temperature 

(
o
C) 

Dwell Time 

(minutes) 

 Pressure 

(MPa) 

Crystallization 

1200 6 

 

50 No 

1200 

 

15 

 

50 No 

1200 

 

25 

 

50 Yes 

1100 

 

15 

 

50 

 

No 

 

1300 15 

 

50 Yes 

 

 

Figure 4.3 shows Raman spectra of GONP powder and silica-GONP (2.5 vol%) 

composites: a) sintered at 1200 
o
C, 50 MPa pressure for 6, 15 and 25 minutes of 
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dwell time and; b) sintered at 1100, 1200 and 1300 
o
C, 50 MPa pressure for 15 

minutes of dwell time. The typical D (~1350 cm
-1

), G (~1585 cm
-1

), 2D (~2700 cm
-1

) 

and D+G (~2940 cm
-1

) peaks were observed for GONP and silica-GONP composites 

[130, 140]. The two main peaks, D and G bands, are related to defects and sp
2
 

hybridised carbon respectively for GONP. There are two weaker intensity peaks 

related to the Π bond in the graphitic electronic structure (2D band) and disorder 

(D+G band) [140]. Figure 4.3 a) shows the change in the ID/IG ratio for GONP and 

silica-GONP composites sintered at 1200 
o
C with increasing dwell times of 6, 15 and 

25 minutes. The ID/IG ratio for pure GONP was 1.08 which increased to 1.10 and 

1.14 for silica-GONP composites sintered at 1200 
o
C for 6 min and 15 minutes 

respectively. With further increase in the dwell time (25 minutes) the ID/IG ratio 

decreased to 0.91. The increase in the ID/IG ratios can be explained by the reduction 

of GONP to GNP during high temperature processing. Usually, the ID/IG ratio is a 

measure of the disorder of the carbon, as expressed by the sp
3
/sp

2
 carbon bonding 

ratio [141]. An increase in ID/IG ratio corresponds to an increase in the disorder of 

carbon. In recent work by Ramirez et al. [111] suggested that the reduction of GONP 

occurs in two stages. In the first stage at 800 
o
C the ID/IG ratio increased. This was 

possibly due to rupture of the bonds induced by partial removal of functional groups. 

In the second stage at 1500 
o
C, the ID/IG ratio decreased significantly suggesting the 

removal of carbonyl, carboxyl and epoxy groups and the recovery of highly 

crystalline graphitic structure. So the decrease in ID/IG ratio with increasing dwell 

time at 1200 
o
C suggests the recovery of the highly crystalline graphitic structure in 

the silica-GONP (1200 
o
C-25 min) composites. A similar phenomenon has been 

observed by other authors for reduced GONP [111]. In the case of processing the 

silica-GONP composites at different temperatures (Figure 4.3 (b)) a continuous 
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decrease in ID/IG ratio was observed with increasing temperature. The ID/IG ratio in 

case of silica-GONP sintered at 1100 
o
C for 15 min was 1.31 which reduced to a 

value of 0.66 for the silica-GONP sintered at 1300 
o
C for 15 min. Comparing the 

ID/IG ratio of the composites sintered at 1100 (1.31) and 1200 
o
C (1.14), it was 

confirmed that reduction of GONP to GNP was in its second stage i.e. recovery of 

the crystalline graphitic phase. The small ID/IG ratio of 0.66 in the case of silica-

GONP (1300 
o
C-15 min) composite confirms the full recovery of highly crystalline 

graphitic phase. It should be noted that ID/IG ratio in the case of liquid phase 

exfoliated GNP is in the range from ~0.2 to 0.6 depending on the sonication time. In 

addition to the ID/IG ratio, the change in intensity of 2D and D+G band can also be 

used to quantify the reduction of GONP. The intensity of the 2D band is lower than 

the D+G band in GONP because of the presence of defects and disorder. As the 

GONP is reduced thermally, defects and disorder in its electronic structure are 

decreased. Thus we see a decrease in the intensity of D+G band while the intensity 

of the 2D band increases (Figure 4.3). Thus, Raman spectroscopy results confirmed 

the reduction of GONP to GNP at high temperatures in the reducing environment of 

SPS.   
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Figure 4.3 Raman spectra of: (a) GONP and silica-GONP composites sintered at 

1200 
o
C for different dwell times; and (b) GONP and silica-GONP composites 

sintered at different sintering temperatures for 15 minutes of dwell time. 

 

Both the reduction of GONP and crystallisation of silica with increasing sintering 

times and temperatures were investigated using XRD analysis. In order to optimise 

the processing conditions for preparing silica-GONP composites we would like to 

reduce GONP at high temperatures without crystallisation of the silica matrix. 

Figure 4.4 a) shows the XRD patterns for GNP, GONP powders and pure silica 

sintered at 1200 
o
C for 6 minutes of dwell time. The sharp crystalline peaks at 26.3

o 

and 11.4
o
 correspond to the crystalline phases of GNP and GONP respectively [139, 

142] while a broad peak at ~21
o
 corresponds to amorphous silica. GONP has a peak 

at a lower angle (11.4
o
) compared to GNP (26.3

o
)
 
because of its large interlayer 

distance. The intercalation of water molecules and other oxide groups in the case of 
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GONP increases the interlayer distance. The d spacing of GONP is ~0.9 nm 

compared to ~0.34 nm for GNP [35, 139]. The crystalline peak of GONP shifts to 

higher angles with reduction. The change in peak position is mainly because of the 

removal of trapped water molecules and oxide groups resulting in a decreased 

interlayer distance for reduced-GONP. Figure 4.4 b) shows the XRD patterns for 

silica-GONP composites sintered at 1200 
o
C for 6, 15 and 25 minutes dwell times. 

XRD confirmed that there was no reaction between silica and GONP during 

sintering. The sharp crystalline peak at ~26.3
o 

confirmed the reduction of GONP to 

GNP at 1200 
o
C during sintering. The intensity of the GONP increased with 

increasing dwell time suggesting the recovery of crystalline graphitic phase. The 

silica-GONP composite sintered at 1200 
o
C for 25 minutes dwell times started to 

crystallize (cristobalite-19 wt%) suggesting that long dwell times are not good for 

sintering silica nano-composites. Figure 4.4 c) shows the XRD patterns for silica-

GONP composites sintered at 1100, 1200 and 1300 
o
C for 15 minutes dwell time. 

Similar to figure 4.4 b) the sharp crystalline peaks at ~26.3
o
 confirmed the reduction 

of GONP in all of the composites. Also, the peak intensity of reduced GONP 

increased with increasing sintering temperatures. This correlates with the Raman 

results where the ID/IG ratio decreases with increasing sintering temperatures. The 

composite sintered at 1300 
o
C formed a significant amount of cristobalite phase (62 

wt%) (PDF 00-039-1425). In order to appreciate the effect of GONP on the 

crystallisation behaviour of silica matrix, pure silica samples were also sintered at 

1200 
o
C and 1300 

o
C for 25 and 15 minutes dwell times respectively. The pure silica 

samples were found to be fully crystallized (cristobalite-100 wt%) compared to 19 

wt% (1200 
o
C-25 min) and 62 wt% (1300 

o
C-15 min) crystallinity in the case of 

silica-GONP composites for the same sintering conditions, suggesting that GONP 
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inhibited the crystallisation of  the silica matrix. Carbon nanostructures are known to 

increase the crystallization temperatures of glasses possibly because of increased 

viscosity, reduced mobility of silica particles bound to GNP or to the local stiffness 

of GNP opposing the volume reduction associated with the crystallisation of glasses 

[5]. The increase in viscosity can also be confirmed by comparing the sintering 

temperatures of pure silica and silica-GONP (2.5 vol%) composites which was 

shifted to higher temperatures by ~70 to 100 
o
C for the nano-composites (data not 

shown). The GONP delayed the crystallization of silica up to a limit but the sintering 

temperatures used were still high enough to crystallise silica. The best sintering 

conditions for reducing GONP to GNP without crystallizing the composites were 

found to be 1200 
o
C with 50 MPa pressure and 15 minutes of dwell time. Higher 

temperatures can further improve the crystallinity of the graphitic structure of GNP 

but they also cause the crystallization of the silica.     

 

Figure 4.4 XRD patterns of a) pure GNP, GONP powders and silica sintered at 1200 

o
C for 6 minutes dwell time; b) silica-GONP composites sintered at 1200 

o
C for 

different dwell times; and c) silica-GONP composites sintered at different sintering 

temperatures for 15 minutes dwell time. 
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4.4 Conclusion 

 

The conditions for preparing well dispersed silica-GNP and silica-GONP 

nano-composites were optimised using powder and colloidal processing routes in 

different solvents including ethanol, DI water, NMP and DMF. The best results were 

obtained for the silica-GONP (2.5 vol%) composite produced using a colloidal 

processing route and ethanol as the solvent. Raman spectroscopy and XRD results 

confirmed that the GONP was reduced to GNP during high temperature processing 

in SPS. Composites sintered at 1200 
o
C, 50 MPa pressure and 15 minutes dwell 

times showed the recovery of crystalline graphitic phase of GNP after reduction 

without crystallizing the silica matrix. The GONP was found to inhibit the 

crystallisation of the silica matrix, possibly due to increased viscosity and reduced 

mobility of silica particles bound to GNP resulting in decreased crystallinity of silica 

nano-composites compared to pure silica.  
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Chapter 5 Toughened and machinable glass 

matrix composites reinforced with 

graphene-oxide nano platelets  

 
 
 

5.1 Introduction 

 
 
 The majority of the work on ceramic composites in the last decade has been 

focussed on carbon nanotube (CNT) reinforced inorganic (glass and ceramic) matrix 

composites [2, 3, 9, 48, 78, 79, 143] because of their attractive combination of 

mechanical and multifunctional properties [144-146]. However, graphene apart from 

having similar properties to CNTs also has additional advantages such as: high 

specific surface area [15]; and less tendency to tangle, which makes them easier to 

disperse in a matrix (where as CNTs usually require surface modification [2]). 

Graphene is also relatively easy to produce, inexpensive and potentially less toxic 

compared to CNTs [17]. Recently Tapaszto [30] et al. compared the mechanical 

properties of silicon nitride-CNTs and silicon nitride-graphene composites with 3 

wt% loading. According to their results, graphene was easy to process and disperse 

compared to CNTs, it also produced better mechanical properties. Similarly, Walker 

et al. [27] reported an improvement of ~235% in fracture toughness of silicon 

nitride-graphene (1.5 vol%) composites, while Fan et al. [107] reported an electrical 

conductivity of 1000 S/m with the addition of only 2.35 vol% graphene to an 
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alumina matrix. In view of these encouraging results, the use of graphene to produce 

reinforced inorganic matrix composites has great unexplored  potential.   

In the present study, GONP reinforced silica composites were prepared. 

Dispersion of GONP in the silica matrix was optimised with reproducible results 

using colloidal processing route. The details about the processing are provided in 

chapter 3 and 4. Composites with different volume fraction of GONP were 

prepared and their mechanical properties characterized. SPS was used to rapidly 

consolidate the composites, thus minimising any structural damage to GNP and 

GONP during high temperature sintering [70]. The results and discussion make 

reference to the corresponding results reported in the literature for silica-CNTs 

composites [5]. Finally, the machinability of silica-GONP nanocomposites was 

investigated and compared with that of pure silica.    

 

5.2 Experimental Section 

 
 

Silica nano-composites with GONP loading of 0.5, 2 and 2.5 vol% were 

prepared using colloidal processing method and sintered using SPS. Details about 

the optimisation of processing conditions, sintering and characterization of silica 

nanocomposites are provided in chapters 3 and 4.   

The mechanical properties of the composites were characterised. The details 

of the mechanical testing are provided in chapter 3. The nanocomposites were 

characterised for chevron notch fracture toughness (KIC), Martin’s hardness (HM), 

elastic modulus (E) and machinability.   
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Brittleness Index (BI) was measured using equation (5.1) where HM is the Martin’s 

hardness and KIC is the chevron notch fracture toughness of the material.                    

                                  

                                 BI = HM/ KIC                                                   (5.1) 

 

 The machinability of dense silica and silica-GONP composites was 

evaluated by drilling the polished samples using a high speed rotating WC-Co 

driller. The rotation speed of the drill was 560 rpm and the contact load was 

controlled by hand in order to inhibit the bending of drill. The drilled surfaces of the 

samples were examined by SEM.  

 

5.3 Results and Discussion 

 
 

Silica-GONP composites prepared by colloidal processing showed the best 

dispersion results compared to all of the composites (for details refer to chapter 4). 

For this reason, nanocomposites with increasing content of GONP of 0.5, 2 and 2.5 

vol% were prepared. Interestingly, silica-GONP composites were Raman inactive 

when observed in the direction perpendicular to the SPS pressing (figure 5.1). Thus 

confirming the preferential alignment of GONP in the silica matrix. Since GONP 

was aligned in a direction perpendicular to the applied force in SPS all the samples 

were tested for mechanical properties accordingly.  
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Figure 5.1 Shows Raman scans in the directions parallel and perpendicular to 

SPS pressing. Typical D and G peaks were observed for parallel SPS pressing 

direction while no peaks were observed for perpendicular SPS pressing direction 

confirming the alignment of GNP in silica matrix.  

 

The effect of GONP content on the fracture toughness of silica was 

investigated. A fracture toughness of 0.67 MPa m
1/2

 was measured for pure silica. 

The fracture toughness of the composites increased linearly with increasing content 

of GONP (figure 5.2) and reached a value of 0.89 MPa m
1/2

 for 2.5 vol% loading, 

corresponding to an increase of ~35% compared to pure silica.   

 

D G 

Perpendicular to SPS pressing 

Parallel to SPS pressing 
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Figure 5.2 Fracture toughness of the silica-GONP nanocomposites measured with 

chevron notch fracture toughness method. 

 

In order to understand the toughening mechanism of GONP compared to 

CNTs, the fracture toughness values of as prepared silica-GONP composites are 

compared to silica-CNTs composites from the literature, which were sintered, 

processed and characterized using similar conditions [5]. The silica-GONP 

composites had a toughness value of 0.89 MPa m
1/2 

for 2.5 vol% loading while 

silica-CNTs composites had a similar value of 0.92 MPa m
1/2 

for 7.5 wt% (9.67 

vol%) loading, although the measured fracture toughness of pure silica was ~0.6 

MPa m
1/2

 [5] compared to 0.67 MPa m
1/2

 in the present work. Thus, in order to 

achieve a fracture toughness of about 0.9 MPa m
1/2

, the necessary GONP loading 

was three times lower compared to CNTs. This suggests that GONP may be more 

effective than CNTs in improving fracture toughness. The easier processability and 

the improved mechanical properties of GONP composites can be attributed to high 
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specific surface area; 2D geometry and better interfacial bonding of GONP 

compared to CNTs, which have a tendency to tangle and agglomerate.   

   

5.3.1 Toughening mechanisms 

To investigate the toughening mechanisms of GONP in silica, cracks 

generated from Vickers indentation were analysed. It was not possible to calculate 

fracture toughness and hardness values using the micro indentation (≥ 5 kg) 

technique because indentation of glass did not generate a well-defined radial/median 

crack system, but instead chipped and produced ill-defined indentation impressions 

(figure 5.3). By varying the mass (1, 2, 3 and 5 kg) radial cracks were observed.  

 

 

 

Figure 5.3 Vickers Indentation impression produced on silica-GONP 

composite.  
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Figure 5.4 shows SEM images of Vickers indentation cracks for silica and 

silica-GONP nanocomposites. Figure 5.4 (a) shows a typical straight crack path for 

pure silica. Figure 5.4 (b) is a low magnification image showing a wavy crack path 

and Figure 5.4 (c) shows a deflected crack path in the case of silica-GONP (2.5 

vol%) composites. Necking and joining of the cracks can be seen in the case of the 

GONP composites.   

The differential thermal expansion between GONP and silica might have 

induced local stresses in the silica matrix enabling crack deflection. In fact, during 

cooling due to negative coefficient of thermal expansion of GONP [107, 147] it 

expands while silica contracts, generating high residual stresses [148].  These 

residual stresses might reduce the susceptibility of the glass to fracture. Figure 5.4 

(d) shows the anchoring of GONP in between the cracks showing GONP crack 

bridging toughening mechanism. Figure 5.4 (e) shows fractured surface of a chevron 

notch showing crack branching toughening mechanism. When a crack front interacts 

with GONP it deviates from its straight path. A crack is not able to propagate 

through the GONP so it is deflected. Crack deflection promotes energy dissipation 

through crack branching occurring along the edges of GONP. The inset of Figure 

5.4 (e) depicts crack branching where GONP is sketched with grey colour and cracks 

with red colour. The crack branching toughening mechanism was observed in 

crystalline graphene composite materials as reported in Refs. [82, 100]. It should be 

noted that crack deflection and crack branching were found to be the dominant 

toughening mechanisms. Figure 5.4 (f) is a high magnification image showing 

GONP pull out from the silica matrix. The nature of the interfacial bonding between 

GONP and silica plays an important role in toughening response. Due to the good 
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interfacial bonding between the oxide layers of GONP and silica various toughening 

mechanism were observed for silica-GONP composites.      

 

 

 

Figure 5.4 SEM fractured surface images of silica-GONP nanocomposites: a) Image 

showing straight crack path for pure silica; b) low magnification image showing 

wavy crack path for silica-GONP nanocomposites; c) crack deflection and GONP 

necking toughening mechanisms; d) high magnification image showing GONP crack 

brigding; e) chevron notch fractured surface image showing crack branching; and f) 

GONP pull out from silica matrix. 
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Table 5.1 summarizes the chevron notch fracture toughness, Martens 

hardness (HM), elastic modulus and brittleness index values for silica-GONP 

nanocomposites. Analogous to CNTs, GONP reduces the elastic modulus and 

hardness of the glass composites with increasing concentration. The elastic modulus 

and hardness of the composite decreases by ~19% and ~30% respectively for 2.5 

vol% silica GONP composite. In the case of CNTs, the reduction in hardness and 

Young’s modulus with increasing concentration of CNTs was attributed to CNT 

agglomeration in borosilicate glass composites [143]. In the case of GONP silica 

glass composites, the reduction in both elastic modulus and hardness was even more 

marked because of the presence of relatively large and weakly bonded graphene 

planes.   

 

Table 5.1 Physical and mechanical properties of silica-GONP nanocomposites.  

Sample 

 

 

Chevron Notch  

KIC (MPa m
1/2

) 

Martens 

Hardness HM  

(GPa) 

E-Modulus 

(GPa) 

Brittleness 

Index 

(μm
-1/2

) 

SiO2 

 

0.67 ± 0.08 3.51 ± 0.14 49.9 ± 2.6 5.24 

SiO2 + GONP 

(0.5 vol%) 

 

0.71 ± 0.02 3.07 ± 0.06 49.1 ± 0.9 4.32 

SiO2 + GONP  

(2 vol%) 

 

0.86 ± 0.15 3.04 ± 0.08 48.6 ± 1.2 3.53 

SiO2 + GONP 

(2.5 vol%) 

 

0.89 ± 0.05 2.55 ± 0.05 40.18 ± 1.4 2.86 
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The brittleness index can be used to quantitatively determine the 

machinability of glass ceramics [149]. The lower the BI, the higher the machinability 

of the glass-ceramics.  Interestingly, the increase in fracture toughness and decrease 

in hardness remarkably decrease the BI of silica-GONP composites. As reported by 

Boccaccini, the  BI of machinable glasses  should be lower than 4.3 μm
-1/2

 [149].  In 

the case of silica-GONP (2.5 vol%) composites the BI value decreased from 5.24 to 

2.86 μm
-1/2

, corresponding to a ~50% decrease compared to pure silica. Figures 5.5 

shows SEM micrographs of drilling indentations on the polished surface of pure 

silica and silica-GONP (2.5 vol%) composite. The silica-GONP composite exhibited 

good machinability. In comparison with pure silica, the drilled surface of composite 

was smoother and there was less debris. Under the shear stresses generated by 

drilling, the pure silica showed material removal mechanisms by fragmentation and 

fracture so that the drilled surfaces were coarse (figure 5.5 (a, b)). During the 

drilling test, even under high loading of the drill, material removal was difficult. At 

longer drilling times, the drilling tip became red hot due to high friction. On the 

contrary, when drilling the GONP composites, it was found that the material removal 

was easier and the drilled surface was smoother and flat (figure 5.5 (c, d)). As 

expected, homogeneously distributed GONP flakes played an important role in 

dissipating the shear stresses and local heating in the silica matrix. Micro cracks 

were easy to nucleate and propagate along the relatively weak GONP and silica 

matrix interface (figure 5.4). Also there was no significant local increase of 

temperature at the tip contact point (i.e. no red areas were observed). The addition of 

GONP produced a reduction in coefficient of friction [150, 151] and an increase in 
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thermal conductivity [113, 152] resulting in both reduced local heating and increased 

machinability.   

 

 

 

Figure 5.5 SEM images showing surfaces after drilling: a) low, and b) high 

magnification images for pure silica; and c) low, and d) high magnification images 

for silica-GONP (2.5 vol%) composite. 
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5.4 Conclusion 

 
 
 Using the optimized conditions, well dispersed and fully dense (relative 

density > 99%) silica-GONP composite powders were prepared using a colloidal 

processing route followed by SPS densification at 1200 
o
C with 50 MPa pressure. 

There was an improvement of ~35% in the fracture toughness of the composites with 

the addition of 2.5 vol% GONP as measured using the chevron notch fracture 

toughness method. Various toughening mechanism including GONP necking, GONP 

pull-out, crack bridging, crack deflection and crack branching were observed for 

silica-GONP composites. GONP induces local stresses in the silica matrix making 

cracks deviate from their normal straight path, increasing the fracture toughness of 

the composites. Hardness and brittleness index of the composites decreases by ~30% 

and ~50% respectively compared to pure silica. The addition of GONP to silica 

matrix enhanced the machinability of silica-GONP composites. Silica-GONP 

composites show easy processability and better mechanical properties when 

compared to silica-CNTs composites. This can be attributed to the higher specific 

surface area and 2D geometry of GONP compared to CNTs, which have tendency to 

agglomerate. The present study suggests that GONP is an effective reinforcing agent 

to prepare tougher and machinable glass matrix composites.  
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Chapter 6 Tribological properties of silica-

graphene nano platelet composites 

 
 
 

6.1 Introduction 

 
 
 The sliding and frictional behaviour of materials in reciprocal motion is 

extremely important for wide range of engineering application. Polymer matrix 

composites are of interest for engineering applications because of their light weight, 

low cost, high modulus of elasticity, good wear resistance and low friction [153]. 

Metal matrix composites have advantages like high strength, stiffness, relatively 

higher operating temperatures and wear resistance. The main limitations of using 

polymer or metal matrix composites are: polymer matrix composites have poor 

thermal stability, low hardness, and are reactive to moisture, chemicals and solvents, 

while metal matrix composites are sensitive to acids, bases, humidity and salts which 

limits their applications [154]. In order to avoid these problems glass matrix 

composites reinforced with carbon fibres were developed [155]. Carbon fibre 

reinforced glass composites has been a topic of research for the last three decades 

[156]. They have become an important class of advanced materials  due to the 

limitations of polymer and metal matrix composites [157].  Glass matrix composites 

exhibit high hardness and are less sensitive to moisture, acids, chemicals or salts, 

along with the advantage that graphite fibre provides a self-lubricating effect to the 

composites [158]. 
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    Recently, with the discovery of graphene, research on composites has 

focussed on developing graphene reinforced ceramic , glass , polymer [129] and 

metal [159] matrix composites. Graphene consists of a two dimensional, one atomic 

layer thick sheet of carbon atoms. It has better mechanical [13], electrical [12] and 

thermal [160] properties compared to graphite. Also due to its high specific surface 

area compared to graphite, CNTs and carbon black, a small loading of graphene in a 

matrix can lead to significant improvements in properties. An improvement in the 

electrical properties of graphene nano-composites can be useful for electronic 

applications, while the high specific surface area and excellent mechanical properties 

of graphene can be useful for fabricating advanced composites with improved 

mechanical and tribological properties. Graphene composites are expected to have 

better tribological properties compared to graphite fibre reinforced glass composites 

along with improved electrical and thermal properties.      

 In the present study, silica composites with different vol% of GNP loading 

were fabricated using spark plasma sintering (SPS). SPS minimised any structural 

damage to GNP during high temperature sintering. The tribological properties of the 

fabricated composites were investigated for the first time using a ball on disc 

technique with both alumina and BS balls as the counterpart. The extent of damage 

to GNP after tribology testing was also quantified using Raman spectroscopy.    
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6.2 Experimental Section 

 
 

Graphene was synthesised using liquid phase exfoliation as described in 

chapter 3. Silica-GNP composites with 2 and 5 vol% GNP loading were 

prepared using powder processing and DMF as the solvent. It should be noted 

that GNP and powder processing was used for the fabrication of composites 

instead of GONP and colloidal processing as described in chapter 4 and 5. 

There were two main reasons for this: 1) we wanted to try a processing route that 

can be used for commercial application and can be up scaled; 2) since, we were 

investigating the tribological properties of the composites we wanted to have a 

weaker interface in between GNP and silica matrix so that GNP can take part in 

the lubrication process during tribology test. In the case silica-GONP composites 

there was a good interfacial bonding between GNP and silica particles because of 

the presence of hydroxyl groups in both cases, which might have compensated 

the beneficial effect of graphene on the tribological properties of the composites. 

Silica-GNP composites were sintered using SPS. The prepared composites 

were characterised for mechanical (fracture toughness, hardness, elastic 

modulus) and tribological (friction coefficient, wear resistance) properties. The 

normalised wear resistance of the composite was calculated by dividing the 

specific wear rate of pure silica (reference) with the specific wear rate of the 

composites. It provided a measure of the improvement in the wear resistance of 

the composite materials. Detailed analysis of the wear tracks as well as the wear 

debris, along with EDS analysis of the wear tracks, were performed using SEM 

in order to investigate the wear mechanisms. Raman spectroscopy was used to 

quantify the damage to GNP before and after tribology test.  
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6.3 Results and Discussion 

 
 

Figure 6.1 is the chevron notch fractured surface SEM image of a silica-GNP 

(5 vol%) composite and shows the distribution of GNP in the silica matrix. GNP 

were found to be evenly distributed through the glass matrix and were aligned in a 

direction perpendicular to the applied force during SPS (arrow in Figure 6.1 shows 

the pressing direction). Interestingly, the thickness of the GNP was larger than the as 

prepared GNP (~3 layers), synthesized using liquid phase exfoliation method, 

suggesting there was some overlapping of the GNP flakes during processing, which 

was also confirmed by Raman spectroscopy (discussed later).  

 

 

 

Figure 6.1 SEM image showing distribution of GNP in silica-GNP (5 vol%) 

composite. 
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Tribology testing was performed on silica, silica-GNP (2 vol%) and silica-

GNP (5 vol%) composites.  In order to understand in detail how the silica nano-

composites will behave while in contact with hard materials like ceramics and softer 

materials like glasses, the wear properties of the silica-GNP composites were 

measured using both alumina and BS balls as the counterpart. Figure 6.2 shows the 

change in the coefficient of friction with sliding distance for silica-GNP composites 

against alumina balls, where the top x axis represents the number of rotations for 500 

m sliding distance. It is clear that as the concentration of GNP increases in the silica 

matrix the value of coefficient of friction decreases. In fact during sliding the friction 

between the alumina balls and silica composites is less due to the multilayer 

structure of GNP which provides a lubricating effect to the silica matrix, resulting in 

a reduced coefficient of friction. The coefficient of friction value for silica-GNP (5 

vol%) composite was ~70% lower than that of the pure silica sample for the initial 

sliding distance of 1 m. As the sliding distance increased the coefficient of friction 

also increased due to both an increase in the roughness of the silica and the alumina 

ball surfaces and the progressively larger contact area between the contacting parts. 

It should be noted that the average coefficient of friction values for pure silica (0.69 

± 0.04) were similar to silica-GNP (2vol%) composite (0.71 ± 0.02). When GNP is 

added in small amounts it does not significantly affect the coefficient of friction, but 

when added above a critical concentration there is a significant change. An average 

overall decrease of ~20% was observed in the coefficient of friction for the silica-

GNP (5 vol%) composite (0.56 ± 0.1) compared to that of pure silica at the 500 m 

sliding distance using alumina balls. Although by the end of the test coefficients of 

friction values are very similar for both the pure silica and silica-GNP composite 

samples.   
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The coefficient of friction of the silica-GNP (5 vol%) composite (0.65 ± 

0.05) tested using BS ball as the counterpart was similar to that of pure silica (0.64 ± 

0.02). The similarity of the results in this case is attributed to the increased contact 

area and material removal, which might have compensated the lubricating effect of 

GNP in the silica matrix.    

 

 

 

Figure 6.2 Coefficient of friction with respect to sliding distance and number of 

rotations for silica, silica-GNP (2 and 5 vol%) composites against alumina balls. 

 

Figure 6.3 shows the specific wear rate and normalised wear resistance for 

the silica-GNP composites with increasing concentration of GNP: a) wear properties 

measured using alumina balls; and b) wear properties measured using BS balls. The 

wear rates were measured at the end of the wear test. The wear resistance of the 

silica-GNP (2 vol%) composite did not change much compared to pure silica against 
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the alumina and BS balls. Similar to the coefficient of friction, there was a 

significant improvement in the wear resistance of the silica-GNP (5 vol%) composite 

suggesting that the content of GNP plays a critical role in the tribological properties 

of silica-GNP composites. For both the alumina as well as the BS balls there was a 

significant drop in the wear rate. Moreover, the comparison between the two 

different types of balls was very consistent. Since alumina is much harder than the 

silica composites  the wear of the actual balls was much lower (3.1 to 8.7 x 10
-6

 

mm
3
/N m), leading to a much smaller contact area during the test which results in 

very low specific wear rate (~10
-5

 to 10
-6 

mm
3
/N m) of the silica composites. On the 

other hand, when borosilicate balls were used (with comparable hardness as silica), 

the wear of the balls was 2 orders of magnitude higher compared to the alumina balls 

(1.2 to 7.6 x 10
-4

 mm
3
/N m), leading to a much larger contact area, which further 

results in a significant increase in the wear rate of the silica composites (~10
-3

 

mm
3
/N m).       

The wear resistance of the silica-GNP (5 vol%) composite (7.7 x 10
-6

 mm
3
/ N 

m) increased ~5.5 times compared to pure silica (4.15 x 10
-5

 mm
3
/ N m) against 

alumina balls. The improvement was even more marked against BS balls, with an 

improvement of ~8.5 times (5.26 x 10
-4

 mm
3
/ N m) compared to pure silica (4.29 x 

10
-3

 mm
3
/ N m).  In fact the wear resistance value was comparable to silicon nitride-

GNP composites as reported in Ref. [103] with similar test conditions. The dramatic 

increase in the wear resistance of the nano-composites for high vol% loading can be 

explained as due to the formation of an interconnected network of GNP inside the 

silica matrix. The interconnected network of GNP gives a lubricating effect limiting 

the removal of material from the silica matrix. Also because of the 2D geometry of 

the GNP and its alignment in the silica matrix, GNP formed a lubricating layer on 
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the surface of silica limiting the damage during the wear testing. The increased wear 

resistance of the material was also linked to the improved mechanical properties of 

silica-GNP composite.  

 

 

 

Figure 6.3 Specific and normalised wear rate for silica and silica-GNP (2 and 

5 vol%) composites a) for alumina balls; and b) for BS balls as the counterpart. 
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Table 6.1 lists the bulk densities, % relative densities, chevron notch fracture 

toughness, Martens hardness, brittleness index and coefficient of friction values for 

silica  and silica-GNP (2 and 5 vol%) composites tested using both alumina and BS 

balls as the counterpart. The hardness of the silica-GNP (5 vol%) composite 

decreased by ~25% while its fracture toughness increased by ~45% compared to the 

pure silica sample. The decrease in hardness can be attributed to the presence of 

large weak bonded interfaces of graphene planes in the silica matrix. The 

improvement in the fracture toughness can be attributed to various toughening 

mechanisms including crack bridging, crack branching, crack deflection and GNP 

pullout. The main toughening mechanisms observed were crack deflection and crack 

branching. Mismatch of the coefficient of thermal expansion between silica and GNP 

generated residual stresses in the silica matrix. These residual stresses result in crack 

deflection making the silica nano-composites tougher. Also the presence of GNP in a 

silica matrix made it difficult for the cracks to propagate and thus cracks had to 

move around the GNP resulting in crack branching. Detailed information about these 

toughening mechanisms is provided in chapter 5. The addition of GNP increases the 

toughness and decreases the hardness of silica-GNP nano-composites, which 

decreases the brittleness index of the material by ~50%. It has been shown [161] that 

the brittleness index, combining both material responses (ratio between hardness and 

fracture toughness of the material), is a better parameter for the quantification of 

wear resistance than hardness or fracture toughness taken separately. The decrease in 

the brittleness index makes the surface of silica-GNP composites less rough and less 

brittle compared to pure silica. Less brittle and tougher silica composites do not 

produce much wear of the hard alumina and BS balls resulting in a less rough 

surface of the counterpart balls compared to pure silica. This, results in less material 
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removal from silica-GNP composites compared to pure silica. This was 

experimentally observed by analysing the surface of the balls at the end of the 

tribology test using an optical microscope. Therefore, the wear resistance of the 

material increases with decreasing brittleness index.     

     

Table 6.1 Bulk, % relative densities and mechanical, tribological properties of silica 

and silica-GNP (2 and 5 vol%) composites.  

 

Sample Bulk 

Density 

(g/cm
3
) 

% 

Relative 

Density 

Martens 

Hardness 

(HM)  

(GPa) 

Chevro

n Notch 

KIC 

(MPa 

m
1/2

) 

Brittlenes

s Index 

(µm
-1/2

) 

Friction 

Coefficie

nt 

 

Alumina 

Balls 

Friction  

Coefficie

nt 

 

BS Balls 

 

SiO2  

 

 

2.195  

 

99.8 

  

3.51 ± 

0.14 

 

0.67 ± 

0.08 

 

 

5.24 

 

0.69 ± 

0.04 

 

 

0.64 ± 

0.02 

 

 

SiO2 + 

GNP  

(2 

vol%) 

 

 

2.184 

 

 

99.3 

 

2.91 ± 0.5 

 

0.79 ± 

0.07 

 

 

3.68 

 

0.71 ± 

0.02 

 

0.67 ± 

0.02 

SiO2 + 

GNP 

(5 

vol%) 

 

 

2.2 

 

 

100 

 

2.63 ± 0.2 

 

0.96 ± 

0.08 

 

2.74  

 

 

0.56 ± 0.1 

 

 0.65 ± 

0.05 
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In order to understand in more detail the mechanism of wear resistance, wear 

tracks for both the silica and silica-GNP composites were investigated using SEM. 

Figure 6.4 shows SEM images of wear tracks of silica and silica-GNP (5 vol%) 

composites for both alumina and BS balls as the counterpart. Figure 6.4 a) low and 

b) high magnification images of pure silica. It is clear from the images that the 

surface of the wear track for pure silica was very rough. Also the width of the wear 

track was measured to be 887 µm (figure 6.4 (a)). Figure 6.4 c) low and d) high 

magnification images for silica-GNP (5 vol%) composite. Micro-fracture along with 

wear debris was observed as the main wear mechanism for all of the materials 

studied. The addition of GNP into the silica based materials results in a higher 

amount of “islands” of the coherent tribofilm (created by removal and consequently 

adhesion of the wear debris). These “islands” of coherent film layer can provide 

some protection to the glass surfaces and decrease the wear coefficient of the 

materials. The highest amount of such a coherent film was observed in the case of 

silica composites with 5 vol% of GNP, which explains why this material had the 

lowest coefficient of friction. Similarly, the smallest amount of wear debris was 

observed for the silica-GNP (5 vol%) composite. Therefore, the surface for the wear 

track of the nano-composite was much smoother than that of pure silica confirming 

the lubricating effect of GNP. Also, the exfoliation of the nanoplatelets generates 

graphene flakes, which become part of an adhered lubricating tribofilm that 

effectively limits the wear volume. Therefore, it is believed that the wear behaviour 

of silica-GNP composites is controlled by the continuous supply of exfoliated 

graphene flakes that creates a lubricating tribofilm well adhered to the surface, 

leading to the improved wear resistance of the composite materials. This was also 

confirmed by Raman spectroscopy.  
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It should be noted that in figure 6.4 (a-d), the central area of the wear track is 

deeper as it follows the shape of the sliding sphere. The SEM contrast in figure 6.4 

a) evidences a deeper zone with more obvious damage (light grey area), the nearby 

dark grey area might have been generated as a result of the secondary damage 

(induced damage). Compared to pure silica, silica-GNP (5 vol%) composite had a 

reduced wear rate because of: 1) decreased friction and; 2) higher damage tolerant 

property of the nano-composites, also confirmed by the reduced secondary damaged 

area (figure 6.4 (c)). The width of the wear track for silica-GNP (5 vol%) composite 

(603 µm) was ~35% less compared to pure silica (887 µm). The width of the wear 

track is directly proportional to the amount of material removed during tribology 

testing. Since, silica-GNP composite had increased wear resistance; the width of the 

wear track was much smaller for nano-composite compared to pure silica. This kind 

of wear behaviour is new and has not been reported in literature for silica-GNP 

composites. So far, limited improvement of wear resistance (~60%) has been 

reported in literature for polycrystalline matrix-GNP composite [103]. While we 

report an improvement of ~5.5 times in wear resistance for amorphous matrix 

composites. This may suggest GNP can be more effective for improvement in wear 

properties of the amorphous matrix composites compared to polycrystalline ones.       

According to SEM analysis of silica based composites tested using the BS 

balls, a coherent film providing the lubricating effect was not observed. As 

mentioned above, it is believed that the increased contact area (due to the higher 

specific wear rate of the BS balls acting as a counterpart) caused severe wear of the 

silica based composites producing a large amount of the wear debris, which might 

have compensated the lubricating effect of GNP in the silica matrix. Figure 6.4 e) 

and; f) are the high magnification images of the wear tracks, showing the surface 
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roughness for pure silica and silica-GNP (5 vol%) composite, respectively, tested 

using BS balls as the counterpart. Interestingly the surface of silica-GNP (5 vol%) 

composite was less rough compared to pure silica. Although, there was not much 

effect on the coefficient of friction, there was a significant reduction in the width of 

the wear track. Similar to alumina samples, the width of the wear track decreased 

~30% for silica-GNP (5 vol%) composite (1260 µm) compared to pure silica (1800 

µm) confirming the improvement in the wear resistance of the material.     
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Figure 6.4 SEM images of wear tracks for silica-GNP composites: a) low 

and b) high magnification images showing width of the wear track, surface 

roughness for pure silica; c) low and d) high magnification images of silica-GNP (5 

vol%) composite using alumina balls as the counterpart; e) and; f) high 

magnification images showing surface roughness of the wear track for pure silica 

and silica-GNP (5 vol%) composite respectively using BS balls as the counterpart. 
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Raman spectroscopy was performed on the as synthesised GNP and silica-

GNP (5 vol%) composite (alumina balls) in order to understand the extent of damage 

to the GNP after tribology testing. Figure 6.5 shows the comparison of the Raman 

spectra of GNP and silica-GNP (5 vol%) composite. In the case of silica-GNP (5 

vol%) composite two scan areas were chosen: 1) surface without  wear damage 

(outside wear track); and 2) surface with wear damage (inside wear track). At least 3 

scans were performed for each sample. Typical peaks were observed at ~1350 cm
-1

 

(D band), ~1585 cm
-1

 (G band) and ~2700 cm
-1

 (2D band). Interestingly, there was a 

negative shift of ~7 cm
-1

 (D band), ~14 cm
-1

 (G band) and ~20 cm
-1

 (2D band)  in the 

peak positions of silica-GNP (5 vol%) composite on the wear damaged surface 

(inside wear track) compared to the surface without damage (outside wear track). A 

shift in D, G and 2D peak positions can be attributed to residual tensile strain [162]. 

This strain might have been induced by the shear stress at the contact point of balls 

and substrate, while the flexible GNP was anchored to the matrix. Sliding forces 

increased the shear and tensile stresses on the GNP resulting in its damage. The shift 

in peak confirms residual tensile strain of the GNP produced by deformation of the 

GNP. The defected and fragmented GNP becomes part of the wear debris and acts as 

lubricant during the tribology testing. A decrease in the ID/IG ratio was also observed 

for silica-GNP (5 vol%) composite (ID/IG = 0.24) compared to GNP (ID/IG = 0.32) 

suggesting that there was some agglomeration of GNP during processing of the 

composite resulting in reduced edge defects and hence decreased D peak intensity. 

The damage of the GNP during the wear testing was also confirmed by evaluating 

the ID/IG ratios of GNP and silica-GNP (5 vol%) composite in the areas with and 

without wear damage. In the case of Raman scans inside the wear track of silica-

GNP (5 vol%) composite an increase in the D peak intensity was observed (ID/IG = 
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0.67). The increased D peak intensity is directly related to the number of edges, and 

therefore more GNP flakes [41]. Thus the increase in the ID/IG ratio inside the wear 

track of silica-GNP (5 vol%) composite confirmed the formation of exfoliated and 

fragmented GNP flakes during tribology testing which contributed to the formation 

of a tribofilm on silica-GNP composites resulting in improved wear properties. 

Similar behaviour has been observed by other authors for silicon nitride-GNP 

composites [105]. It should be noted that similar Raman results were observed for 

silica-GNP composites tested using BS balls as the counterpart.  

 

Figure 6.5 Shows the comparison of the Raman scans for GNP and silica-GNP (5 

vol%) composite with and without damaged surface (wear track) using alumina balls 

as the counterpart. 
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6.4 Conclusion 

 
 

The tribological properties of silica-GNP composites were investigated for 

the first time using a ball on disc technique with alumina and BS balls as the 

tribological counterpart at room temperature. GNP reduced the coefficient of friction 

of the material by ~20% for silica-GNP composites (alumina balls) while in the case 

of silica composites tested using BS balls no change was observed. There was an 

improvement of ~5.5 and ~8.5 times in the wear resistance of the silica-GNP 

composites tested against alumina and BS balls, respectively. GNP above a critical 

content formed an interconnecting network, which provided an effective lubricating 

effect to the silica matrix resulting in improved wear properties. GNP increased the 

toughness (~45%) and decreased the hardness (~25%), thus decreasing the 

brittleness index (~50%) of the prepared composites. Interestingly the width of the 

wear track was also decreased by ~35% and 30% for silica-GNP (5 vol%) 

composites compared to pure silica, for samples tested using alumina and BS balls 

respectively. Raman spectroscopy confirmed the GNP was damaged during the 

tribology tests. The present study suggests that GNP is a good reinforcement for 

improving the tribological properties of brittle matrices.     
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Chapter 7 Graphene Nanoplatelet 

Reinforced Alumina Nano-Composites 

 
 
 

7.1 Introduction 

 
 

Although the reported literature shows that colloidal processing gives better 

dispersion compared to powder processing, many authors have used powder 

processing because it is easier and can be scaled up. However, there is considerable 

scope for optimising the processing to achieve improved dispersion. In the present 

work, liquid phase exfoliation has been used to produce Al2O3-graphene nanoplatelet 

(GNP) composites. This method enables good dispersion and quality of GNP with 

control over size and thickness. This processing route solves the problem of 

producing good quality GNP without affecting its properties, as in the case of 

Hummer’s method. Well dispersed Al2O3-GNP powder mixtures were produced 

using simple sonication and ball-milling. SPS was used for the consolidation process 

to preserve the integrity of GNP from structural defects by minimising the 

processing times at high temperature [70]. The aim of this work was to develop a 

processing route to produce directly well dispersed and dense ceramic-GNP 

composites, with minimal damage to the GNP. Then to evaluate the influence of 

GNP on the fracture behaviour of the composites. 
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7.2 Experimental Section 

 
 

GNP were prepared using a liquid phase exfoliation method. Details about 

the preparation of GNP are provided in chapter 3. Alumina-GNP composites with 

GNP loading of 0.2, 0.5, 0.8, 2 and 5 vol% were prepared using a powder processing 

method and sintered using SPS. Details about the processing and sintering conditions 

of the alumina nanocomposites are provided in chapter 3. The microstructure of the 

prepared composites was investigated using XRD, Raman and SEM. The prepared 

composites were characterised for mechanical properties. The details about the 

mechanical testing are provided in chapter 3. The nanocomposites were 

characterised for chevron notch fracture toughness, indentation toughness and 

hardness, elastic modulus and grain size analysis.  

 

7.3 Results and Discussion  

 
 

The main advantages of using SPS over conventional sintering techniques is 

that the sintering time can be reduced from several hours to just a few minutes 

because of the high heating rates involved (up to ~600 
o
C/min) and simultaneous 

application of pressure/electric field. Fully dense composites were obtained with a 

dwell time of 5 minutes, thus limiting the GNP damage induced by prolonged 

exposure at high temperature as in the case of hot pressing/pressure-less sintering. 

Figure 7.1 shows shrinkage rate, pressure and temperature profiles for the pure 

alumina. There appeared to be no change in the sintering behaviour of alumina with 

the addition of GNP. This is different to what has been reported in the case of Al2O3-
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CNTs composites, where CNTs (>2% vol) promoted low temperature sintering [9, 

78, 79].  

 

 

Figure 7.1 Sintering profile of pure alumina showing temperature (red curve) and 

pressure (black curve) profiles, shrinkage rate (blue curve) and relative piston travel 

(green curve). 

 

It should be noted that no agglomerates of GNP were found in samples with 

concentration ≤2 vol%, thus, confirming the good quality of the GNP dispersion. 

Another advantage of using GNP prepared by liquid phase exfoliation is that there is 

no need to reduce graphene oxide nanoplatelet (GONP) to GNP, making these 

composites easier to process and avoiding un-wanted damage to GNP due to 

oxidation. 

Table 7.1 shows the bulk and theoretical densities of the prepared 

composites along with their sintering conditions. The XRD data shows that with 

increasing volume fraction of GNP, a new peak is observed at 26.3
o
 which 
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corresponds to crystalline carbon (Figure (7.2a)) [142]. There is no detectable 

second phase indicating that there was no significant reaction between GNP and 

alumina. Raman spectroscopy was used to confirm the structural integrity of the 

GNP in the alumina matrix after sintering (Figure (7.2b)). Three clear peak at ~1317 

cm
-1

 (D band), ~1585 cm
-1

 (G band) and ~2600 cm
-1

 (2D band) were observed for all 

samples including graphite, graphene and Al2O3-GNP nano-composites [130]. The 

intensities of the D and G Raman peaks were compared for all samples. As expected 

graphite showed the lowest ID/IG ratio of 0.22. After exfoliation, the intensity of the 

D peak increased due to an increased number of edge defects produced during high 

energy processing of the graphene suspension (ID/IG of 0.68). ID/IG values of 0.78, 

0.59 and 0.5 were observed for Al2O3-GNP 0.5, 2 and 5 vol% samples respectively. 

The slight increase in ID/IG ratio for the 0.5 vol% sample suggests that the GNP was 

further damaged during high temperature processing. Interestingly, the ID/IG ratio for 

Al2O3-GNP composites decreased with increasing concentration of GNP. In the case 

of liquid phase exfoliated graphene, the intensity of the D peak is dominated by the 

number of edge defects and can also be related to size of the graphene flakes [41]. 

As the number of graphene flakes increased the intensity of the D peak also 

increased. In case of Al2O3-GNP composites, as the concentration of graphene 

increased in the alumina matrix, overlapping of graphene flakes was observed (also 

confirmed by SEM). The overlapping of graphene flakes leads to less number of 

edges and thus decreasing ID/IG ratio for Al2O3-GNP composites with high 

concentration of GNP.  
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Table 7.1 Bulk and theoretical densities of prepared composites along with 

sintering conditions. 

 

Sample Sintering 

Conditions 

Bulk Density % Theoretical 

Density 

Al2O3 Pure 

 

1350 
o
C/50 MPa/5 

min 

3.98 

 

99.8 

 

Al2O3 + 0.2 vol%  

GNP 

1350 
o
C /50 MPa/5 

min 

3.97 

 

99.9 

 

Al2O3 + 0.5 vol%  

GNP 

1350 
o
C /50 MPa/5 

min 

3.97 

 

99.0 

 

Al2O3 + 0.8 vol%  

GNP 

1350 
o
C /50 MPa/5 

min 

3.96 

 

99.9 

 

Al2O3 + 2 vol%  

GNP 

1350 
o
C /50 MPa/5 

min 

3.94 

 

98.9 

 

Al2O3 + 5 vol% 

GNP 

1350 
o
C /50 MPa/5 

min 

3.89 

 

99.0 
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Figure 7.2 a) XRD patterns for pure alumina and alumina-GNP composites showing 

crystalline carbon peak at 26.3
o
 and; b) Raman spectra of graphite, graphene and 

alumina-GNP nano-composites showing typical D, G and 2D peaks. 

 

In order to investigate the effect of GNP concentration on the fracture 

toughness of alumina ceramics, we used both chevron notch fracture toughness 

(standard method) and micro indentation fracture toughness method (common 

method) to measure the toughness of the prepared composites as shown in Figure 

7.3. It should be noted that although micro indentation fracture toughness has 

advantages, like only small specimens are required for testing, it does not provide 

correct engineering values of fracture toughness. In the case of CNT composites 

D 

D 

D 

D 

D 

G 

G 

G 

G 

G 

2D 

2D 

2D 

2D 

2D 

2D 



Chapter 7 
 

122 
 

there can be a large discrepancy between the two methods [98]. A comparison of the 

results of the two methods has not previously been reported for ceramic graphene 

nano-composites. Therefore we used both methods to calculate the toughness of our 

materials to enable a comparative study of the toughness values obtained.         

 

 

 

Figure 7.3 Fracture toughness of the alumina-GNP nano-composites with different 

vol% loading of GNP measured with both chevron notch and indentation fracture 

toughness method. 

 

Similar toughness values of 2.9 and 2.8 MPa were obtained for pure alumina 

with chevron notch and indentation fracture toughness methods respectively. The 

micro indentation fracture toughness values increased with increasing vol% loading 

of GNP and reached a maximum value of 3.9 MPa for the 0.8 vol% composite, 

corresponding to an increase of ~40% compared to pure alumina. This value was 

slightly higher than, but within the error bars, the value obtained with the chevron 
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notch fracture toughness method. The toughness values decreased for GNP loading 

higher than 1 vol% and reached a value of 2.4 MPa for indentation and 3.1 MPa for 

chevron notch for the 5 vol% composite.     

It should be noted that the fracture toughness values obtained by both 

chevron notch and indentation method differ only for the 5 vol% composite. As the 

concentration of GNP increases, it leads to the formation of an inter-connected 

graphene network that acts as a weak interface, and because the indentation method 

measures the toughness values locally it gives artificially lower values for the 5 vol% 

composite, suggesting that the indentation method is not a reliable tool for measuring 

the fracture toughness of high vol% samples.         

 

7.3.1 Reinforcement Mechanism  

To investigate the fracture behaviour of the composites, the fractured 

surfaces of the chevron notch fracture toughness samples were studied. Figure 7.4 

shows SEM images of chevron notch fractured surfaces for Al2O3-GNP nano-

composites. Figure 7.4 (a) shows the grain microstructure of fully dense pure α-

alumina. The main mechanism of crack propagation for pure alumina is inter-

granular as the cracks only propagates through grain boundaries. Figure 7.4 (b) 

shows the trapping of GNP in between grain boundaries and protruding from the 

fracture surface for the 0.5 vol% Al2O3-GNP composite. Figure 7.4 (c) is a high 

magnification image showing a change in mechanism of crack propagation to trans-

granular with the increasing concentration of GNP (2 vol%). Generally in ceramic 

matrix composites, cracks propagate through the grain boundaries if they are weaker 

than the grains. It should be noted that in the case of Pure Al2O3 the mechanism of 

crack propagation was dominated by an inter-granular mechanism but with 
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increasing concentration of GNP in Al2O3-GNP composites a trans-granular 

mechanism of crack propagation became more dominant. Figure 7.4 (d) SEM image 

of 5 vol% Al2O3-GNP composite showing graphene pull out from the fractured 

surface.  

 

 

 

Figure 7.4 Shows SEM images of chevron notch fractured surfaces for Al2O3-GNP 

nano-composites: a) grain microstructure of fully dense pure α-alumina; b) low 

magnification image of 0.5vol% Al2O3-GNP sample showing graphene pull out; c) 

high magnification image of 2vol% Al2O3-GNP sample, showing change in 

mechanism of crack propagation from inter-granular to trans- inter-granular with the 

addition of GNP; d) 5vol% Al2O3-GNP sample showing graphene pull out from 

alumina matrix. 
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In order to study in more detail about the toughening mechanisms in 

graphene composites, the fracture patterns generated by Vickers indentation were 

analysed. Figure 7.5 shows SEM images of Vickers indentation fractured surfaces 

for Al2O3 and Al2O3-GNP composites. Figure 7.5 (a) shows a straight crack path for 

pure Al2O3. Figure 7.5 (b) shows a deflected crack path for Al2O3-GNP (0.5 vol%) 

composite, with an arrow highlighting crack bridging. Figure 7.5 (c) shows crack 

bridging and grain pullout toughening mechanisms (highlighted with arrows) for 

Al2O3-GNP (2 vol%) composite. Figure 7.5 (d) shows crack branching in the Al2O3-

GNP (0.5 vol%) composite. In reinforced ceramics which fracture by the growth of a 

single dominant flaw, the toughness of the material is mainly influenced by four 

effects [163]: 1) Debonding which generates new surfaces; 2) frictional dissipation 

upon pullout; 3) matrix cracking which relieves residual stresses; and 4) nano-fibre 

failure. All these factors contribute positively to the toughness of a composite and 

were observed for GNP reinforced Al2O3 nano-composite.    
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Figure 7.5 SEM images of Vickers indentation crack for Al2O3-GNP composites: a) 

shows straight crack path for pure Al2O3; b) crack deflection and crack bridging 

toughening mechanisms for Al2O3- GNP (0.5 vol%) composite; c) shows crack 

bridging and pullout for Al2O3- GNP (2 vol%) composite; and d) crack branching 

toughening mechanism for Al2O3-GNP (0.5 vol%) composite. 

 

It should be noted that graphene seen in fractured surfaces looked thicker 

than the graphene produced using the liquid phase exfoliation method. There was 

overlapping of graphene flakes during the processing of the Al2O3-GNP powder 

mixtures which was verified by comparison of the ID/IG ratios in Raman 

spectroscopy. Similar phenomena have also been reported by other authors [107, 

164]. There was preferential orientation of the GNP in the alumina matrix in the 



Chapter 7 
 

127 
 

plane perpendicular to the pressure direction during sintering (Figure 7.6). This 

alignment of GNP can also enhance the toughness of the materials in the direction 

perpendicular to the alignment and produce anisotropic properties in the composites. 

Anisotropy has also been reported for Si3N4-graphene composites for various 

properties including elastic modulus [165], electrical [108] and thermal [113] 

conductivities. The anisotropy in the case of graphene nano-composites can be 

explained due to the 2D geometry of the graphene flakes which aligns during 

sintering with applied pressure in the ceramic matrix.  

 

 

 

Figure 7.6 SEM fractured surface images of Al2O3-GNP (5 vol%) nano-composites: 

a) Increase in number of contacted GNP site with increasing concentration of GNP; 

b) alignment of graphene in alumina matrix after SPS processing with arrow 

showing the pressing direction. 
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Table 7.2 summarizes the chevron notch toughness, micro indentation 

toughness, grain size, micro indentation hardness and elastic modulus values for all 

the Al2O3-GNP nano composites. There is no significant difference in the grain size 

of the materials (Figure 7.7). The hardness is similar for all of the composites. The 

elastic modulus of the composites does not change up to 2 vol% loading and 

decreases by ~15% for the 5 vol% composite. A similar trend is observed for the 

toughness values measured using micro-indentation and chevron notch method. The 

sudden decrease in mechanical properties (KIC and elastic modulus) above 2 vol% 

GNP loading can be attributed to the increase in number of sites of inter-connected 

graphene flakes (Figure 7.6) with increasing GNP content. The formation of inter-

linked graphene networks effectively produces large defects which are detrimental to 

the fracture toughness of the composites. The formation of an inter-linked graphene 

network was also confirmed by elastic modulus measurement where the value for 

pure alumina decreased from 380 to 328 GPa for the 5 vol% composite.    

 

 

 

 

 

 

 

 

 

 

 



Chapter 7 
 

129 
 

Table 7.2 Physical and mechanical properties of Al2O3-GNP nano-composites. 

 

Sample Chevron 

Notch          

KIC (MPa 

m
1/2

) 

Micro 

Indentation  

KIC (MPa 

m
1/2

) 

Grain 

Size  

(nm) 

Hardness  

HV (GPa) 

E-

Modulus 

(GPa) 

Al2O3 Pure 

 

2.9 ± 0.13 

 

2.8 ± 0.17 

 

529 ± 

114 

22.9 ± 0.70 

 

380 

 

Al2O3 + 0.2 

vol% GNP 

3.7 ± .07 

 

3.5 ± 0.17 

 

- 21.3 ± 0.60 

 

398 

 

Al2O3 + 0.5 

vol% GNP 

3.6 ± 0.44 

 

3.7 ± 0.3 

 

589 ± 

86 

21.3 ± 1.32 

 

380 

 

Al2O3 + 0.8 

vol% GNP 

3.7 ± 0.21 

 

3.9 ± 0.13 

 

- 21.6 ± 0.55 

 

373 

 

Al2O3 + 2 vol% 

GNP 

3.0 ± 0.17 

 

2.9 ± 0.14 

 

520 ± 

96 

22.1 ± 0.71 

 

372 

 

Al2O3 + 5 vol% 

GNP 

3.1 ± 0.13 2.4 ± 0.18   572 ± 

108 

   21.6 ± 

0.295 

328 
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Figure 7.7 SEM images of polished then thermally etched surfaces showing grain 

size distribution of: a) Al2O3; b) Al2O3-GNP (0.5 vol%); c) Al2O3-GNP (2 vol%) 

and d) Al2O3- GNP (5 vol%) composites. 
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7.4 Conclusion 

 
 

To summarize, well dispersed suspensions of graphene with average lateral 

size 1.5 µm and typically three layers thick were prepared using a liquid phase 

exfoliation method. Well dispersed, fully dense (> 99%) Al2O3-graphene composites 

were prepared by powder processing and densified using SPS at 1350 
o
C with 50 

MPa pressure. There was an improvement of  ~40% in the fracture toughness of the 

composites prepared with the addition of only 0.8 vol% GNP as measured by micro 

indentation and ~25% as measured by chevron notch fracture toughness methods. 

GNP was found to be anchored in between the grains of alumina and different 

toughening mechanism were observed including graphene pull out, crack bridging, 

crack deflection and crack branching. A trans-granular mechanism of crack 

propagation became more dominant with increasing GNP content. GNP toughens the 

composites by making the crack paths more tortuous. The change in mechanism of 

crack propagation is new compared to fibre reinforced ceramic composites and has 

not been reported in the literature previously for ceramic GNP composites. The 

fracture toughness and elastic modulus of the nano-composites decreased for 

composites with ≥ 2 vol% GNP. This is attributed to an increase in number of sites 

with inter connecting graphene flakes. The present study suggests that a low (< 2 

vol%) concentration of GNP is an effective reinforcing agent for alumina ceramics.  
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Chapter 8 Scratch Behaviour of Graphene 

Alumina Nanocomposites  

 
 
 

8.1 Introduction 

 
 

In the case of ceramic matrix composites, little attention has been paid to 

investigating their tribological properties. Lim et al. [166] prepared alumina-CNT 

(up to 12 wt%) composites and compared the effect of fabrication technique on their 

tribological behaviour. They suggested that composites made using tape casting 

followed by hot pressing showed better tribological properties compared to materials 

produced using hot pressing of powders.  This was attributed to the better dispersion 

of CNTs in the alumina matrix. Ahmad et al. [167] reported a reduction in the 

coefficient of friction by 80% for alumina-multi walled carbon nanotubes 

(MWCNTs) composites containing 10 wt% MWCNTs. They suggested MWCNTs 

affect the tribological properties of alumina composites indirectly by influencing the 

mechanical properties and directly by acting as a lubricating medium. Hvizdos et al. 

[168] reported an improvement in the tribological properties of silicon nitride, 

zirconia and alumina composites with the addition of MWCNTs. In the works 

reported on GNP composites, Hvizdos et al. [103] and Belmonte et al. [169] reported 

an improvement of ~60% and 56% respectively in the wear resistance of silicon 

nitride with the addition of GNP. The research so far has shown promising 

improvements in tribological properties with the addition of carbon nano-fillers. It 
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should be noted that there is little reported literature on the scratch resistance of 

ceramic nano-composites, despite their promising tribological properties. Scratch 

resistance is an important property in many applications [170-172]. In the present 

work, the effect of GNP concentration on the scratch resistance of alumina was 

investigated by fabricating alumina-GNP (0.5, 2 and 5 vol%) composites using SPS. 

The fabricated composites were tested using single pass scratch testing. The 

mechanisms for micro damage were investigated with increasing load. Different 

scratch resistance mechanisms were observed for different composites depending on 

the loading of GNP. 

                       

8.2 Experimental Section 

 
 

The details about the synthesis, characterisation and scratch testing of GNP and 

alumina-GNP composites are provided in chapter 3.   

 

8.3 Results and Discussion 

 
 

All of the prepared composites were nearly fully dense (>98%). The 

microstructural characterisation of the prepared composites using XRD and Raman 

spectroscopy is reported in Chapter 7. Figure 8.1 are SEM images showing the 

distribution of GNP in the alumina-GNP (2 and 5 vol%) composites. The GNP 

(marked with white arrows) were found to be located at the alumina grain boundaries 

and was uniformly distributed throughout the alumina matrix (Figure 8.1 (a)). As 

the concentration of GNP increased in the alumina matrix there was some 

overlapping of the GNP around alumina grains, which weakened the grain 
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boundaries (marked with red arrows Figure 8.1 (b)). It should be noted that the GNP 

prepared using liquid phase exfoliation were thinner compared to the GNP observed 

in the fractured surfaces, which suggests that there was some overlapping of the 

GNP during processing. This was also confirmed by Raman spectroscopy (Chapter 

7).    

        

 

 

Figure 8.1 SEM images of the fracture surfaces of: a) alumina-GNP (2 vol%); and 

b) alumina-GNP (5 vol%) composites showing the distribution of GNP in the 

alumina matrix. 

 

Figure 8.2 shows the scratch test data recorded for alumina-GNP (5 vol%) 

composite over a distance of 10 mm with an increasing applied load of 1 to 200 N. 

The coefficient of friction (COF) and acoustic emission (AE) signals were recorded 

during the scratch test for all of the samples. The COF increases (red curve) with 

increasing scratch distance and increasing applied load. The peaks in the AE (black 

lines) corresponded to cracking and chipping events. The AE signal helped us to 

identify when (distance and/or load) the first cracks occurred (marked with arrow in 
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Figure 8.2), it was also directly related to the chipping of the material at higher 

loads.  

 

 

Figure 8.2 Scratch test data recorded for alumina-GNP (5 vol%) composite showing 

coefficient of friction (red curve) and acoustic emission (black lines) with respect to 

increasing distance (1-10 mm) and normal applied load (1-200 N).  

 

Figure 8.3 shows the change of the COF values of the alumina-GNP 

composites with applied normal load and distance. There was no significant change 

in the COF of the composites compared to pure alumina at low loads (~65 N). As the 

applied load increased the COF of the composites increased with increasing 

concentration of GNP. The starting surface roughness of the alumina and alumina-

GNP (5 vol%) composite was ~55 and ~92 nm respectively which increased to ~1.93 

µm for pure alumina and ~8.9 µm for alumina-GNP (5 vol%) composite after the 

scratch test. The increased COF at high loads can be attributed to more chipping and 

increased surface roughness (Table 1) of alumina-GNP composites. The average 
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COF of the alumina-GNP (5 vol%) composite was ~60% higher compared to the 

pure alumina sample. Interestingly, the COF values for pure alumina and alumina-

GNP (0.5 vol%) composite were very similar up to a load of 150 N because, 

suggesting that the roughness of the scratch grooves of alumina-GNP (0.5 vol%) 

composite was less compared to alumina-GNP composites with high GNP loading 

(Table 1).  

 

 

Figure 8.3 COF values with respect to normal load and distance for pure alumina 

and alumina-GNP composites with different GNP contents. 

 

Figure 8.4 shows confocal microscopy images of scratch grooves obtained 

after scratch testing the alumina and alumina-GNP (0.5, 2 and 5 vol%) composites. 

The scratch grooves obtained for various materials are mainly divided into three 

regions. Region 1 corresponds to so-called micro-ductile behaviour at low loading, 

where the scratch test did not generate any cracks and the material deformed only in 

a plastic manner (marked by black lines in figure 8.4). The micro-ductile region 



Chapter 8 
 

137 
 

can be considered as the region before cracking is initiated. As the load increases 

with scratching distance radial micro cracks start to form around the scratch grooves, 

corresponding to micro-cracking region (Region 2) (marked by red line in figure 

8.4). When the load is increased further, sub surface lateral cracking leads to 

chipping, corresponding to chipping region (Region 3) (dark region in figure 8.4). 

The critical load corresponding to the start of the formation of the radial cracks and 

chipping are defined as Lc1 and Lc2, respectively.  

 

 

 

Figure 8.4 Confocal microscopy images showing the scratch damage generated on 

the polished surfaces of composites containing different vol% loading of GNP.  

 

The mechanical properties and toughening mechanism of alumina-GNP 

composites are discussed in detail in Chapter 7. It has been shown that brittleness 

index is a better parameter for quantifying the wear properties of the materials 
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compared to hardness and fracture toughness taken separately [161]. Table 8.1 

summarizes the brittleness index and scratch resistance response for pure alumina 

and alumina-GNP composites. The brittleness index of alumina-GNP (0.5 vol%) 

composite was ~30% lower compared to pure alumina sample which was mainly due 

to the improved fracture toughness of the material. The hardness and chevron notch 

fracture toughness of alumina-GNP (2 vol%) composites did not change much, 

therefore no significant change in the brittleness index was observed for the 

composite. As the concentration of GNP (5 vol%) increased in alumina matrix 

indentation fracture toughness of the composite decreased by ~15% resulting in 

~10% increase in the brittleness index of the material. It should be noted that 

indentation fracture toughness values are considered in the present work compared to 

chevron notch fracture toughness because scratch resistance is a surface property and 

the indentation method measures the toughness values on the surface of the material 

which is more appropriate in this case. The lengths of the Regions 1, 2 and 3 during 

the scratch tests were analysed using AE signal, and SEM and confocal microscopy. 

The data obtained using all of these techniques were in good accordance with each 

other. The average COF of the composites increased with increasing concentration of 

GNP in the alumina matrix.   

As seen in figure 8.4, the length of Region 1 for pure alumina was 4.5 mm. 

The first radial cracks were observed, which is in good correlation with AE signal 

(4.25 mm). The Region 1 length increased to 4.9 mm for alumina-GNP (0.5 vol%) 

composite. This was mainly because of the improved fracture toughness (~35%) and 

decreased brittleness index of the alumina-GNP (0.5 vol%) composite. The increase 

in toughness can be attributed to various toughening mechanism including crack 

bridging, crack branching, crack deflection and GNP pull out (Chapter 7). No 
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significant change in the length of the Region 1 was observed for the alumina-GNP 

(2 vol%) composite compared to pure alumina, corresponding to similar brittleness 

index and elastic modulus values of alumina and alumina-GNP (2 vol%) composite. 

When the concentration of GNP was further increased there was a significant change 

in the length of the Region 1. First small chipping in the case of alumina-GNP (5 

vol%) composite was observed at 3.4 mm of the scratch test length. It should be 

noted that no radial cracks were observed in the case of alumina-GNP (5 vol%) 

composite. The reason for the decrease in the length of the Region 1 was because of 

the increased brittleness index of the composite. Also, GNP overlapping at the grain 

boundaries lead to the formation of weak bonded grain boundaries (WBG) which 

resulted in decreased elastic modulus (~15%) of the alumina-GNP (5 vol%) 

composite. Interestingly the Region 2 for all the composites decreased in length with 

increasing concentration of GNP in the alumina matrix. Chipping in GNP 

composites started earlier compared to pure alumina sample. Since the decrease in 

the length of the Region 2 was directly related to GNP concentration it is believed 

that addition of high concentration of GNP resulted in the formation WBG in the 

alumina matrix. Also since GNP has high aspect ratio and the GNP are bonded by 

the weak Van der Waals forces there are weak bonded interfaces inside multi-layered 

platelet which might also contribute to the formation of WBG in the composites. 

High loads during the scratch test, because of the presence of WBG in alumina-GNP 

composites, produced more extensive chipping compared to pure alumina which 

does not contain any weak bonded alumina grains. The observation suggests that at 

low concentrations GNP (0.5% vol) is beneficial for improving the scratch resistance 

of alumina-GNP composites for low loads. While high loads resulted in poor scratch 

resistance for all the composites. Pure alumina was more resistant to chipping 
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compared to alumina-GNP composites. There was a significant increase in the length 

of the Region 3 with increasing concentration of GNP for all the composites as can 

be seen in figure 8.4.  

 

 

Table 8.1 Scratch resistance data for alumina-GNP composites. 
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Al2O3 8.20 54.9 ± 6.2 1.93 ± 

0.04 

0.17 ± 

0.05 

4.5 ± 

0.25 

89 

± 5 

1.91 ± 

0.11 

12

6 ± 

7 

Al2O3-

GNP 

(0.5 

vol%) 

5.76 66.4 ± 7.3 2.23 ± 

0.03 

0.19 ± 

0.07 

4.9 ± 

0.37 

97 

± 7 

1.19 ± 

0.09 

12

0 ± 

9 

Al2O3-

GNP 

(2 

vol%) 

7.62 79.2 ± 

16.2 

2.97 ± 

0.04 

0.25 ± 

0.09 

4.6 ± 

0.26 

92 

± 5 

0.78 ± 

0.04 

10

7 ± 

6 

Al2O3-

GNP 

(5 

vol%) 

9.00 92.2 ± 

20.4 

8.9 ± 0.06 0.27 ± 

0.13 

3.4 ± 

0.56 

68 

± 

11 

0.28 ± 

0.04 

73 

± 

12 
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Figure 8.5 shows SEM images showing the initiation of cracks at the start of 

the Region 2 for: a) alumina; b) alumina-GNP (0.5 vol%); c) alumina-GNP (2 vol%) 

and; d) alumina-GNP (5 vol%) composites. As discussed earlier, the Region 1 for 

alumina-GNP (0.5 vol%) composite was longer in length than for the other materials 

due to the improved mechanical properties of the composite. Cracks in the case of 

pure alumina initiated at a load of 89 ± 5 N (Lc1) while in the case of alumina-GNP 

(0.5 vol%) composites the crack initiation load was 97 ± 7 N (Lc1). Similar to 

Region 1, no significant difference was observed for the crack initiation loads for 

alumina and alumina-GNP (2 vol%) composite (Lc1 = 92 ± 5 N). The composite 

with 5 vol% loading of GNP changed from Region 1 (Lc1 = 68 ± 11 N) to Region 3 

(Lc2 = 73 ± 12 N) with a very narrow Region 2. This Region 2 was a bit different 

compared to the other materials. Instead of radial cracking, only small chipping was 

observed. A high concentration of GNP led to the formation of WBG in alumina-

GNP (5 vol%) composites. The length of Region 3 in the case of alumina-GNP 

composites increased with increasing concentration of GNP. In fact the value of Lc2 

changed from 126 ± 7 to 73 ± 12 N for alumina and alumina-GNP (5 vol%) 

composite respectively (Table 8.1).  
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Figure 8.5 SEM images showing the initiation of cracks at the start of region 2 for: 

a) alumina; b) alumina-GNP (0.5 vol%); c) alumina-GNP (2 vol%) and; d) alumina-

GNP (5 vol%) composites. 

 

Figures 8.6 shows SEM images of the fractured surfaces in Region 3 of the 

scratch grooves for: a) alumina; b) alumina-GNP (0.5 vol%); c) alumina-GNP (2 

vol%) and; d) alumina-GNP (5 vol%) composites. GNP can be seen in the fractured 

surface after chipping (marked with white arrows). As the concentration of GNP 

increased in the alumina composites, more GNP and interconnected alumina grains 

were pulled out at high normal loads, which resulted in an increased surface 

roughness of the alumina-GNP composites during the scratch testing (Table 1). This 

can also be related to the increased COF in Region 3.         
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Figure 8.6 SEM images showing the fractured surface after the scratch test for: a) 

alumina; b) alumina-GNP (0.5 vol%); c) alumina-GNP (2 vol%) and; d) alumina-

GNP (5 vol%) composites. 

 

Figure 8.7 illustrates the behaviour of alumina and alumina-GNP composites 

during the scratch testing. In the case of alumina-GNP composites, GNP were 

located at the grain boundaries of the alumina grains. An improved scratch resistance 

in the case of alumina-GNP composites was only observed at low loads because of 

the improved mechanical properties of the composites (Chapter 7). With increasing 

load the cracks interact directly with the GNP at the grain boundaries. The GNP acts 

as reinforcement resisting the propagation of cracks, and there is some improvement 
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in the scratch resistance of alumina composites. However, with increasing applied 

load increasing micro-cracking leads to chipping and grain pull out. When the 

concentration of GNP is high there is overlapping of GNP at the grain boundaries. 

This overlapping and high concentration of GNP leads to the formation of an 

interconnected network of GNP around the alumina grains (shown with white arrows 

in Figure 8.7 (b)) which results in WBG in the alumina matrix. Thus during the 

scratch testing when a grain is pulled out in the alumina-GNP composites other 

interconnected grains in the GNP network are also removed, resulting in more 

extensive chipping in the alumina-GNP composites. This results in decreased scratch 

resistance of the alumina-GNP composites at high loads.  

 

 

 

Figure 8.7 Illustration of the mechanisms involved during the scratch test (region 3) 

for: a) alumina and; b) alumina-GNP composites.  

 

It should be noted that authors have reported an improvement in the wear 

resistance of glass/ceramic nano-composites with the addition of GNP [173]. Most 

of the works reported have used a ball on disc method to measure the wear resistance 



Chapter 8 
 

145 
 

of these material for long sliding distances (>300 m) and various loads (1-200 N). In 

the case of tribological properties measured using ball on disc methods, authors 

reported the formation of a tribofilm on composite surfaces. GNP removed during 

tribology testing acts as a lubricant and forms a tribofilm because of the repeated 

movement of the counterpart material on the nano-composite surfaces. This avoids 

further removal of material, resulting in improved wear resistance. In fact Belmonte 

et al. [169] saw more of an improvement in the wear resistance of silicon nitride-

GNP composites at high loads compared to low loads because more GNP was 

removed during the tribology testing which resulted in the formation of a tribofilm 

on the material surface. In the case of scratch testing, the normal applied load 

increases linearly with distance and there is no repeated movement of the counterpart 

on the nano-composite surfaces thus avoiding any tribofilm formation. Even though 

a significant amount of GNP is removed from the material that contains a higher 

loading of GNP, it cannot have a beneficial effect on the scratch resistance of the 

composites due to the fact that no tribofilm forms. Instead, it results in more grain 

removal from alumina-GNP composites because of the inter-connected network 

formation of GNP around alumina grains which contributes to extensive chipping. 
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8.4 Conclusion 

 
 

The scratch resistance of the alumina-GNP (0.5, 2 and 5 vol%) composites was 

investigated using single pass scratch testing. The COF of the composites did not 

change much for low loads but increased at high loads with increasing concentration 

of GNP in the alumina matrix. The COF of alumina-GNP (5 vol%) composite was 

~60% higher compared to pure alumina sample. Similarly the scratch resistance of 

the alumina-GNP (0.5 vol%) composites increased for low normal applied loads 

compared to pure alumina. The first radial cracks in the case of alumina-GNP 

composites were observed at a normal applied load of 97 N compared to 89 N in the 

case of pure alumina. The improved scratch resistance of alumina-GNP (0.5 vol%) 

composite was attributed to increased fracture toughness and decreased brittleness 

index. As the applied load was increased, the scratch resistance of the alumina-GNP 

composite decreased mainly due to the formation of WBG in the alumina matrix. 

The formation of WBG was also confirmed by the decrease in elastic modulus 

(~15%) of alumina-GNP composites (5 vol%). The scratch resistance properties 

obtained were in good agreement with the mechanical properties of the composites. 

The results and observation of this work suggests that low concentrations of GNP 

produce good reinforcement and improved scratch resistance of the alumina nano-

composites up to a critical load.           
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Chapter 9 Processing and bioactivity of 

45S5 Bioglass®-Graphene Nanoplatelets 

composites 

 
 
 

9.1 Introduction 

 
 

Bioglass® (45wt.% SiO2, 24.5wt% CaO, 24.5wt% Na2O and 6wt% P2O5)  

was originally developed by Prof. Larry Hench in 1969 [174], and since then it has 

received increasing attention due its unique properties in the field of biomaterials and 

regenerative medicine, with clinical applications since 1985 [175].  BG is a 

biocompatible and bioactive material with the potential for osteinduction which 

encourages the repair and regeneration of bone tissue [176-178]. BG increases the 

bone-implant contact and bone growth rate by the formation of a bioactive layer of 

hydroxyapatite (HA) over the surface of the biomaterial. The HA layer allows 

osteogenic stem cells to attach over it and differentiate with the subsequent 

formation of bone [179-181]. Beyond its bioactivity, BG also shows angiogenesis, 

antibacterial and anti-inflammatory effects in-vivo and in-vitro [182-184]. The 

surface of the BG plays an important role in its bioactivity applications, therefore 

surface modification approaches are being continuously investigated for improving 

the biocompatibility and bioactivity of biomaterials [185]. Carbon nanomaterials 

have attracted significant research efforts to modify the surface of biomaterials [186] 
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due to their unique ability to simulate protein adhesion along with their high 

reactivity which improves cellular functions.  

Advanced biomaterials with multi functionalities might accelerate new tissue 

formation. When bone is subjected to mechanical stresses its deformation leads to 

electric signals (piezoelectric effect), this can contribute to bone regeneration and 

fracture healing [187, 188]. Therefore using electrically conductive nano filler (e.g. 

GNP, CNTs) might enable further functionalisation of biomaterials. These 

electrically conductive biomaterials can be used in bone tissue engineering to 

facilitate cell growth and tissue regeneration with physioelectrical signal transfer 

[189]. It has been reported that CNTs can significantly increase the electrical 

conductivity of biomaterials, and CNT coatings can also enhance the attachment and 

growth functions of different cell line, including osteoblasts [190-192]. CNTs have 

also been applied with BG scaffolds for bone tissue engineering [193]. Although 

CNTs have shown very promising results, the main issues associated with their use 

for biomedical applications are: 1) their cost [194]; 2) presence of residual metallic 

impurities; and most importantly; 3) difficulty in processing them. On the other hand 

GNP with excellent mechanical [13], electrical [12] and thermal [14] properties are 

relatively inexpensive and easy to process. The 2D nanostructure and high specific 

surface area of GNP [15] makes them easy to disperse in a matrix compared to CNTs 

which usually requires surface modification [2]. In a recent work by Fabbri et al. 

[195], it was demonstrated that BG scaffolds coated with graphene were 

biocompatible and supported cellular activity for MG-63 cells. Graphene enhanced 

the electrical conductivity of the BG scaffolds without impairing the bioactivity. 

Other than improving functional properties, graphene can also be used to enhance 

mechanical properties of BG composites [27, 82].  
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In this study the effect of addition of GNP on the bioactivity and electrical 

conductivity of BG was investigated. GNP was synthesized using a liquid phase 

exfoliation method. Synthesized GNP was used to prepare BG-GNP composites. The 

first step included the optimization of the processing methods (powder, colloidal) for 

preparing BG-GNP powder mixtures using various solvents. In the second step, 

composites with increasing vol% of GNP were prepared using a powder processing 

method. In our previous work we showed that SPS produced near full densification 

of amorphous BG which was more bioactive compared to crystalline pressureless 

sintered BG [127]. Therefore, SPS was used to sinter BG-GNP composites; the low 

processing temperature (600 
o
C) avoided any structural damage to the GNP. Finally, 

the bioactivity and electrical conductivity of the nano composites were characterized.       

 

9.2 Experimental Section 

 
 

Details about GNP synthesis are provided in chapter 3. In order to optimise 

the processing conditions for preparing well dispersed BG-GNP (1 vol%) 

composites, two different processing methods namely: powder and colloidal 

processing were investigated (chapter 3). Three different solvents were considered: 

di-methyl formamide (DMF), acetone (Sigma Aldrich) and de-ionised water (DI 

water). The choice of the solvents was guided by the literature, which suggested that 

the suitable dispersion of GNP can be readily achieved in these solvents [41, 128]. It 

should be noted that GNP powders were prepared after removing the solvent from 

already prepared GNP-NMP suspension. The dried GNP powders were used to 

prepare GNP suspensions in various solvents. The details about sintering and 
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characterisation of the BG-GNP composites using SEM, XRD, Raman spectroscopy 

and electrical conductivity measurement are provided in chapter 3.     

    For bioactivity studies, the samples were immersed in simulated body fluid 

(SBF), which was prepared using Kokubo’s procedure [196]. BG-GNP composites 

were immersed in SBF for 1 and 3 days at 37 °C in an incubator with a composites 

surface to SBF volume ratio of 0.02 cm
−1

. The composites were subsequently 

cleaned with distilled water and preserved to avoid contamination. The composites 

surfaces were evaluated using XRD and SEM for hydroxyapatite (HA) formation.  

 

9.3 Results and Discussion 

 
 

9.3.1 Microstructural Characterisation  

Figure 9.1 shows SEM images of BG and BG-GNP composite powders 

processed using various solvents and processing methods. Figure 9.1 a) shows the 

as received pure BG. The average particle size was ~60 µm. Figure 9.1 b) and c) 

powders of BG-GNP (1 vol%) composite processed using colloidal processing 

method, with acetone + DI water and only DI water as solvents, respectively. As 

expected, there was no significant change in the average particle size for BG-GNP 

composites processed using colloidal processing compared to as received pure BG 

powder. Figure 9.1 d) shows powders of BG-GNP (1 vol%) composite processed 

using powder processing method and DMF as solvent. Powder processing reduced 

the average particle size for BG down to ~8-10 µm.   
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Figure 9.1 SEM images of BG and BG-GNP (1 vol%) composite powders after 

processing; a) Pure BG; b) BG-GNP (colloidal processing-Acetone + DI water); c) 

BG-GNP (colloidal processing-DI water and; d) BG-GNP (powder processing-

DMF). 

 

The BG-GNP powders were densified using the SPS furnace. Figure 9.2 

shows temperature profile, relative piston travel and speed (piston travel rate) with 

respect to sintering time as recorded by SPS furnace for pure BG sample. BG and 

BG-GNP composites were sintered at 600 
o
C with 2 minutes dwell time. The short 

dwell time during high temperature processing avoided structural damage of the 

GNP as confirmed by Raman spectroscopy. As shown in Figure 9.2, powders started 

to densify at ~400 
o
C, and with increasing temperature a sharp densification peak 

was observed at ~500 
o
C. The sharp sintering peak corresponds to the viscous flow 

of amorphous BG while the pressure was kept constant throughout the sintering 
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process. Relative piston travel confirmed full densification of the material at ~550 

o
C.     

 

 

 

Figure 9.2 Sintering profile of pure 45S5 Bioglass
®
 sample during SPS processing 

(600 
o
C/70 MPa/2 min) showing temperature profile (red curve), relative piston 

travel (black curve) and shrinkage rate/speed (blue curve). The shark sintering peak 

confirm viscous flow sintering mechanism for 45S5 Bioglass
®

 sample. 

 

In order to evaluate the quality of the dispersion of GNP in the BG matrix, 

fractured surfaces of BG-GNP composites were analysed using SEM. Figure 9.3 

shows SEM images of the fractured surface of BG-GNP (1 vol%) composites 

prepared using various processing methods and solvents. Figure 9.3 a) shows the 

dispersion of GNP in the BG matrix processed using colloidal processing using a 

mixture of acetone and DI water as the solvent. The particle size of BG was ~60 µm 

and most of the GNP was on the original surface of these large particles resulting in 
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poor dispersion. The inset in Figure 9.3 a) is a high magnification image of GNP 

trapped in between two BG particles. Figure 9.3 b) shows a fracture surface of BG-

GNP (1 vol%) composite made using colloidal processing route and DI water as 

solvent. As in the previous case, GNP was found to be trapped in between the BG 

particles. The inset in Figure 9.3 b) shows agglomerated GNP in between BG 

particles. Figure 9.3 c) is a low magnification image of BG-GNP (1 vol%) 

composite processed using powder processing and DMF as the solvent. The best 

results in terms of microstructural homogeneity were obtained using this method, 

and GNP was found to be evenly distributed throughout the BG matrix. Powder 

processing dramatically reduced the particle size of the BG powders, resulting in 

finer particles (Figure 9.1 (d)). Also due to the two dimensional (2D) geometry and 

good solubility of GNP in DMF, it was easier to obtain good dispersion of GNP in 

the BG matrix for the samples processed using powder processing compared to 

colloidal route. Figure 9.3 d) is a high magnification image of BG-GNP (1 vol%) 

composites made using powder processing showing the pullout of GNP from the BG 

matrix. Some preferential alignment of GNP in the BG matrix in a direction 

perpendicular to the applied force can be observed in Figure 9.3 (d). Alignment was 

also observed for silica-GNP composites. This behaviour can be attributed to viscous 

flow during sintering of BG and the high specific surface area and two dimensional 

(2D) geometry of GNP. 
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Figure 9.3 SEM images showing fractured surfaces of BG-GNP (1 vol%) 

composites processed using different solvents and processing methods; a) colloidal 

processing using Acetone and DI water; b) colloidal processing using DI water; c) 

low and; d) high magnification images processed using powder processing and DMF 

as solvent. 

 

BG-GNP composites prepared using the powder processing method gave the 

best results in terms of dispersion. Therefore this processing route was considered 

most suitable for preparing BG-GNP composites with various GNP loadings. BG-

GNP composites with 1, 3 and 5 vol% loading were prepared and the amount of 

GNP loading were selected corresponding to GNP contents below and above 

percolation threshold as demonstrated in Section 9.3.2. The prepared powders were 
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consolidated using SPS (600 
o
C/70 MPa/ 2min) and their sintering profile was 

recorded. Interestingly, addition of GNP to the BG matrix affected the sintering 

behaviour of BG. Figure 9.4 a) shows the shrinkage peaks of BG-GNP (1, 3 and 5 

vol%) composites with respect to temperature. A sharp sintering peak was observed 

at ~500 
o
C in the case of pure BG. This was shifted by ~50 

o
C to a higher 

temperature for BG-GNP (1 and 3 vol%) composites. Addition of GNP to BG matrix 

increases the viscosity of BG-GNP composites. This increase in viscosity hindered 

the viscous flow sintering mechanism resulting in higher sintering temperatures. In 

the case of BG-GNP (5 vol%) composite, the sintering peak was broader compared 

to the other composites, and the shift in peak was relatively less (~30 
o
C). It is well 

known that GNP have very good thermal conductivity [160], therefore this change in 

behaviour compared to BG and BG-GNP (1 and 3 vol%) might be attributed to the 

increased thermal conductivity of the BG-GNP (5 vol%) composite. The heat would 

have diffused more evenly during sintering producing more rapid densification of 

BG-GNP (5 vol%) powders resulting in a broadened sintering peak.  

The sintered composites were analysed using Raman spectroscopy in order to 

quantify the effect of high temperature processing on GNP in SPS. Figure 9.4 b) 

shows the Raman spectra for GNP, BG-GNP (1 vol%) powder and BG-GNP (1, 3 

and 5 vol%) composites. The typical three peaks at ∼1350 cm
−1

 (D band), ∼1585 

cm
−1

 (G band) and ∼2700 cm
−1

 (2D band) are observed for GNP as well as for BG-

GNP powder and composites. The D peak intensity in the case of liquid phase 

exfoliated GNP can be related to edge defects. The ratio of the intensity of the D 

peak to the G peak gives some indication of the amount of defects introduced into 

GNP during processing and sintering. The ID/IG ratios were calculated from the 

Raman spectra and compared for all the samples. The ID/IG ratio in the case of pure 
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GNP was ~0.24 which is typical for liquid phase exfoliated GNP. The ID/IG ratio 

values were compared after each processing step in order to quantify the defects 

introduced into GNP after processing and sintering. The ID/IG ratio of BG-GNP (1 

vol%) powder was ~0.29, which is slightly higher, but within the error bars, 

compared to pure GNP suggesting that the GNP was not damaged during the powder 

processing step. In the case of BG-GNP (1, 3 and 5 vol%) composites, the ID/IG 

ratios were ~0.51, 0.48 and 0.41 respectively. The increase in ID/IG ratio in the case 

of sintered nano-composites compared to pure GNP suggests that some defects were 

introduced into the GNP during SPS processing, but the damage was not significant. 

In fact the typical value of ID/IG ratio for heavily damaged graphene is of the order of 

~1 to 3. Interestingly, with increasing concentration of GNP, the ID/IG ratio values 

decreased for BG-GNP (1, 3 and 5 vol%) composites. This can be attributed to the 

more frequent overlapping of GNP which resulted in decreased D peak intensity due 

to decreased edge defects and hence lower ID/IG values. It should be noted that there 

was also some small shift in D and G peaks for BG-GNP composites compared to 

GNP and BG-GNP powder. The D and G peaks in case of GNP and BG-GNP 

powder were observed at ~1345 and ~1573 cm
-1

. These peak positions were shifted 

by ~6 cm
-1

 to a higher value in the case of BG-GNP sintered composites. This small 

shift in the D and G peaks is produced because of the residual compressive stresses 

introduced into the sintered GNP due to both the mismatch in thermal expansion 

coefficient of the BG and GNP [148, 162] and  the uniaxial mechanical stress 

applied during SPS. 
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Figure 9.4 a) shows shift in the sintering peak with respect to temperature for BG 

nano-composites with the addition of GNP; b) Raman spectra of GNP, BG-GNP (1 

vol%) powder and BG-GNP (1, 3 and 5 vol%) composites showing the extent of 

damage to GNP before and after processing and sintering in SPS. 

 

9.3.2 Electrical Conductivity             

Table 9.1 lists the bulk, theoretical densities and electrical conductivities of 

BG-GNP (1, 3 and 5 vol%) composites. Density measurements confirmed that all of 

the samples were highly dense (>99%). As expected the electrical conductivity of the 

composites increased with increasing concentration of GNP in the BG matrix. There 

was an increase of ~9 order of magnitude in the electrical conductivity of BG-GNP 

(5 vol%) composite compared to pure BG. The formation of a percolating network of 
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GNP inside the BG matrix resulted in a sudden increase in electrical conductivity of 

the BG-GNP (3 and 5 vol%) composites. The BG-GNP (3 and 5 vol%) composites 

had electrical conductivity values of ~3 and 13 S/m, respectively. The improved 

electrical conductivity in case of BG-GNP composites is sufficient to stimulate cell 

growth and tissue regeneration by facilitating physioelectrical signal transfer [189]. 

 

Table 9.1 Bulk, relative theoretical densities and electrical conductivity of BG-GNP 

(1, 3 and 5 vol%) composites prepared by powder processing. All the samples were 

sintered at 600 
o
C under 70 MPa pressure with 2 minute dwell time. 

 

 

 

 

 

Sample Bulk Density 

(g/cc) 

Theoretical 

Density 

(g/cc) 

% 

Theoretical 

Density 

Electrical 

Conductivity 

(S/m) 

BG 2.70 2.72 99.3 6.13 x 10
-8

 

BG + GNP 

 (1 vol%) 

2.708 2.715 99.7 9.96 x 10
-8

 

BG + GNP 

 (3 vol%) 

2.682 2.704 99.2 3.22 

BG + GNP 

 (5 vol%) 

2.688 2.694 99.8 13 
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9.3.3 Bioactivity  

After preparing well dispersed BG-GNP composites with improved electrical 

conductivities, the bioactive response of the nano-composites was compared to pure 

BG samples. In order to perform the bioactivity testing, BG-GNP (1, 3 and 5 vol%) 

composites were immersed in SBF solution [196] for 1 and 3 days. HA formation on 

the surface of BG and BG-GNP composites after immersion in SBF was 

characterized using XRD and SEM.  

Figure 9.5 shows the XRD diffraction patterns for BG, BG-GNP (1, 3 and 5 

vol%) composites before and after immersion in SBF. Comparison of the XRD 

patterns was important to understand the effect of GNP on the bioactive response of 

BG.  Figure 9.5 (a) shows the XRD diffraction pattern for BG and BG-GNP 

composites before SBF treatment. XRD confirmed the crystallization of BG and BG-

GNP composites after sintering at 600 
o
C. The amorphous to crystalline ratio for 

BG-GNP composites was determined after a detailed analysis of the XRD data. Pure 

BG, BG-GNP (1, 3 and 5 vol%) composites had 89.3, 54.6, 62 and 54.8 weight% 

crystallinity respectively. BG-GNP composites were less crystalline compared to 

pure BG. In summary GNP retarded densification (Figure 9.4 (a)) and inhibited 

crystallization of the composites. Similar behaviour have also been reported by Cho 

et al. [5] for silica-carbon nanotube (CNTs) composites where they reported decrease 

in crystallinity with increasing concentration of CNTs in silica matrix.  It has been 

reported that amorphous BG exhibits higher bioactivity than crystalline BG [197]. In 

our study, the higher weight fraction of amorphous phase in the case of BG-GNP 

composites might result in improved bioactivity of the BG-GNP composites 

compared to pure BG. 
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 The main crystallization phase observed for both BG and BG-GNP 

composites was sodium calcium silicate (Na2CaSi3O8, PDF 00-012-0671). There was 

an overlapping of peaks at 26.3
o
, which corresponds to the crystalline phase of GNP 

and Na2CaSi3O8 [198], resulting in no observable difference in the XRD peaks of 

sintered BG with and without GNP. Figure 9.5 (b) shows the XRD pattern for 

sintered BG and BG-GNP composites (1, 3 and 5 vol%) after 1 day  immersion in 

SBF. A decrease in the relative intensity of the crystalline peaks suggests the 

formation of a new crystalline layer on the surface of BG and BG-GNP composites. 

A new crystalline peak at ~32
o
 corresponding to HA (PDF 00-001-1008) was 

observed for all the samples suggesting that all of the samples were bioactive even 

after only 1 day of immersion in SBF. Figure 9.5 (c) shows the XRD patterns for 

BG and BG-GNP (1, 3 and 5 vol%) composites after 3 days of immersion in SBF. 

The intensity of the HA peak increased with increased time in SBF for all of the 

samples. Also it was interesting to see that the intensity of the crystalline peak due to 

Na2CaSi3O8 decreased further suggesting the formation of a thicker HA layer on BG 

and BG-GNP composites. When comparing the intensities of the crystalline peaks of 

Na2CaSi3O8 phase, it is apparent that more crystalline peaks are present for BG 

compared to BG-GNP composites.    
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Figure 9.5 XRD spectra of BG and BG-GNP (1, 3 and 5 vol%) composites; a) as 

sintered; b) after 1 day immersion and; c) after 3 days immersion in SBF. 

 

The morphology of the HA layer formation was also confirmed using SEM. 

Figure 9.6 shows low magnification SEM images of BG and BG-GNP (1, 3 and 5 

vol%) composites after 1 day immersion in SBF. The formation of a HA layer is 

clear for all the samples (thick layers on the surfaces of BG and BG-GNP composites 

which is not observed for samples without SBF test). There was no observable 

difference in the morphology of the HA layer formed for composites with different 

vol% loading of GNP, suggesting that GNP did not hinder the bioactivity of BG. In 

fact the size of the cracks in the HA layer suggests that the layers formed were quite 

thick.  
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Figure 9.6 Low magnification SEM images of BG and BG-GNP composites 

showing the formation of HA after 1 day immersion time in SBF; a) Pure BG; b) 

BG-GNP (1 vol%); c) BG-GNP (3 vol%); and d) BG-GNP (5 vol%) composites. 

 

Figure 9.7 shows the high magnification SEM images of BG and BG-GNP 

composites after 3 days immersion in SBF. Figure 9.7 (a) is the SEM image for pure 

BG sample showing the cauliflower-like structure typical of the formation of HA on 

top of the BG surface. Figures 9.7 (b), (c) and (d) are the SEM images of BG-GNP 

(1, 3 and 5 vol%) composites, respectively, showing the same cauliflower-like 

structures formation in case of the nano-composites. Interestingly the HA structures 

formed on BG-GNP composites were larger in size compared to pure BG samples, 

suggesting that the BG-GNP might be more reactive than pure BG when immersed 
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in SBF. The addition of GNP to BG may have introduced some nano-roughness to 

the BG-GNP composite surfaces resulting in enhanced bioactivity [189, 193]. It is 

clear that the addition of GNP to BG matrix increased the electrical conductivity of 

BG-GNP composites without affecting the intrinsic bioactivity of BG. Besides 

improving electrical conductivity, the addition of GNP to BG may also improve the 

mechanical properties of the prepared composites which can be considered a further 

advantage of the use of GNP as filler in BG based composites with potential 

application in bone tissue engineering.   

 

 

 

Figure 9.7 High magnification SEM images of BG and BG-GNP composites 

showing the formation of HA after 3 day immersion time in SBF; a) Pure BG; b) 

BG-GNP (1 vol%); c) BG-GNP (3 vol%); and d) BG-GNP (5 vol%) composites. 
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9.4 Conclusion 

 
 
 Well dispersed BG-GNP composites were obtained by optimizing the 

processing conditions. Different processing methods, namely colloidal and powder 

processing, were investigated using various solvents (acetone + DI water, DI water 

and DMF). The best results were obtained using powder processing; ball milling 

resulted in finer BG particles contributing to a good dispersion of GNP in the BG 

matrix. BG-GNP (1, 3 and 5 vol%) composites were prepared for the first time using 

SPS (600 
o
C/70 MPa/ 2 min). GNP increased the viscosity of BG composites, 

resulting in a detectable increase in the sintering temperature of BG-GNP composites 

by 50 
o
C compared to pure BG. SPS avoided structural damage of GNP during high 

temperature processing, as confirmed by Raman spectroscopy. In vitro bioactivity 

tests were performed on BG-GNP composites using immersion tests in SBF for up to 

3 days. XRD confirmed the formation of HA on all samples. Cauliflower-like HA 

structures were observed using SEM confirming the bioactivity of nano-composites. 

Furthermore, the HA cauliflower-like structures formed on the surface of the 

samples were more pronounced for the BG-GNP samples than those of the pure BG 

samples. This effect could be due to the nano-roughness imparted by the GNP. GNP 

increased the electrical conductivity of BG-GNP composites by ~9 orders of 

magnitude compared to pure BG without affecting its bioactivity. Future work will 

focus on stimulating cell growth on conductive BG-GNP composites by applying 

electric field and understanding the effect of GNP on cells growth/survivability, the 

aim being the development of functional scaffolds for bone regeneration 

applications.  
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Chapter 10 Conclusion and Future Work 
 
 
 
 

10.1 Conclusion 

 
 

In the present research, various problems associated with fabrication of GNP-

glass/ceramic composites were investigated and conditions for preparing well 

dispersed GNP-glass/ceramic composites were optimised. The prepared composites 

were characterised for mechanical, tribological, electrical and biological properties. 

Both amorphous (silica, BG) and polycrystalline matrices (alumina) with different 

microstructures were investigated in order to understand the effect of GNP on the 

prepared composites. Interestingly, GNP behaved differently in different matrices. 

High loading GNP (≥5 vol%) are good for producing reinforced glass nano-

composites compared to ceramic composites where low loading of GNP (≤ 1 vol%) 

gave better results. Biological properties are also enhanced with increasing 

concentration of GNP in the BG matrix.    

 

10.1.1 GNP  

Good quality GNP was prepared using liquid phase exfoliation method. The 

prepared GNP was characterised using UV, Raman and TEM. The length, width and 

thickness of prepared GNP flakes was measured for at least 100 flakes. The average 

length was found to be ~1.5 µm with a thickness of 3-4 layers.    
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10.1.2 Silica-GONP/GNP composites 

The conditions for preparing well dispersed silica-GNP and silica-GONP nano-

composites were optimised using powder and colloidal processing routes. Raman 

spectroscopy and XRD results confirmed that the GONP was reduced to GNP during 

high temperature processing in SPS. Alignment of GNP in the silica matrix was 

observed perpendicular to the pressing direction in SPS. Fracture toughness of the 

silica-GNP composites increased with increasing concentration of GNP. There was 

an improvement of ∼45% in the fracture toughness of the composites with the 

addition of 5 vol% GNP. Various toughening mechanism including GNP necking, 

GNP pull-out, crack bridging, crack deflection and crack branching were observed. 

The addition of GNP to silica matrix enhanced the machinability of silica-GNP 

composites. GNP reduced the coefficient of friction of the silica-GNP composites by 

20% compared to pure silica. There was an improvement of ~5.5 times in the wear 

resistance of the silica-GNP composites. GNP above a critical content formed an 

interconnecting network, which provided an effective lubricating effect to the silica 

matrix resulting in improved wear properties. The present study suggests that high 

concentration of GNP is a good reinforcement for improving both mechanical and 

tribological properties of brittle matrices. 

 

10.1.3 Alumina-GNP composites 

Well dispersed Alumina-GNP composites were prepared using powder 

processing route. There was an improvement of ~40% in the fracture toughness of 

the composites prepared with the addition of only 0.8 vol% GNP. GNP was found to 

be anchored in between the grains of alumina and different toughening mechanism 
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were observed including GNP pull out, crack bridging, crack deflection and crack 

branching. A trans-granular mechanism of crack propagation became more dominant 

with increasing GNP content. The fracture toughness and elastic modulus of the 

nano-composites decreased for composites with ≥2 vol% GNP. This was attributed 

to an increase in number of sites with inter connecting GNP. The scratch resistance 

of the alumina-GNP (0.5, 2 and 5 vol%) composites was investigated. The COF of 

the composites did not change much for low loads but increased at high loads with 

increasing concentration of GNP in the alumina matrix. The COF of alumina-GNP 

(5 vol%) composite was ~60% higher compared to pure alumina sample. Similarly 

the scratch resistance of the alumina-GNP (0.5 vol%) composites increased for low 

normal applied loads compared to pure alumina. The improved scratch resistance of 

alumina-GNP (0.5 vol%) composite was attributed to increased fracture toughness 

and decreased brittleness index. As the applied load was increased, the scratch 

resistance of the alumina-GNP composite decreased mainly due to the formation of 

weak bonded grain boundaries in the alumina matrix. The results and observation of 

this work suggests that low concentrations of GNP produce good reinforcement and 

improved scratch resistance of the alumina nano-composites up to a critical load.      

 

10.1.4 BG-GNP Composites       

Well dispersed BG-GNP composites were obtained by optimizing the processing 

conditions. Different processing methods, namely colloidal and powder processing, 

were investigated. BG-GNP (1, 3 and 5 vol%) composites were prepared using 

powder processing route and sintered using SPS. In vitro bioactivity tests were 

performed on BG-GNP composites using immersion tests in SBF for up to 3 days. 

XRD confirmed the formation of hydroxyapatite (HA) on all samples. Cauliflower-
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like HA structures were observed using SEM confirming the bioactivity of nano-

composites. GNP increased the electrical conductivity of BG-GNP composites by ~9 

orders of magnitude compared to pure BG without affecting its bioactivity.    

 

10.2 Future Work 

 

1. The addition of GNP in the glass/ceramic matrix leads to improvement in 

fracture toughness of the composites. One of the toughening mechanisms that 

lead to such improvements was reported to be crack deflection. The addition 

of GNP generated stresses in the glass/ceramic matrix due to mismatch in the 

thermal coefficient of expansions of GNP and glass/ceramics. The stresses on 

GNP in the glass/ceramic matrix leads to shifts in D, G and 2D peak 

positions of GNP and can be observed using Raman spectroscopy. These 

stresses contribute to toughening of the composites and could be studied and 

quantified using Raman spectroscopy.  

 

2. Various toughening mechanisms including crack deflection, crack bridging, 

crack branching, GNP pull-out are reported in the present work. It is still not 

clear how much does each toughening mechanism contributes to the fracture 

toughness of the material? In literature authors have reported toughening 

models for fibre reinforced glass/ceramic composites. Optimisation of these 

classical toughening models is needed in order to quantify various 

toughening mechanisms involved in GNP-glass/ceramic composites.  
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3. The primary focus of the present work was optimisation of processing and 

fabrication conditions for preparing glass/ceramic composites and 

characterising them for mechanical properties. Since, GNP has very good 

functional properties, thermal and electrical properties of the glass/ceramic 

composites could be studied. Also we report alignment of GNP in a direction 

perpendicular to the applied pressure in SPS. Both mechanical and functional 

properties of the prepared glass/ceramic composites could be investigated in 

different directions with respect to alignment of GNP. The properties are 

expected to be different depending on the alignment of GNP. Such 

anisotropic properties in composites can have many potential applications.    

 

4. The results reported so far in literature used different kinds of GNP to 

understand the effect of GNP on the mechanical and functional properties of 

glass/ceramic composites. Since it has been shown that quality of GNP used 

for fabricating glass/ceramic composites plays a crucial role in the final 

properties of the composites. It will be interesting to investigate the effect of 

different size GNP flakes on the mechanical and functional properties of 

glass/ceramic composites. It is expected that composites prepared using 

different size GNP flakes will have different mechanical and functional 

properties.  

Also in the present work we report how GNP behaves differently in 

amorphous and polycrystalline matrices. Another important question that can 

be answered is how different size GNP flakes will influence the properties of 

amorphous and polycrystalline materials.      
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5. The main idea for fabricating BG-GNP composites was to use a conductive 

nano-filler to improve the electrical conductivity of the composite and use 

these electrically conductive composites for bone tissue engineering to 

facilitate cell growth and tissue regeneration with physioelectrical signal 

transfer. In the present work we observed that addition of GNP leads to the 

improvement of bioactivity of the composites. Future work could focus on 

stimulating cell growth on conductive BG-GNP composites by applying 

electric field and understanding the effect of GNP on cells 

growth/survivability, the aim being the development of functional scaffolds 

for bone regeneration applications.  

Also since GNP has shown remarkable improvement in the 

mechanical properties of glass/ceramic composites, mechanical properties of 

BG-GNP composites are expected to improve and could be investigated.   

 

6. Other than graphene there are various 2D materials (Maxenes, BN, MoS2, 

WS2, Bi2Te3 etc.) with exotic electrical properties and high specific surface 

areas which are important for various applications including sensing, 

catalysis and energy storage. Although graphene is the most well studied 2D 

material there is potential for exploiting other 2D materials and fabricating 

novel composites with them.      
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