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Abstract 

 

Since the isolation of graphene in 2004, it has received the attention of numerous 

research groups across the world. Being the subject of a Nobel Prize in Physics in 

2009, its incorporation into high-performance composites has grown increasingly due 

to its attractive qualities. Ceramic materials have been a promising candidate for 

graphene integration because of their inherent brittleness and poor resistance to 

fracture. Taking inspiration from natural materials that exhibit intricate architectures, 

researchers have managed to exploit possibilities to arrange graphene throughout 

ceramic microstructures to create highly-ordered ceramic-graphene materials. 

However, this is not without its challenges during processing which include the 

dispersion of graphene-related materials and the scalability of production. 

 

This research investigated a novel processing route which utilises advanced fabrication 

techniques to create bulk ceramic-graphene composites. This began with freeze-

casting 30 mm alumina scaffolds that exhibit directionally-aligned pores between 20 

– 70 μm in diameter. Prior to infiltration with water-based suspensions of graphene 

oxide, selected alumina materials were pre-sintered at 900 °C in air to remove casting 

additives and provide some mechanical strength through particle coalescence. Once 

infiltrated, alumina-graphene oxide scaffolds undergo Spark Plasma Sintering at 1300 

°C to rapidly consolidate the composite scaffolds into dense compacts, whilst 

simultaneously transforming graphene oxide into reduced graphene oxide. The 

resulting microstructure consists of highly-oriented reduced graphene oxide 

throughout alumina layers between 0.5 – 7 μm thickness. The composite material was 

found to be 80 % tougher, 20 % stronger, and electrically active when compared to 

monolithic alumina. 
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Aims and Objectives 

 

The aim of this work is to provide insight into developing a water-based processing 

route towards alumina-graphene materials that possess structurally-ordered 

components inspired by the natural material, nacre. This novel methodology utilises a 

combination of freeze-casting and water-based infiltration, followed by Spark Plasma 

Sintering to create layers of ceramic and graphene-like material. Graphene has 

received lots of attention as a reinforcing phase (akin to the organic phase in nacre) 

because of its exceptional mechanical and functional traits, whilst researchers have 

taken inspiration from natural materials due to their intricate and well-ordered 

architectures that enhance their performance beyond randomly-ordered materials. 

The following objectives have been derived to assist in achieving this goal: 

 

• Prepare water-based suspensions of alumina powder with varying solid content 

to freeze-cast large scaffolds with directional porosity 

• After pre-sintering, evaluate scaffolds through microscopy studies and select 

candidates that possess desirable architectural features that most closely mimic 

nacre 

• Prepare water-based suspensions of a graphene precursor and assess the 

effectiveness of infiltrating porous alumina to form alumina-graphene materials 

• Carry out Spark Plasma Sintering to rapidly consolidate the alumina-graphene 

composite then assess its physical properties and the obtained microstructure  

• Perform mechanical and functional tests on the composite material, with an 

emphasis on the fracture toughness  

• Evaluate the mechanical and functional performance of the composite and 

relate it to its microstructure and provide comparisons against a monolithic 

counterpart  
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Chapter 1 Introduction 

 

1.1 Structural ceramics 

 

Structural ceramics are typically inorganic, non-metallic materials that are primarily 

implemented in load-bearing applications.1–3 Before modern extraction and processing 

techniques, objects were constructed from readily available natural sources such as 

sands, soils, and animal products. Crude clays, cements and glass were generated 

from the resources. Since the turn of the 20th century, fabrication routes to creating 

structural materials have rapidly advanced and in turn the performance of materials 

during service has improved.4–6 This was predominantly due to the limited availability 

of raw materials in combination with difficulties in attaining high temperatures (>1000 

°C) during many periods of ancient history. 

 

Candidates that can fulfil the role of a structural ceramic display high compressive 

strength, hardness, and melting points. Many are also resistant to chemical attack and 

can sustain physical degradation due to their excellent abrasive qualities.1,2,7 Such 

examples are zirconia (ZrO2), alumina (Al2O3), silicon carbide (SiC), boron nitride (BN), 

tungsten carbide (WC), and silicon nitride (Si3N4).1,3 Some of these materials possess 

high thermal and electrical conductivities, non-toxicity, and low densities. Others are 

developed because the raw materials are inexpensive and readily available, e.g., 

processing of alumina from bauxite ore during the Bayer process.8 Due to the 

abundance of structural ceramics with a combination of enticing properties, a plethora 

of applications is possible, including automotive parts (brakes, spark plugs), bearings, 

biomedical implants, blade-like tools (cutting tools, turbine blades), body armour, and 

nuclear equipment.2,3,9–12 
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However, the main drawback with implementing structural ceramics is with regards to 

their brittleness which arises due to poor fracture toughness.7,13–15 They exhibit a low 

resistance to fracture which is detrimental in materials that experience little to no 

plastic deformation upon reaching their yielding point. As a result, ceramic materials 

do not exhibit ductile behaviour and can fail in a catastrophic manner. Failure can also 

arise from stresses related to thermal shock if the material is in service at elevated 

temperatures.16,17 If the fracture characteristics of ceramics can be improved, then 

this family of materials would be extremely attractive to utilise for applications in which 

they would normally suffer. 
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1.1.1 Powder processing of ceramics 

 

Fig. 1.1 illustrates a general and basic processing route to fabricate ceramic 

components based on powder processing,2,18 plus a variety of casting techniques that 

have been developed over the past few decades. These are split into two categories: 

conventional manufacturing, and additive manufacturing which focuses on creating 

materials using a bottom-up approach, i.e., layer-by-layer fabrication.19,20 The latter 

has been loosely classified into three categories. Forming and finishing intricate 

ceramic components can require numerous steps, requiring both time and cost 

considerations.2 

 

 

Figure 1.1 – Diagram of a general powder processing route to fabricating ceramic 

components and lists of advanced manufacturing techniques. 
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Common industrial routes to producing ceramic components typically start with raw 

materials in the form of particulates.2 Raw material may be treated physically, e.g., 

through milling, or chemically as an initial step. Solid and liquid additives can improve 

the following step: forming, which could be as simple as cold pressing powder between 

a die set. Depending on moisture content, different casting techniques can be utilised 

to create objects of varying geometric complexity. Cast objects are referred to as 

“green bodies”. If the green body still retains moisture (or additives) after casting then 

a drying step would be necessary, where shrinkages in volume may take place. A 

sintering step causes binding and coalescence of neighbouring particles at elevated 

temperatures to densify the component, generating the final microstructure that the 

material will exhibit. However, a major issue with the casting of ceramics can be the 

introduction of defects in the material such as internal impurities, or external 

scratching from machining.2,18,21 

 

1.1.2 Sintering techniques 

 

Sintering refers to the consolidation of loose particles into one solid mass through 

heat-treatment and is a vital step in the fabrication of ceramic components to densify 

the final object once it has been cast. The thermodynamic driving force of this 

irreversible process is a decrease in surface energies when particles are fusing 

together, during which the total surface area decreases whilst total particle size 

increases.22,23 This can be mathematically expressed, shown in Equation 1.1. 

 

𝛿𝐺 =  𝛿𝛾𝐸𝐴 +  𝛾𝐸𝛿𝐴   Equation 1.1 

 

Where G is the associated Gibbs free energy of the system, ɣE is the interfacial surface 

energy, and A is the interfacial surface area between particles. What this illustrates is 

that sintering behaviour is influenced by the starting particle size and their morphology 

(spheres, platelets etc.), plus the dwelling temperature.23 Changes in the surface 
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energy (δɣE) relate to the densification of the solid whilst changes in the interfacial 

area (δA) relate to grain growth mechanisms.22,24 There are 3 primary stages to the 

process of sintering. Initially, particles form necks between one another which 

simultaneously reduces the number of grain boundaries present. During the 

intermediate stages, there is a large extent of volumetric diffusion towards the necks 

of particles – this causes pores to take on a more tubular appearance, however the 

majority are still connected to the external environment (open porosity).25 Additional 

sintering mechanisms such as grain boundary diffusion and migration are also present 

throughout this period. This intermediate stage is where most of the densification 

occurs for powder systems.23,25,26 The final stage of sintering is where grain growth 

predominates, reducing the extent of the now closed porosity as pores no longer reach 

the material’s surface.23 Although, once pores are closed there is typically some 

microscopic voids that remain: these “microvoids” can drastically alter to the final 

behaviour of a ceramic component.2,12 Therefore, it is imperative to control the 

sintering parameters to obtain dense ceramics, especially for structural applications. 

Fig. 1.2 provides an illustrative summary of the main sintering steps. 
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Figure 1.2 – Illustration of the sintering process at various stages. Adapted from 

Wheat, Vlasea and Hinebaugh.25 

 

A reduction in the overall porosity and an enhancement in properties such as 

mechanical strength or electrical/thermal conductivity are typical outcomes of the 

procedure. Optimisation of the sintering conditions enables for tailoring the final phase 

of a particular material, its porosity, or suppression of grain growth.27–30 The input of 

energy during sintering comes from an elevated temperature, however pressure or an 

imposed electric field can also exact additional forces on the material. Therefore, 

sintering that utilises only temperature to consolidate materials can be referred to as 

conventional sintering. Advanced sintering techniques such as SPS and PECS utilises 

an electric current whilst simultaneously applying uniaxial pressure to the green 

body.31,32 

 

Field-assisted sintering is considered advantageous over conventional sintering due to 

improved densification at lower temperatures and faster acquisition times (minutes 

i) Loose powder ii) Initial stage 

(necking) 

iii) Intermediate stage iv) Final stage (pore closure) 
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rather than hours). SPS (Fig. 1.3) has been utilised extensively within Materials Science 

as a tool for consolidating engineering materials such as metals and their alloys, 

polymers, and semiconductors.32–34 This method has also been of great interest for 

fabricating structural ceramics with improved densities and therefore mechanical 

behaviour. Fully densified alumina with a grain size between 300 – 500 nm has been 

sintered at 1150 °C through SPS with dwell times between 10 – 15 minutes, but 

included dopant amounts of magnesium oxide to suppress the grain growth.35 Pure 

tungsten carbide and aluminium nitride can be densified using field-assisted 

techniques without the use of additives.32 

 

 

Figure 1.3 – Diagram of a Spark Plasma Sintering chamber. 

 

These enhancements can be related to the atomistic mechanisms occurring at 

different stages during sintering: firstly, the use of uniaxial pressure creates additional 

contact points between neighbouring particles and influences the morphology of the 

contacting regions; a second factor is that additional diffusion mechanisms such as 

grain boundary sliding and plastic deformation arise from the additional pressure.36 

Grain boundary migration and diffusion also occur more readily in the intermediate 

and final stages of sintering, greatly reducing pore sizes trapped between the solid 
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grains – this is vital in processing ceramics in which their microstructures contain flaws 

of minimal size. 

 

1.1.3 Mechanical properties 

 

Attractive mechanical traits that structural ceramics can exhibit have already been 

stated: namely, high hardness and compressive strengths. Although, it has been 

mentioned that their limitations predominantly stem from a poor fracture toughness 

and ability to resist crack propagation. The following sub-sections provide some 

background regarding hardness, flexure strength, and fracture toughness. This 

includes definitions, methods of testing, and some of the working principles on which 

they are based on.  

 

1.1.3.1 Hardness 

 

Hardness can be defined as a material’s ability to resist localised deformation whilst a 

load is applied.15,37 The underlying theory is based on solid mechanics: more precisely, 

the mechanistic movement of individual atoms within a crystal lattice as the bonds 

between break and re-form. Crystalline structures also contain imperfections including 

point defects (vacancy and interstitial sites), line defects such as dislocations, and 

interfacial defects for which an example may be grain boundaries.15 Dislocations arise 

from the misalignment of crystallographic planes of atoms, and if disrupted by a 

concentration of stress slipping (and therefore deformation) within crystallographic 

planes can be induced. Although, in structural ceramics, their ionic bonds are 

extremely rigid and like-charged ions would repel each other if close together.37 

Therefore, slipping of neighbouring crystal planes is inhibited in ceramics and 

ultimately leads to separation of material with limited or no plastic deformation. 
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Hardness testing may aim to characterise the bulk hardness of a material, or the 

hardness in localised regions of a material’s microstructure, termed the 

microhardness.15 This type of testing, that utilises far lower loads than bulk hardness 

measurements, and is also useful for testing thin samples and coatings.38 This could 

be to probe orientation effects of singular grains or diffusion gradients which may alter 

the hardness values obtained from a polycrystalline material.38 Therefore, hardness is 

measured with different methods that depend on the geometry, thickness, i.e., a thin 

surface coating, or a thicker material, and composition of the specimen that will be 

tested. Indentation or scratch hardness are the two most common types of hardness 

measurement – the former measures a resistance based on a constant compressive 

force, whilst the latter technique provides an indication on the deformation resistance 

due to friction with a sharp object.15,39 Early tests were established on the grounds 

that one material could scratch another, and later during the early 1800s an arbitrary 

scale was formed by Friedrich Mohs to index the hardness of materials: the Mohs 

scale.40 For reference, 1 was assigned to talc on the soft end of the scale, whilst 10 

refers to diamond. Quantitative measurements that revolve around indentation 

hardness include the use of diamond-based indenters with different geometries such 

as Vickers, Knoop, Rockwell, and Brinell.15 Geometries of these indentations are shown 

in Fig. 1.4.  

 

 

Figure 1.4 – Various indentation geometries used to measure hardness in materials. 

Brinell and Rockwell indentations are produced with ball or cone shaped indenters 

respectively, hence their similar deformation patterns. 

  

Vickers Brinell/Rockwell Knoop 
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All have their advantages and disadvantages when applied to different materials. For 

hard materials like ceramics, Brinell measurements are avoided as they form spherical 

deformation patterns which can induce severe cracking within the specimen and lower 

the measured value of hardness.15 Generally, Vickers and Knoop indenters are applied 

to measure the microhardness of brittle materials due to their simplistic geometry and 

limited edge cracking. Many testing procedures have been standardised in ASTM and 

ISO based on measuring a variety of materials that include soft materials like some 

metals and polymeric materials, and harder materials that include structural ceramics. 

 

1.1.3.2 Flexural strength 

 

Flexural strength (also called bending strength, or modulus of rupture) is defined as 

the stress in a material as it reaches failure.15,41 The most common method to evaluate 

this material property is the three-point flexure test, in which a bar-shaped specimen 

is held in a fixture that possess one support above and two below the specimen. A 

load is applied on the top contacting support which places a compressive stress on 

the top face of the material, whilst simultaneously creating a tensile force on the 

bottom.15 A four-point fixture, which possesses two supports on the load-bearing face, 

may be preferred whilst testing brittle materials due to the uniform interaction of stress 

concentrations with internal flaws across a larger volume.41,42 These flaws are primarily 

microvoids that remain after the sintering process, discussed in Section 1.1.2. The 

difference in supporting positions for these two testing fixtures is illustrated in Fig. 

1.5. Failure occurs once the formed tensile stress overcomes the bending strength of 

the specimen. In materials such as metals failure would be accompanied by yielding 

and plastic deformation to accommodate the applied forces.15 However, in brittle 

materials like ceramics this failure is sudden, and sometimes catastrophic in larger 

specimens, because they exhibit little to no plastic deformation once fracture initiates. 
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Figure 1.5 – Illustrations of three- and four-point flexure testing. Arrows represent 

an applied load. 

 

1.1.3.3 Fracture mechanics and fracture toughness 

 

The study of fracture mechanics is related to understanding the propagation (and 

initiation) of cracks throughout materials. It has been mentioned that defects such as 

small flaws, or microvoids, may be imposed on the material which may greatly lower 

performance of the final product. Growth of these flaws during service may cause 

unexpected and catastrophic failure, so it is imperative to analyse flaws that may be 

liable as crack initiation sites.17 This is primarily conducted utilising solid mechanics to 

calculate the driving force of a propagating crack at its tip, and experimental testing 

data to determine the material’s resistance to fracture. Ultimately, the field of fracture 

mechanics aims to characterise an imposed load on a crack; the goal being to utilise 

one parameter to fully describe the loading state.43  

 

For a crack to propagate, energy is typically provided to the material in the form of an 

imposed strain such as shearing. Irwin discovered that any loading state was formed 

from a combination of three, independent stress intensity factors.44 Fig. 1.6 depicts 

that a crack can propagate as a result of this strain in one of three ways: i) through 

tension (crack-opening), ii) through shearing (in-plane sliding), or iii) through torsional 

strain (out-of-plane sliding).43 During this time, Irwin also realised that some materials 

exhibit a resistance to crack extension during propagation. Such ‘R-curves’ are plots 

of fracture toughness parameters as a function of the size of the propagating crack.45 
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The failure of brittle materials such as ceramics is predominantly characterised with 

the Mode I stress intensity factor, denoted by the symbol KIC. 

 

 

Figure 1.6 – The different independent modes of fracture. Adapted from Huda et 

al.46 

 

Griffith pioneered the field of fracture mechanics in the early 1920s, leading to the 

discovery of LEFM.47 They demonstrated the relationship shown in Equation 1.2, 

where the product of the square root of the flaw size, √𝑎, and the stress at fracture, 

σf, was almost constant. However, this relationship becomes problematic (with respect 

to linear elasticity theory) as the predicted stress (and hence strain) ahead of a crack 

tip could be infinite.48,49 Later, Irwin adopted a thermodynamic approach which utilised 

two energy terms: i) the elastic strain energy released when a crack grows, and ii) 

dissipating energy that includes some plastic dissipation and the surface energy.50 

Irwin’s adaption was an improvement to Griffith’s formula as calculations for both 

brittle and ductile materials were in good agreement with experimental data. Equation 

1.3 illustrates Irwin’s adaptation, where E represents the Young’s modulus, ɣ is the 

surface energy, and Gp is the energy release related to plastic dissipation (and other 

dissipation sources) per unit area of crack growth, otherwise known as the strain 

energy release rate. 

 

𝜎𝑓√𝑎 ≈ 𝐶    Equation 1.2 

Mode I - Tension Mode III - Torsion Mode II - Shearing 
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𝜎𝑓√𝑎 = √
𝐸(2𝛾+𝐺𝑝)

𝜋
   Equation 1.3 

 

In 1957, Irwin soon realised a method for calculating the amount of energy available 

around the front of a crack with respect to asymptotic stresses and LEFM.44 The “stress 

intensity factor”, K, could be related to Griffith’s energy terms with consideration of 

specimen geometry: furthermore, the thickness of test specimens plays an important 

role in the conditions at the tip of a crack. This gives rise to two sets of conditions 

(displayed in Equations 1.4 and 1.5) known as plane stress and plane strain that occur 

in thin and thicker components respectively, where Y is a correction factor (based on 

the specimen geometry), GC is the critical energy release rate, and ν is Poisson’s ratio. 

Plane strain conditions are intrinsic to the material itself, providing a lower result than 

those of plane stress (illustrated in Fig. 1.7).43 Fracture will occur under both 

conditions when K is higher KC. 

 

𝐾 = 𝑌𝜎√𝜋𝑎    Equation 1.4 

 

𝐾𝐶 =  {
√𝐸𝐺𝐶

√𝐸𝐺𝐶

1− 𝜈2

    Equation 1.5 

 

 

 

 

 

plane stress 

plane strain 



15 
 

 

 

Figure 1.7 – Diagram illustrating the change in fracture toughness with increasing 

specimen thickness, giving rise to the plane stress and plane strain conditions. 

Adapted from Anderson.43 

 

Standard methods to evaluate the fracture toughness of ceramic materials include 

bar-shaped specimens that may undergo 3-point flexure, or the Charpy and Izod 

impact methods.15,51 The latter techniques can be used to determine the energy 

required on impact to onset fracture. Specimens of suitable thickness (and geometry) 

must be notched with sharp, reproducible cracks prior to applying a load. The goal is 

to induce reliable crack initiation sites that follows plane strain conditions in Mode I 

loading which leads to the evaluation of KIC plane strain fracture toughness. Testing 

through three-point flexure require larger specimens than those used in compact 

tension, and the choice of test may depend on geometric constraints that arise from 

how materials are processed. There are other methods that are less plausible but are 

still widely used, involving indentation via diamond-based tools, e.g., VIF, at high loads 

to initiate crack propagation at the apices of indents.52–54 Indentation fracture 

toughness is utilised as it is easy to perform and requires far less volume of material. 

On one hand, some authors suggest that the evaluation of fracture toughness through 

indentation should be considered as an estimate as they do not produce consistent 

results.54,55 On the other hand the Palmqvist method was standardised by ISO in 2009, 

validated by work that involved evaluating the toughness of cemented carbides.56,57  
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1.2 Composites and ceramic-based materials 

 

A basic approach to improving a brittle material’s resistance to fracture would be to 

integrate a secondary material into the host material. So-called ceramic-based 

composites can display enhanced toughness over monolithic analogues, provided the 

components positively interact with one another. A composite can be defined as a 

material that is comprised of two or more different constituents, with clear and 

definable interfaces throughout the material’s microstructure.58 Host materials are 

commonly referred to as the ‘matrix’ of the composite, whilst secondary materials are 

described as a ‘filler’, or reinforcement. A common example is concrete: a mixture of 

stone particulates encased in cement.59 This composite is widely used as a structural 

material but does exhibit poor tensile performance in comparison to its compressive 

resistance (which is ten times higher), like ceramics. This brittleness is alleviated with 

the introduction of another component such as reinforcing bars referred to as “rebar” 

that can resist high tensile forces.59 Rebar can be composed of several types of 

material dependent on the environment the reinforced concrete will be subjected to, 

and any cost considerations. 

 

Predictions can be made on the behaviour of a composite material once a filler has 

been incorporated. The rule of mixtures illustrates that for a composite made from 

two materials some properties (e.g. Young’s modulus, thermal conductivity, density) 

can be estimated during the preliminary stages of designing new materials.15,60,61 The 

property of a composite, XC, can be related to the properties of the constituents, X1 

and X2, and the volume fractions of the host material and the filler, V1 and V2 

(expressed as 1 – V1) respectively. This is illustrated in Equation 1.6. 

 

𝑋𝑐 =  𝑉1𝑋1 + (1 −  𝑉1)𝑋2  Equation 1.6 
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However, there are some drawbacks to this rule. Frequently, is derived using a model 

of a composite material which contains alternating stacks of each constituent 

throughout its thickness.61,62 Additionally, when deriving mechanical properties such 

as the elastic modulus it is common to derive the equation with a uniform application 

of stress across the volume of the composite.61 Predictions using this rule should be 

taken as an upper limit because most composite materials will contain small, defective 

regions that will reduce its maximum performance. Nowadays, more complex and 

intricate architectures for integrating secondary materials within ceramics are being 

explored and developed. Designing novel microstructures must require thoughtful 

consideration of the incorporating the reinforcement to maximise performance, which 

include: i) interactions with the host material, ii) homogeneity in dispersing the 

reinforcement, and iii) orientation of the secondary material throughout the matrix.63,64 

Overlooking these factors can be detrimental to the in-service behaviour of composites 

and reduce their attractiveness towards application. 

 

In the case of ceramic-based materials, reinforcement that demonstrates some plastic 

behaviour would be suitable for improving fracture characteristics and toughness. 

CMCs were successfully realised during the mid-1900s to overcome this issue whilst 

also providing an enhancement to thermal shock resistance in some materials.65,66 

Yttria-stabilised zirconia was largely studied as it was found that doping zirconia with 

varying quantities of yttria induces geometrical changes in the crystalline structure.67,68 

The material was found to generate an extrinsic toughening mechanism referred to 

as transformation toughening. Intrinsic toughening mechanisms are inherent to a 

material and occur in front of the propagating crack (Fig. 1.8). One example is the 

formation of plastic zones ahead of the crack tip if the material exhibits plasticity.69 

Another example is the refinement of grain size within a polycrystalline material, which 

subjects a crack to interact with more grain boundaries thereby increasing the energy 

necessary for fracture to occur. Extrinsic toughening mechanisms such as crack 

bridging and crack deflection are only onset if crack propagation has already begun. 
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Figure 1.8 – A diagram of intrinsic and extrinsic toughening mechanisms that have 

been identified during crack propagation in front of the crack tip and in the wake of 

the crack. Taken from Ritchie.69 

 

Another design strategy to improve a ceramic’s mechanical properties is to embed 

small particles or 2D-reinforcements within the ceramic matrix; this fabrication of 

concrete that was mentioned previously is one such process. Fibres and whiskers can 

provide a continuous reinforcement along large length scales which aids in: a) 

increasing the energy required to initiate crack propagation, and b) bridging cracks if 

propagation is progressing through the cross-section of a material.69 One example of 

fibre-reinforced CMCs are SiC/SiC-whisker composites that are extensively used in 

aerospace applications due to their high temperature mechanical capabilities, 

oxidation resistance, and low density.66,70–72 Aside from ceramic reinforcement, both 

metals and polymers, and carbon-based materials have all been utilised as 1D/2D-

fillers to provide different enhancements to the structural behaviour of ceramic-based 

materials in a wide variety of applications.73–76 
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1.3 Natural materials 

 

Throughout evolution, biological organisms have fabricated composite materials with 

a limited selection of elements which they gather from their surroundings. These 

naturally occurring composites are mainly identified as structural implements to 

provide strength and support to softer, internal tissues.77–80 In some cases, however, 

these materials will also possess other functional behaviour that is of importance to 

sustaining the organism’s life. Wood is one example: a composite which is 

predominantly made from cellulose (an organic biopolymer) provides vital structural 

integrity to flora, but it is also responsible for the fluid transport from the roots of the 

organism to its leaves.81 This additional trait that wood exhibits arise due to an 

intricate architecture on various length scales and how each of the individual 

components are arranged.79,81 For researchers who design and fabricate engineering 

components, these natural materials provide a valuable insight into exploring and 

creating the next generation of high-performance composites. They will not only be 

made from constituents that individually display attractive characteristics and 

properties, but also exhibit an ordered microstructure that can be generated through 

some form of assembly process during its fabrication. 

 

1.3.1 Nacre and structural hierarchy 

 

Most fauna also produce complex, composite architectures: including bone, teeth, and 

shells.80,82 Nacre is a thin, iridescent layer that is found in species of mollusc 

shells.77,82–84 It is a natural composite that is primarily comprised of aragonite, a 

polymorph of calcium carbonate, but also contains a small percentage (~5 wt.%) of 

a chitin-based biopolymer. The components themselves are mechanically weak 

materials that are comprised of relatively low, molecular weight elements. However, 

nacre outperforms both constituents and displays exceptionally high mechanical 

properties which are greater than what the rule of mixture may predict for synthetic 
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composites.60 This work was pioneered by Currey in the 1970s, who was also 

investigating the mechanical performance of biological systems which included hair 

and skin.83,85 Most notably, the fracture toughness greatly differs when monolithic 

aragonite (KIC = 1 MPam1/2) is compared to nacre with varying hydration levels (KIC = 

3.3 – 9 MPam1/2).77 Fig. 1.9 depicts the structural hierarchy of nacre on various length 

scales. 

 

 

Figure 1.9 – Diagram of the structural hierarchy found in sheet nacre. It has been 

demonstrated from this work that there are 5 levels of hierarchy on various length 

scales. Taken from Bhushan and Sun.77  
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Aragonite nanograins (3 – 10 nm) are surrounded by a thin layer organic polymer on 

the nanoscale, which are assembled into tablets (0.2 – 1 μm thickness, 2 – 10 μm 

width). These tablets are also separated by mineral bridges (50 nm in width) that are 

sandwiched within the polymeric material.77,86 There are two mineralisation types of 

nacre: columnar, and sheet. When stacked, the 3D architecture in sheet nacre can be 

considered as a “brick-and-mortar structure” which is created by virtue of the 

organism’s biomineralisation pathway. The mineral bridges act as nucleation points of 

tablet growth and depending on the species of mollusc is where two crystal formations 

arise.77,84 Generally, columnar nacre consists of tessellated columns of aragonite 

plates, whilst in sheet nacre (illustrated in the previous figure for a species of 

gastropod) aragonite tablets and their boundaries between neighbouring plates are 

randomly distributed which generates the brick-and-mortar appearance.77 

 

One may have realised that the exceptional traits that nacre displays is due to the 

well-ordered microstructure and small quantities of biological polymer to incur 

numerous extrinsic toughening mechanisms which aragonite does not exhibit. As 

nacre reaches its yielding point, sliding of stacked platelets occurs which greatly 

toughens the material through frictional forces that must be overcome.86,87 Several 

nano-asperities decorate the surface of aragonite tablets and significantly increase 

both the strength and toughness during the slip of tablets.77,87 The chitin-based 

polymer acts also as a ductile phase that is bonded between the nanograins and 

assembled tablets, enabling more efficient load-transfer between adjacent tablets 

when faced with compressive stress.82 Additionally, the polymeric filler also improves 

the resistance to crack propagation, dissipating energy released upon crack 

propagation which reduces the possibility of trans-granular fracture (failure through 

the aragonite tablets), and increases the likelihood of intergranular fracture along 

grain boundaries of neighbouring platelets.86 Extrinsic toughening mechanisms that 

exist on the microscale such as crack deflection and pull-out are typically observed in 

fractographic studies of nacre.82,86 Furthermore, nanoscale toughening mechanisms 

have been classified that includes the rotation and sliding of aragonite nanograins and 

molecular level toughening due to the unfolding of chitin domains.88 
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A large variety of nacre-like materials have been fabricated and studied to identify the 

toughening mechanisms which arise from processing complex architectures, and 

primarily enhance the mechanical performance when compared to monolithic 

analogues of host materials.77,89,90 Furthermore, a combination of high strength and 

stiffness is not easily achieved in the typical fabrication of synthetic composites. As a 

damage-tolerant material, nacre is a brilliant material to take inspiration from, and 

many researchers have already explored a variety of fabrication techniques for the 

manufacture of advanced, engineering composites with nacre-like architectures.89,91–

94 

 

1.3.2 Fabrication techniques towards bio-inspired materials 

 

Currently there a few promising routes which have been explored to assemble and 

arrange components. First, wet processing of raw materials has been a common 

practice to produce advanced composite materials.95 This method for the molecular-

level mixing of solid components within a solvent can create homogeneous dispersions 

of two or more materials (e.g., ceramic and metal particles). The functionalisation of 

surfaces for improving the mixing and wettability between the constituent materials is 

something that many researchers take advantage of.94 However, one issue is that wet 

processing can become quite complicated, and many involve several steps which may 

require an adequate level of lab expertise. In addition, the use of hazardous solvents 

or precursor materials could be circumvented to encourage more environmentally 

friendly techniques to be utilised within industrial sectors.96 

 

Another route that has attracted attention is additive manufacturing that can be 

considered as methods assisted by CAD to assemble materials layer-by-layer.60,97–99 

These are fabrication routes which include 3D-printing/robocasting, stereolithography, 

and techniques such as CVD and electrophoretic deposition. But there are also multiple 

drawbacks to these procedures which are difficult to overcome.60,97 This includes the 

cost of sophisticated, expensive machinery and potentially lengthy processing times. 
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Also, the issue of combining a high printing resolution (for nano-scaled architectural 

features) and an upscaled manufacturing process is prominent in many of the 

currently available techniques, e.g., stereolithography. Furthermore, there is also a 

limited array of materials available that can be processed with these routes. 

 

A promising, yet cost-effective avenue to fabricating bulk materials has been identified 

with the potential for creating high-performance, nacre-like structures: freeze-

casting.60,92,100–103 Freeze-casting (illustrated in Fig. 1.10), otherwise known as ice 

templating, involves the cooling of a solvent to create a solid, but porous, object from 

a suspension of particles. Casting is typically followed by freeze-drying, in which the 

frozen solvent is sublimed from solid to gas to expose the porous replica.104,105 The 

size, geometry and orientation of the porous architecture can be tailored by extrinsic 

parameters such as freezing rates, solvent, particle size, and morphology of the 

casting material, as well as the casting mould itself.106,107 This simple, but effective, 

technique has been extensively utilised for processing ceramics since Fukasawa et al. 

explored the creation of porous alumina ceramics, once freeze-dried structures have 

undergone a form of sintering.108 Since, this has been extended for fabricating many 

other ceramics,103 metals,109 biopolymers,110 and also hybrid materials.111,112 A wide 

variety of applications have currently been unearthed such as filtration membranes,113 

biomaterials,60 and in the development of structural materials.89,97 
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Figure 1.10 – A schematic of how the solidification front forms in unidirectional 

freezing at the bottom of a freeze-casting mould, generating aligned solvent crystals 

between the suspended solid particles. Adapted from Su et al.114 

 

The generation of channels is produced by the cooling of solvent, causing nucleation 

and crystallisation of solvent molecules along the temperature gradient until the entire 

solvent volume has frozen.107 From a thermodynamic perspective, the solidification 

front is governed intrinsically by the interfacial free energies of particle-ice 

interactions, particle-solvent interactions and ice-solvent interactions (Equation 

1.7).115 In short, solid particles will be rejected from the solidification front if the free 

energy of the system (Δɣ0) is positive, and if ice front velocity is lower than the critical 

freezing front velocity. The most common solvent that is utilised is water, however 

organic solvent-based suspensions can also be prepared that will have an impact on 

the produced microstructure: the decision between using organic or water-based 

suspensions would ultimately depend on the desired porosity specifications.103 

Regarding the water-based processing of ceramic materials, long-range lamellae, i.e., 

thin layers of material, are generated along the solidification front during the growth 

of ice crystals.103 Another factor impacting the architecture which is generated is the 

use of additional processing reagents including dispersants, cryo-protectors, and 

binding materials.105,116  
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∆𝛾0 =  𝛾𝑝𝑠 − (𝛾𝑝𝑙 +  𝛾𝑠𝑙) > 0  Equation 1.7 

 

In 2008, Ritchie et al. fabricated alumina-PMMA composites using freeze-casting as 

the first step in generating lamellar and nacre-like (with a further infiltration step) 

architectures, except the ceramic ‘bricks’ were one magnitude thicker (5 𝜇m) than the 

dimensions of aragonite tablets found in nacre, plus the volume proportion (80%) of 

the ceramic component is much lower.89 Nevertheless, the composite outperformed a 

ceramic analogue fabricated using the same conditions, reaching a fracture toughness 

value almost double the monolithic material (2.8 MPam1/2 to 5.5 MPam1/2) when tested 

through the SENB method. This was attributed to the extrinsic toughening 

mechanisms that were onset by virtue of the homogenous distribution of PMMA 

throughout the fine pores of the ceramic body, which were generated in the casting 

step. But some flexural strength was lost as a trade-off for incorporating such a large 

volume of PMMA (300 MPa to 210 MPa). Fig. 1.11 illustrates the brick-and-mortar 

architecture established in this work. 

 

 

Figure 1.11 – SEM images of alumina/PMMA composites which demonstrate its 

similarities to the natural material nacre. Scale bars – left = 100 μm, right = 3 μm. 

Taken from Ritchie et al.89 

 



26 
 

More recently, a novel ceramic-metal composite fabricated by Bouville et al. 

demonstrated the capability of producing a multifunctional, nacre-like material 

consisting of alumina platelets coated in iron oxide that were assembled using MASC 

followed by hot pressing as the densification step.94 MASC is similar to freeze-casting 

as porous architecture is generated, but it does not rely on the solidification of solvent 

crystals – a magnetic field aligns material as it dries inside a porous mould. Thoughtful 

consideration of reactions between alumina and iron oxide at elevated temperatures 

lead to the formation of hercynite, an interphase which improved the wetting of the 

ceramic and metal interfaces. Toughening mechanisms that included crack deflection 

and pull-out were observed at the alumina surfaces, plus utilisation of iron as the 

ductile phase (reduced from iron oxide during heat treatment) gave rise to the nacre-

like architecture, which similarly exhibited rising R-curve behaviour.94 Both the flexure 

strength and SENB fracture toughness were comparable to some of the highest values 

reported in the literature for nacre-like materials (up to 400 MPa and 15 MPam1/2 

respectively, depending on the vol.% of iron that is included).111 Additionally, the 

composite exhibited noticeable magnetisation and improved induction heating, as well 

as a lower electrical resistance. The latter decreased from >300 MΩ to 119 kΩ to 2 Ω 

as the vol.% of iron changed from 4 % to 8.9 % to 12.4 %.94 The change in functional 

properties with respect to the fraction of filler relates to percolation threshold 

theory.117,118 This statistical theory describes how a phase transition can occur due to 

the generation of a connected component. When considering composite materials, 

this concept is associated with the connectivity of components within the material - 

for example, in the metal-ceramic composite with 12.4 vol.% iron the electrical 

resistance greatly decreased due to a more continuous pathway of filler material being 

created through the microstructure of the composite. It is expected that there was 

little connectivity between the iron-based components in the 4 vol.% composite which 

did not alter the ceramic matrix’s electrically-insulating nature.  
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1.4 Graphene-reinforced materials 

 

1.4.1 Graphene and graphene-related materials 

 

Since its isolation in 2004 from the University of Manchester, graphene has rapidly 

evolved as one of the most attractive components to implement within the 

development of novel materials.119 It can be considered as an allotrope of carbon as 

it is comprised of a flat, hexagonal arrangement of carbon atoms along one plane. 

The graphene motif can be considered as a 2D building block that forms other carbon 

allotropes with different morphologies (Fig. 1.12). It can be wrapped into fullerenes, 

rolled into nanotubes, and vertically stacked to form graphite.120 

 

 

Figure 1.12 – Illustration of the graphene motif being utilised as a building block for 

other carbon-based allotropes. Taken from Geim and Novoselov.120 

 

In this honeycomb-like architecture, each atom is bonded to three nearest neighbours, 

whilst also contributing one electron into the valence band of the molecule – this 

valence band contacts the conduction band (which is of higher energy) and exhibits 

electrical behaviour akin to a semi-metal. Although, its unusually high electronic 

transport properties are best described by massless, relativistic particles.120,121 This 
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ability of particles (Fermions) to essentially travel unimpeded across relatively long 

distances also generates high in-plane thermal conductivity (beyond 5000 W(mK)-1)122 

as particles are permitted to travel without any energy-loss interactions. In addition, 

graphene sheets are near-transparent in contrast to the black colour of graphite.123 

 

There is a mixture of top-down and bottom-up approaches to fabricating graphene 

and GRMs. A common route has been through exfoliation of bulk graphite, which may 

be as simple as applying adhesive tape to graphite and peeling away few-layer 

graphene sheets.119 More sophisticated techniques include the Hummer’s method (and 

modified analogues),124–126 and routes involving chemical vapour deposition onto 

metallic substrates.127–129 Hummer’s method was developed in 1958 and involves using 

strong acids to oxidise graphite, with later modifications improving the efficiency and 

quality of resulting material. The oxidised structure is then sonicated to disperse layers 

of GO, and further chemical or thermal reduction will form rGO.130 The reduction stage 

removes most of the oxygen-containing functional groups and restores the electrical 

network which was lost upon oxidation. Structural changes are illustrated in Fig 1.13. 

Graphene itself is a planar molecule containing only sp2 hybridised C=C bonds, whilst 

GO and rGO consist of a mixture of sp2 and sp3 character which is dependent on its 

level of oxidation.131 The materials can easily be distinguished from one another by a 

variety of characterisation techniques that include Raman spectroscopy, XRD, and 

XPS.132,133 
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Figure 1.13 – Chemical structures of graphene, GO, and rGO. Taken from Lee and 

Park et al.134 

 

Functionalisation in this manner also provides the additional benefit of hydrophilicity 

which, compared to the hydrophobic nature of graphene sheets, improves its 

dispersibility in solvents and ease of processing.125 As they are mechanically strong, 

flexible, and extremely lightweight, graphene-related materials have become 

increasingly used as a mechanical reinforcement in structural materials over the past 

two decades.135 Furthermore, graphene’s electronic and thermal transport capabilities 

have improved the multifunctionality of materials as it has been shown to generate 

traits that include (but are not limited to) damage-sensing abilities,136 and providing 

interference with electromagnetic radiation, i.e. EMI shielding.137,138 The unique 

combination of properties that graphene-reinforced composite materials can 

demonstrate enables them to be candidates towards several applications including 

energy production and storage, biomedical implants, and spacecraft technologies. 

 

1.4.2 Graphene as fillers in ceramic-based materials 

 

Over the past few years, there has been lots of engagement in the development of 

ceramic-graphene composites. The recent review by Ramirez et al. in 2021 showcases 

how this class of materials that has gained lots of traction, particularly since 2017 
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according to their work.139 An earlier review published during 2017 shares the same 

thoughts and suggests that ceramic-graphene materials have large potential for 

structural and functional applications.140 However, one of the main challenges that 

both reviews clearly describe is the distribution and orientation of graphene within 

composite materials. It has been mentioned that graphene sheets are hydrophobic 

and will agglomerate in a facile manner, so its dispersion into the host material must 

be critically considered. The interactions between graphene and the host are also key: 

bonds they will form during heat treatment are important in obtaining enhancements, 

particularly for the mechanical properties of ceramic-based materials.139 Fig. 1.14 

illustrates several of the design considerations that should be accounted for including 

the processing and sintering stages.  

 

 

Figure 1.14 – Diagram of design considerations whilst undertaking the fabrication 

of ceramic-graphene materials. 
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1.4.2.1 Ceramic-graphene materials with random dispersion of filler 

 

There are multiple research groups across the world who are currently engaged in 

fabricating ceramic-graphene composites that exhibit varied microstructural features 

and performance. A simple search in Scopus (shown in Fig. 1.15) using the keywords 

“ceramic AND graphene AND composite” generates 1466 results (from 2004 onwards), 

with a steady increase seen since 2009 which was the year that scientists at 

Manchester University received the Nobel Prize in Physics. Over 50+ documents have 

been published each year from 2014 and onwards, which figure has risen to over 150+ 

in the past few years with these studies predominantly being carried out in China, 

India, the United States, and Spain. However, this is most likely an under-

approximation considering the utilisation of graphene-related materials which may not 

be mentioned, or perhaps are unconventionally named within the title, abstract, or 

keywords. The decrease in document submission between 2019 – 2023 can be 

attributed to the COVID-19 pandemic, however it is expected that this number will 

rapidly increase in the next few years like the trend observed beginning in 2010. 
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Figure 1.15 – Analysis of 1466 document results from the phrase “ceramic AND 

graphene AND composite” using the Scopus search bar (as of 10th Dec 2023). Top) 

frequency of documents published from 2004 – 2023. Bottom) frequency of 

documents published from the top ten different countries/territories. 

 

Soon after the isolation of graphene collaborative work conducted in China fabricated 

composite materials by ball-milling alumina powder and graphite for different lengths, 

then observing the resultant mixture by TEM.141 The ratio of graphite to alumina was 
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5:95 by volume. TEM images illustrated that multiple-layer graphene sheets between 

3 – 8 nm were exfoliated from the bulk graphite and distributed throughout the 

submicrometric alumina powder. After consolidation via SPS, the fracture surfaces of 

the composite materials exhibited a much finer microstructure than that of pure 

alumina and it was concluded that the addition of graphene sheets was impeding 

ceramic grain growth during the sintering cycle.141 Unfortunately, no physical or 

mechanical properties were characterised for the composites within this study. 

 

Later in 2010, another group from China opted to utilise GO rather than graphene to 

reduce the extent of flake agglomeration in the final composite.142 Through wet 

processing techniques, and the use of a chemical reducing agent, they prepared hybrid 

alumina-rGO powders with 2 wt.% filler that were sintered with SPS at 1300 °C. They 

reached the same conclusion as the previously mentioned study which was noticeable 

grain growth suppression after addition of the reinforcement. This is shown in Fig. 

1.16 and was attributed to the diffusion of alumina grains being hindered by well-

dispersed nanosheets of graphene.142 Fracture toughness measurements were 

performed via the SENB method and showed an improvement of over 50 % (3.40 

MPam1/2 to 5.21 MPam1/2), onset by extrinsic toughening mechanisms that include 

pull-out and crack bridging. But in their conclusions, it was believed that optimisation 

of the composite’s microstructure would yield a greater enhancement.142 This may 

come in an improvement in final density, as composite materials exhibited a relative 

density of only 96 %. 
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Figure 1.16 – SEM images illustrating the microstructures of alumina-based 

materials. Left) monolithic alumina. Right) alumina-rGO composite, which illustrates 

the refinement of alumina grains in the sintered composite sample. Adapted from Fan 

et al.142 

 

Also, work performed in 2013 within the UK demonstrated the incorporation of low 

volume fractions (up to 1.33 vol.%) of graphene filler within alumina, sintered through 

SPS at 1500/1550 °C.143 However, the precursor material was graphene platelets 

rather than GO, which were procured from a manufacturer and characterised by SEM 

as part of the study. A 0.38 vol.% filler addition exhibited the highest fracture 

toughness (3.53 MPam1/2 to 4.49 MPam1/2) and flexure strength (400 to 523 MPa) 

when tested through the SEVNB method.143 However, a trade-off in Vickers 

microhardness is illustrated in the results upon increasing the graphene content. The 

composites were dense (above 99.5 %) and well-dispersed nanosheets of graphene 

were clearly visible, but they did visualise the existence of elongated pores at the 

interfaces between ceramic and graphene components (Fig. 1.17). The authors 

suggest this arises from poor interface bonding in some regions which induces variable 

shrinkage rates during the cooling section of sintering.143 Furthermore, they believe 

that these pores are the origins of fracture and conclude that excessive graphene 

inclusion leads to weaker composites.  
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Figure 1.17 – SEM images depicting the microstructure of an alumina-graphene 

composite. Left) the well-dispersed nature of graphene nanosheets within the 

alumina matrix. Right) the existence of pores at the interfaces between ceramic 

grains and graphene nanosheets. Adapted from Jiang et al.143 

 

The addition of graphene fillers has also been applied to other structural ceramics. SiC 

has been reinforced with graphene nanosheets (up to 6 wt.%) in a similar fashion to 

Jiang et al. but sintered using hot-pressing equipment at 2100 °C.144 The relative 

density of composites decreased upon increasing the fraction of reinforcement (from 

99.9 % to 98.6 % with 4 wt.% addition), and it was also illustrated that the 

microstructure contained well-dispersed graphene platelets. The authors also state 

that the sintering step results in the oriented distribution of the filler which are 

predominantly aligned perpendicular to the plane of hot pressing.  However, these 

were not all single platelets. Some of the reinforcement was overlapping in regions 

close to SiC/SiC grain boundaries, but also close to pores which were determined as 

origins of fracture during bending tests.144 

 

The authors also utilised two methods to determine fracture toughness: the SEVNB 

method, and an indentation method with a Vickers indenter. Their results shown that 

toughness increases as the fraction of reinforcement is raised, and that indentation 

fracture toughness value is slightly higher than obtained through SEVNB: 3.3 to 4.6 



36 
 

MPam1/2 for the indentation method, compared to 3.1 to 4.2 MPam1/2 for the SEVNB 

test.144 The improvement was attributed to crack bridging and crack branching at the 

micro- and nanoscale, with limited crack deflection being observed on the nanoscale. 

It is thought that this observation relates to the small dimensions of the filler and the 

very brittle matrix.144 Also, in some regions an unusual mechanism was detected – on 

the surface of overlapping platelets, cracks were spotted propagating perpendicular 

to the primary fracture surface (Fig. 1.18).144 This feature was reported previously in 

work that fabricated Si3N4-graphene composites and is believed to be representative 

of graphene sheets that are wrapped and anchored around SiC grains – the resultant 

is a wall of graphene along the grain boundary, which arrests cracks and forces them 

to continue propagation in three dimensions through the material.145 Although, an 

excess of graphene material, i.e., agglomerates, in some regions was believed to be 

the reason for early fracture in composites with 6 wt.% filler. 

 

 

Figure 1.18 – Left) microstructure depicted in SiC/graphene composites processed 

using Spark Plasma Sintering. Right) fracture surface of a composite illustrating the 

occurrence of crack branching in three dimensions. Adapted from Sedlák et al.144 
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1.4.2.2 Architectural design within ceramic-graphene materials 

 

So far, a brief review has been given on various ceramic-graphene composites that 

incorporate the reinforcement in a random fashion during processing. Although, 

Sedlák et al. did realise a preferential alignment of 2D filler material when utilising 

SPS.144 The next two examples will demonstrate structural arrangement of both 

ceramic and graphene-based components. The fabrication strategy developed by Sun 

et al. incorporates a well-dispersed and oriented reinforcement of GRM in the form of 

FLG into ceramic-based materials.137 This unconventional approach utilised 

expandable graphite which is treated in a microwave oven to increase the interlayer 

spacing between sheets of graphene; this was followed by vacuum-assisted infiltration 

with a liquid ceramic precursor assisted by an organic, silane-based coupling agent. 

Sintering via SPS (at temperatures depending on the ceramic matrix) led to dense 

composite materials with highly-oriented inclusions of FLG, characterised by HRTEM 

and XPS. Several ceramic-graphene composites were fabricated during their studies 

including alumina-FLG (shown in Fig. 1.19), zirconia-FLG and amorphous silica-FLG.137  

 

 

Figure 1.19 – Left) microstructure of alumina-FLG composite containing 5 vol.% of 

filler. Right) HRTEM image depicting the presence of FLG within the ceramic matrix. 

Adapted from Sun et al.137 
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For the ceramic-FLG composites that have been mentioned, their investigation reports 

large improvements in the mechanical, tribological (wear-related), and functional 

properties such as EMI.137 For alumina-FLG, flexural strength (through three-point 

flexure) is 32 % higher than monolithic samples, whilst the fracture toughness 

improved significantly by 240 % when measured through SEVNB methods. These 

relate to an efficient load transfer of stress between the ceramic matrix and graphene-

like filler, and modified behaviour of stable crack propagation through numerous 

extrinsic toughening mechanisms that includes crack bridging, crack deflection, crack 

branching, and pull-out.137 This study demonstrates that careful consideration of the 

microstructural arrangement within ceramic-graphene composites can vastly improve 

their mechanical properties.  

 

Furthermore, Wang and Bi et al. explored the creation of nacre-like architecture 

through freeze-casting hybrid suspensions of GO and alumina material.93 This is based 

on previously discussed work by Bouville et al.94 In summary, a mortar was prepared 

by ball-milling GO with alumina nanoparticles in water (along with casting additives), 

then alumina platelets were added. GO was added from 0 – 1 wt.% in increments of 

0.25 to fabricate nacre-like composites with various amounts of filler. The resultant 

slurry was ball-milled again for a shorter time and then subject to freeze-casting. Once 

dried pre-sintering at 1300 °C was carried out, followed by hot pressing at 1500 °C 

which produced the nacre-like microstructures shown in Fig. 1.20.93 Highly-oriented 

rGO is distributed throughout the host alumina platelets that are also aligned from the 

casting step. Although, the addition of 1 wt.% did create severe misalignment of 

platelets, and several agglomerates of the graphene-like material was observed 

through SEM.93 
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Figure 1.20 – Fracture surfaces of alumina-rGO composite with 0 – 0.75 wt.% 

addition of filler. The red circles indicate pores found in the monolithic material. 

Adapted from Wang and Bi et al.93 

 

The highest mechanical properties were found with an addition of 0.5 wt.% filler. At 

0.75 wt.% addition, the density and properties began to diminish compared to other 

composites with lower rGO inclusions. The authors state that this is based on the 

number of defective regions of reinforcement that were observed, similar to work that 

has been discussed in the previous section.93,144 Density increased from 96 to <99 % 

with 0.5 wt.% addition, whilst flexure strength (in three-point flexure) and fracture 

toughness (through SENB) reached a maximum of 388 MPa and 7.75 MPam1/2 

respectively – an increase of approximately 41 and 21 % compared to consolidated 

alumina platelets.93 Like other studies, toughening mechanisms such as crack 

deflection, bridging, and branching were observed, alongside other microscopic 

phenomena that include the presence of mineral bridges and frictional sliding between 
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stacked platelets.93 These toughening mechanisms are all observed in the fracture 

behaviour of nacre, although the length scale of the brick-and-mortar architecture 

(and hence the mechanisms occur on) is roughly one order of magnitude lower in the 

natural material.77 This approach illustrates smart considerations when processing 

ceramic-graphene composites. 
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Chapter 2 Experimental procedure 

 

2.1 Overview of processing strategy 

 

An overview of the processing strategy is provided in Fig. 2.1. To summarise, the 

primary objective is to create ceramic scaffolds with directional porosity that can be 

infiltrated with a graphene precursor dispersed in an aqueous medium. This novel 

method showcases a combination of advanced processing techniques with an aim to 

produce bulk ceramic-graphene materials with an ordered microstructure. 

Unidirectional freeze-casting has the potential to generate aligned, porous 

architecture, so a colloidal suspension of the raw ceramic material is prepared prior to 

casting. This casting step is also considered as environmentally friendly, which is 

beneficial for promoting its usage over other processing routes towards ceramic-

graphene materials that have been described previously in Chapter 1 (Section 1.4).  

 

 

Figure 2.1 – Illustration of the processing strategy designed for creating alumina-

graphene materials. 
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Recent work performed at Cardiff University demonstrated the potential for graphene-

ceramic materials to be fabricated using a similar approach that involved freeze-

casting scaffolds made from dilute, water-based suspensions of graphene precursor, 

then infiltrating this host with a ceramic suspension.146 The proposed strategy herein 

involves the reverse, i.e., utilising a graphene precursor (GO) as the reinforcement to 

a freeze-cast ceramic matrix. Using GO as the filler material would circumvent the 

differences in hydrophilicity during the infiltration procedure and permit uptake into 

the open pores of freeze-cast material in a more facile step. 

 

First, suspensions consisting of α-alumina powder (BA15-W white aluminium oxide, 

d50 = 0.1 μm, Baikowski, France), Grade III de-ionised water, 10 wt.% PVA solution, 

sucrose (>99 %, Merck, UK) and a dispersant were prepared utilising ultrasonication. 

The PVA solution was prepared from solid content (>95 %, Fisher Scientific, UK) 

dissolved in de-ionised water. The dispersant of choice was DOLAPIX CE64 

(Zschimmer & Schwarz, Germany), a widely utilised dispersant for processing ceramic 

suspensions with high solid loadings.147–150 The chemical structure of its monomer is 

provided in Fig. 2.2. 

 

 

Figure 2.2 – Chemical structure of the dispersing agent DOLAPIX CE64. 
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After identifying suspensions of ceramic powder that were well-dispersed and 

possessed a unimodal distribution of individual grains, freeze-casting could 

commence. Ethanol (≥99.5 %, Honeywell, UK), and liquid nitrogen in two separate 

chambers were chosen as the refrigerant for the freeze-casting program. Cylindrical 

specimens of 30 mm diameter were freeze-cast and freeze-dried to generate large, 

porous ceramic scaffolds. Freeze-dried specimens were pre-sintered in a conventional 

furnace to remove the casting additives and provide structural integrity to the delicate 

ceramic structures before the introduction of further material. 

 

Diluted, water-based suspensions from two graphene oxides (1 wt. % GO suspension 

in water, average particle size = <10 μm, Graphenea, Spain; custom-made GO, 

Imperial College London, UK) were prepared via speed-mixing. Suspensions were 

degassed, then carefully introduced into the porous architecture using a vacuum 

chamber. Hybrid scaffolds were frozen after the infiltration step, then a second freeze-

drying step was carried out to retain the porous architecture, which completed the 

fabrication of 30 mm alumina-GO pre-forms. The now dried alumina-GO materials 

undergo SPS to consolidate material and simultaneously onset the reduction of 

graphene oxide (GO → rGO) within an inert atmosphere. 30 mm monolithic alumina 

was also prepared to compare the microstructural differences and (primarily) 

mechanical behaviour against alumina-rGO materials sintered with similar conditions. 

The following sections provide more comprehensive details about each separate stage 

of the processing route. 
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2.1.1 Preparation of ceramic suspensions 

 

Ceramic suspensions were homogenised with an ultrasonic transducer (UIP 1000HD, 

Hielscher Ultrasonics GmbH, Germany) in combination with magnetic stirring at 600 

rpm. After some quick trials, the transducer was chosen to be set at 70 % power 

during its operation. Ultrasonication is the process of transferring ultrasound energy 

through a fluid to induce cavitation – the rapid evolution, growth, and collapse of 

micrometre-sized bubbles.151,152 It has been demonstrated that raw materials can be 

dispersed from this shear-inducing process and is a viable method of breaking hard 

agglomerates in the fabrication stages of material synthesis and processing.153,154 Fig. 

2.3 provides an illustration of the processing set-up.  

 

 

Figure 2.3 – Schematic of the ultrasonic apparatus used in dispersing ceramic-based 

suspensions. 

 

First, de-ionised water was set to stir then the molecular dispersant, DOLAPIX CE 64 

(0.5 wt.% wrt. ceramic loading), was added and left to mix for 5 minutes. This was 

based on literature work that incorporated this proportion to maintain a homogeneous 

dispersion of fine ceramic particles.104,155,156 Alumina powder was slowly added, then 

the remaining casting additives (10 wt.% PVA solution, 1.4 wt.% wrt. ceramic loading; 

sucrose, 4 wt.% wrt. water content) were weighed and placed into the stirring 

suspension of ceramic particles. These weight percentages were selected based on 
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prior literature.89,116,157 To finish, the resulting mixture was homogenised using 

ultrasonication for 5 minutes with a pause of 2 minutes halfway. Solid loadings of 

ceramic powder between 20 – 40 wt.% of the total solid mass were chosen based on 

literature work demonstrating that low-to-moderate solid loadings can generate highly 

porous specimens (>75 %).156,158 The temperature was constantly monitored using a 

temperature probe and external cooling was provided by an ice bath underneath the 

glass beaker. For reference, 90 g of 30 wt.% alumina suspension would contain 

approximately 60 g water, 27 g alumina powder, 0.135 g DOLAPIX CE 64, 0.378 g 

PVA solution, and 2.4 g sucrose. 

 

2.1.2 Freeze-casting/-drying of ceramic materials 

 

Custom-made, unidirectional freeze-casting apparatus (Fig. 2.4) was utilised to 

fabricate porous ceramic specimens. To begin with the temperature controller unit 

was connected to a band heater around the top of a copper rod and set with the 

parameters shown in Table 2.1, starting at Setpoint 1.  

 

 

Figure 2.4 – Schematic of the custom freeze-casting set-up.  
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Table 2.1 – Table of parameters set for the freeze-casting procedure. 

 

 

 

 

 

 

These parameters were used in previous work at Cardiff University that utilised water-

based freeze-casting which generated long-range porosity throughout specimens.146 

Other well-cited literature work has also utilised this freezing rate to control the growth 

of ice crystals and obtain a fine microstructure without sacrificing long-range 

order.104,159,160 Approximately 150 mL of ethanol was added to a stainless-steel 

chamber, covering about 2 cm of a 25 mm copper rod. 3 – 5 L of liquid nitrogen were 

added to an external steel chamber and constantly topped up. An insulating 

polystyrene box containing polystyrene beads housed the two chambers. The 30 mm 

casting mould comprised of 4 PTFE parts that made the walls, a copper plate to act 

as the thermal conductor, and rubber O-rings that held all the pieces together. In 

addition, each piece was thoroughly greased to contain material whilst resisting the 

expansion of water during freezing. After checking for any leaks, the program started. 

Fig. 2.5 provides a drawing of the PTFE mould cast via FDM that was designed by Mr 

Mohammad Arshad during a Research Opportunities Placement in 2017. 
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Figure 2.5 – Closed and expanded drawings of the PTFE mould, fabricated by fused 

deposition modelling, used in the freeze-casting process. 

 

Once frozen, cast materials were subject to a drying treatment using a freeze-drier 

(Lablyo -85, Frozen in Time Ltd, UK) fitted with an 8-port flask manifold. Specimens 

were held inside glass flasks, attached to the manifold with a rubber cap whilst the 

compressor and vacuum pump were running, then left for 72 hours. Drying specimens 

in this manner retained the porous architecture that was created in the casting process 

without any internal deterioration. Scaffolds between 20 – 40 wt.% solid loading were 

fabricated, with 2 – 5 specimens being created for each formulation. Although only 

one specimen made from a 27.5 wt.% alumina suspension was successfully prepared. 

 

2.1.3 Pre-sintering of ceramic materials 

 

Pre-sintering of freeze-cast ceramic scaffolds was performed utilising a muffle furnace 

(1500 HTC, Carbolite Gero, UK), taking advantage of the programmable capabilities 

of this apparatus to create cycles with differing setpoints, heating rates and dwell 

times. This a critical step for ensuring casting additives utilised in the previous 

processing steps are eliminated and monolithic alumina remains. Fig. 2.6 illustrates 

the pre-sintering cycle to the highest dwell point of 900 ºC for 30 mins at a rate of 5 
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ºCmin-1, with an additional dwell at 120 ºC for 30 mins to ensure that no moisture 

remained. A dwell at 900 °C has been utilised like other literature work to provide 

some mechanical strength to the scaffolds (once the boundaries of ceramic particles 

begin to migrate together),161–163 whilst simultaneously losing some structural integrity 

provided by the casting additives. 

 

 

Figure 2.6 – Plot of the pre-sintering program for porous, ceramic scaffolds with 

remaining casting additives. 

 

2.1.4 Infiltration of porous, ceramic materials with graphene 

oxide 

 

Graphene oxide powder can be added to water to create a stable dispersion of the 

solid material; these are typically prepared by manufacturers between concentrations 

of 0.5 – 5 wt.%. Two batches of graphene oxide were investigated – a commercial 

suspension of 1 wt.% GO in de-ionised water, and a custom-made laboratory batch 

with unknown concentration. Both stock concentrations were validated by freezing 

aliquots of the material, following by freeze-drying to leave solid material behind; 
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weights were measured before and after this process to verify the solid content. This 

verification process was performed three times for each stock suspension. Once 

prepared, suspensions of either 0.025, 0.1, or 0.25 wt.% were then taken to a speed 

mixer (DAC 800.1 FVZ, Synergy Devices Ltd, UK) to homogenise the contents for 10 

mins at 1800 rpm. These three concentrations were chosen to determine a suitable 

amount of GO that can infiltrate freeze-cast materials and generate continuous layers 

of reinforcement in sintered composites. If there is not enough of the reinforcing phase 

present, then continuity may not be achieved which would affect the electrical 

properties based on percolation theory; too much might from agglomerates in regions 

of the microstructure and lower the improvements in mechanical behaviour. 

 

Vacuum-assisted infiltration of ceramic scaffolds was conducted utilising a vacuum 

degassing system (DS-26P, easycomposites, UK). Graphene oxide suspensions were 

degassed at -1 bar for 5 minutes, then pipetted over and around the 30 mm cylindrical 

specimens (held inside 35 mm polypropylene containers). The pressure was initially 

reduced to -0.9 bar for a few minutes to eliminate a substantial amount of air from 

the porous scaffolds. This first step was then repeated, but with lowering the pressure 

close to the apparatus’ limit (-1 bar). Once bubbling visibly ceased (after 10 – 15 

minutes), nominal pressure was restored, and the samples were taken out of the 

vacuum chamber and placed inside a freezer for at least 2 hours to solidify the water-

based infiltrate. Frozen composite specimens were then freeze-dried for 72 hours to 

retain the internal microstructure generated through freeze-casting. 

 

2.1.5 Spark Plasma Sintering of ceramic-based materials 

 

Consolidation of ceramic-based materials was carried out using a spark plasma 

sintering system (HP D10-SD, FCT Systeme GmbH, Germany) with an accompanying 

chiller unit. Samples were contained within graphite die sets lined with graphite foil. 

Once the die was charged, it was pre-compacted using a cold press before adding a 

jacket of carbon felt for further insulation and transferring it to the SPS furnace. 



50 
 

Sintering took place under vacuum within an inert atmosphere of argon gas. 

Specimens were subjected to a pre-designed sintering program using the following 

parameters. DC pulse sequences of 10:5:12:2 or 1:0:1:0 (on/off/number of 

pulses/extra pause time) were utilised which may be described as pulsed, or 

continuous, sequences respectively. The temperatures used to sinter ceramic-based 

materials were between 1000 – 1500 °C that was held for either 1 or 5 minutes. This 

was monitored via an optical pyrometer focused through a 10 mm channel within the 

top punch of the graphite die roughly 5 mm away from the top of the sintering 

material. A pressure of 50 or 60 MPa was applied uniaxially at the start of the program 

before the heating segments had begun, plus the heating and cooling rates were set 

to 50 or 100 °Cmin-1 with the preliminary program adopting natural cooling. Fig. 2.7 

illustrates the apparatus itself and the graphitic components used for assembling 30 

mm die sets. 

 

 

Figure 2.7 – Left) photograph of SPS Type HP D10-SD and chiller unit. Right) 

graphitic components used to assemble 30 mm die sets. 
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2.2 Overview of characterisation techniques 

 

To meet the primary objectives of this research, several characterisation techniques 

have been utilised (Fig. 2.8) at various stages of the processing strategy. As this work 

aims to create porous ceramic scaffolds that can be infiltrated with a water-based 

graphene precursor, characterisation of the host matrices’ microstructural features is 

vital. Over recent years, researchers have promoted the utilisation of 𝜇-computed 

tomography, a non-destructive imaging technique, to view porous characteristics of 

freeze-cast materials.106,164,165 This was the most powerful technique used in the 

investigation and focused on evaluating: i) the orientation and alignment of pores 

fabricated during casting, and ii) the homogeneity of these channel size (diameter).  

 

 

Figure 2.8 – Illustration of the characterisation techniques utilised at various stages 

of the processing strategy. 

 

Once porous materials have been infiltrated with the graphene precursor, visualisation 

of its uptake into the core of the scaffold is paramount. In addition, quantification of 

the reinforcement is necessary to further determine the hybrid materials’ physical 
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properties, such as specific density. After sintering, the main objectives are: i) 

evaluating the extent of GO reduction, and ii) visualisation of the material’s 

microstructure and a comparison against pure ceramic material sintered using similar 

conditions. A description of the testing of material properties for monolithic ceramic 

and ceramic-graphene materials is provided in Section 2.3. Graphite (Duragraph 120, 

Erodex, UK) was utilised as a comparative material to GO during its characterisation. 

 

2.2.1 Particle size analysis 

 

The distribution of particle sizes of the as-received alumina powder and colloidal 

suspensions with varying ceramic content (that also include the dispersant) was 

determined using PSA. A particle size analyser (Mastersizer 3000, Malvern Panalytical, 

UK) fitted with a wet sample dispersion unit (Hydro EV, Malvern Panalytical, UK) was 

employed to evaluate the volume distribution. This was with measurements set to 

perform 6 scans each lasting 10 seconds within the range of 0.01 – 1000 μm. 

Displayed results are either the full set of measurements, or the average of the 6 

scans. 

 

2.2.2 Thermogravimetric analysis 

 

The estimation of graphene-like reinforcement within alumina-graphene materials was 

evaluated using TGA. The latter used 5 specimens of composite material, acquiring 2 

measurements for each specimen. A thermogravimetric analyser (TGA/SDTA851e, 

Mettler Toledo, UK) was utilised in combination with compatible software (STARe, 

Mettler Toledo, UK). 70 μL alumina crucibles were utilised to house samples, and 

masses of samples between 50 – 70 mg were weighed with a 5 decimal precision 

balance (AE200, Mettler Toledo, UK). In all cases, the heating program was set to 

reach 1000 °C (from ambient conditions) in air at a rate of 5 °Cmin-1. 
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2.2.3 Viscosity 

 

Viscosity measurements of stock and dilute GO suspensions were recorded with a 

rheometer (MCR 92, Anton Paar, UK) in combination with compatible software 

(Rheocompass, Anton Paar, UK). The measuring head was fitted with a 50 mm 

measuring plate and a gap of 0.6 mm was utilised. Constant shear tests were carried 

out for 2 minutes at a shear rate of 50 s-1, with data being recorded every 5 seconds. 

Deionised water was also measured as a reference material. The calculation of shear 

viscosities was automatically provided through the software with Equation 2.1, 

formulated from Newton’s second law of thermodynamics.166 

 

𝜇 =  
𝐹

𝐴�̇�
    Equation 2.1 

 

Where A is the area of the measuring plate, F is the applied force (experimentally 

calculated from the torque and measuring plate area), and �̇� is the rate of shear 

deformation. 

 

2.2.4 Optical microscopy 

 

Optical microscopy is based on the focusing of wavelengths of visible light through a 

system of lenses to create a magnified, visual image. In a simple, compound 

microscope, an objective lens (or a series of lenses) will focus light that is being 

reflected from an object, which is further magnified by an eye-piece lens.167 This can 

be complimented by mounting a digital camera to observe the sample and collect 

images via a computer trough a set of diaphragms and collection lenses.167,168 It is 

thought that the first, practical binocular microscope was invented by J.L Riddell during 

the 1850s, yet it is believed that earlier usage of compound devices was apparent in 

the 17th Century.169,170 
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Evaluation of as-received, graphene oxide flakes and the visualisation of Vickers 

indentations was performed using OM. GO suspensions were subject to dilution (<25 

ppm) in a mixture of water and isopropanol, then deposited onto Si-SiO2(300nm) 

wafers for observation. 125 flakes were viewed from each GO batch to identify the 

average flake size and form a frequency distribution. This was performed using an 

optical microscope (DMLM, Leica, UK) in conjunction with image capturing equipment 

and software (UI-1460LE-C-HQ, IDS GmbH, Germany – uEYE cockpit, IDS GmbH, 

Germany). Scale bars were produced with a microscope calibration ruler at various 

magnifications, and post-processing was performed using ImageJ software (National 

Institutes of Health, Bethesda, USA). 

 

2.2.5 Scanning electron microscopy 

 

SEM differs to OM as a beam of electrons are fired at a sample, producing a variety 

of detectable signals after the sub-atomic particles interact with (or just below) the 

surface topography and composition of a material.171,172 This process is performed 

within a vacuum to inhibit unwanted contamination from atoms and molecules in the 

atmosphere. The result is an image with resolution on the nanometre scale, with a 

large depth of field that generates 3D images, useful for understanding the 

morphology of a sample.172 The working principle is that electrons are fired toward an 

anode from a source towards a collimator, which then passes through a series of 

condenser lenses to further focus the beam. Scans are carried out in a “raster pattern” 

by virtue of scanning coils that are present in the set-up,171 referring to scanning in 

parallel lines from side to side, or top to bottom, in a rapid manner. The various 

interactions that may occur due to electron irradiation at a sample’s surface is shown 

in Fig. 2.9. 



55 
 

 

 

Figure 2.9 – Diagram of the possible interactions that can occur after electrons 

penetrate the surface composition of a sample. 

 

The most common types of detectors are SE and BSE detectors that are positioned on 

the side of the chamber, or in-line with the electron gun, respectively. SE detectors 

(first conceived by Everhart and Thornley) collect low-energy (~50 eV) electrons after 

they are involved in inelastic scattering processes a few nanometres below the surface 

of a sample.172,173 SE detectors typically come as standard with SEM equipment, with 

most apparatus integrating a combination of detector types.  

 

SEM was employed for determining the particle size of as-received and dispersed 

alumina powder, measuring the pore size and lamellae thickness of freeze-cast 

materials, and for performing fractographic analysis on monolithic alumina and 

alumina-graphene specimens. 200 grains were evaluated to determine the average 

grain size of materials and form a frequency distribution after sintering. This was 

conducted using a field-emission scanning electron microscope (Crossbeam 1540XB, 

Carl-Zeiss, UK) and corresponding software (SmartSEM® V5.05 XB, Carl-Zeiss, UK). 
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The electron beam was set to operate at either 5 or 10 kV. Some specimens were 

sputtered with a conductive layer of Au/Pd alloy to combat the extent of surface 

charging, which is referenced in the caption for any related figures. Micrographs were 

analysed using ImageJ software. 

 

2.2.6 Raman spectroscopy 

 

Raman spectroscopy operates based on the absorption and emission of visible light to 

measure the vibrational energy modes of molecules within a sample. This technique 

was first developed by Raman and Krishnan in 1928, after observing a scattering effect 

as light passed through organic liquids which followed earlier predictions of this 

phenomena.174,175 During absorption, the electromagnetic field that accompanies 

photons interacts with the electron density of a molecule, creating an excited 

molecular state after overcoming an energy gap.176 However, after emission from the 

“virtual state” the associated energy of the photon has shifted up or down (Stokes 

and Anti-Stokes scattering). This less intense, Raman signal is an inelastic scattering 

process that arises due to a transfer of energy between the molecules of the sample 

and the scattered photons.176 In brief, the process begins by an illuminating a sample 

with monochromatic, visible light which causes interactions between the incident beam 

of photons and excitations (such as molecular vibrations, or phonons) within the 

sample. A change in energy occurs which can be measured and related to molecular 

changes of structures found within molecules.176 This energy transfer is illustrated in 

Fig. 2.10 and the necessary conditions for each scattering event are indicated. 
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Figure 2.10 – Left) illustration of scattering processes. Right) Jablonski energy level 

diagram for the associated changes in vibrational energy. 

 

To compare the nature of graphene-related materials, and to identify changes after 

the sintering stage, a Raman spectrometer (LabRAM HR Evolution, HORIBA, UK) with 

compatible software (LabSpec 6, HORIBA, UK) was employed. A laser of wavelength 

532 nm and a spot size of 1 μm was utilised to obtain scans after 2 accumulations, 

each lasting for 5 minutes, or 10 in the case of graphite and composites including 

reduced graphene oxide. The chosen region of interest was between wavenumbers of 

1000 and 2000 cm-1. This is because previous studies have demonstrated that 

graphene-related materials can be distinguished from one another by identifying the 

positions and intensities of the D and G signals.177 These two signals are commonly 

found close to 1350 and 1600 cm-1 respectively, which is shown in Fig. 2.11. 
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Figure 2.11 – Typical Raman spectra obtained for graphene-related materials 

between 0 and 3500 cm-1. Adapted from Álvarez and López-Ramón et al.131 

 

2.2.7 X-ray diffraction  

 

The process of XRD involves electrons within the material interacting with 

electromagnetic radiation in the form of X-rays at various, but specific, angles and 

directions.178,179 To summarise, a beam of X-rays is fired at a sample to create a 

diffraction pattern, otherwise known as a “reflection”, through the scattering of 

incident X-rays. The recorded 2-D data of angles and intensities can be translated into 

a 3-D map of electron density, and ultimately this diffraction pattern relates to the 

position of atoms in a crystal.178 This technique is also excellent for determining unit 

cell parameters, i.e., the angles and lengths that provide the simplest building block 

for crystal lattice identification.178  
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Bragg diffraction is a special condition in which the wavelength of radiation is 

comparable to that of the spacing between lattice planes (1-10s of angstroms). An 

outcome is generated only if the encountered scattering is coherent and elastic: thus 

the intended properties of scattered X-rays are that they are constructive and in-

phase, and that they do not transfer energy to the crystal’s electronic structure during 

the scattering process.179 Sharp, intense peaks are formed in the diffraction pattern 

that are associated with the intense incident X-rays that are collected after interacting 

with the crystalline matter. A mathematical relationship known as Bragg’s law 

(Equation 2.2) was formulated and is widely utilised for estimating the spacing 

between atomic planes.179 

 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)   Equation 2.2 

 

Where n is the diffraction order (typically 1 as it is illustrating the repetition of 

diffraction), λ is the X-ray wavelength, d is the spacing between crystallographic 

planes, and θ is the scattering angle. Fig. 2.12 illustrates the phenomenon of coherent, 

elastic scattering.  

 

 

Figure 2.12 – Illustration of Bragg diffraction. Note that the second X-ray “wave” 

follows a path that includes an extra distance of 2dsinθ. 
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Diffraction patterns were obtained using an X-ray diffractometer (D5000, Siemens, 

UK) in conjunction with post-processing software (DIFFRAC Plus XRD commander, 

Bruker, UK – X’Pert Highscore Plus, Malvern, UK). References provided with the 

measured data were supplied by the International Centre for Diffraction Data (ICDD) 

database. Cu (Kα) was utilised as the X-ray source, with samples being placed on top 

of (or inside) 3D printed polylactic acid (PLA) holders. All scans were performed 

between 2θ values of 5 – 80 and in increments 0f 0.02, with a scan speed of 0.8.  

 

2.2.8 μ-computed tomography 

 

μ-CT is a non-destructive imaging technique that combines X-ray scanning and 

powerful computational software to develop 3D projections of objects.180,181 This 

imaging method stems from computed tomography (established and patented in the 

late 1970s) that creates 2D projections: not long after during the early 1980s, public 

evidence from a physicist working at Ford Motor Company (L. Feldkamp) 

demonstrated the capability of fully reconstructing 3D images.181 The working principle 

of CT is based on the attenuation of X-ray radiation as it passes through an object. 

Equation 2.3 illustrates that whilst an X-ray passes through a solid, e.g., bone, the 

intensity of the radiation at distance x (Ix) will be affected by the solid object and the 

initial source of energy.182 Meanwhile, x is the distance from the radiation source and 

μ is the linear attenuation coefficient. 

 

𝐼𝑥  =  𝐼0𝑒−𝜇𝑥    Equation 2.3 

 

A detector is placed a distance away from an X-ray source, with the object that is to 

be scanned positioned between the two.182 Traditional CT equipment (known as fan-

beam CT) combine a beam collimator with a 1D detection source to produce cross-

sectional images of the object, whilst some apparatus discards the collimator and 

integrates a scintillator which is positioned in front of a charge-coupled device camera 
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to convert the detected X-ray signals into visible light.182 This alternative method is 

referred to as cone-beam CT.181 In both cases, either the object or the X-ray source 

and detector is rotated to acquire several scans from different angles, which are then 

computationally rendered into a 3D model.  

 

This work was supported by the National Research Facility for Lab X-ray CT (NXCT) 

through EPSRC grant EP/T02593X/1. An overview scan of an alumina scaffold was 

evaluated using a modified μ-CT scanner (225 kVp Nikon/Xtek HMX system, Nikon 

Metrology, UK). The parameters of the X-ray source and detectors were a peak voltage 

of 160 kV, a maximum power was 17.5 W, and an exposure time of 250 milliseconds. 

This formed a voxel resolution of 4.52 μm. Additionally, a 6 x 6 mm section close to 

the freezing surface was also evaluated using an X-ray microscope CT scanner (160 

kVp Zeiss Xradia Versa 510 system, Carl Zeiss, Germany). Parameters were a peak 

voltage of 110 kV, a maximum power of 10 W, and am exposure time of 10 seconds, 

forming a 688 nm voxel resolution. Post-processing of scans was performed using 

ImageJ and open source 3D Slicer (http://www.slicer.org) to obtain 3D 

reconstructions and 2D cross-sectional images.183   
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2.3 Testing of material properties 

 

2.3.1 Specimen preparation 

 

During the fabrication of materials, processing and sintering techniques can introduce 

unwanted defects against their surfaces. For example, the use of SPS involves 

encasing the sample in graphitic foil, which in some cases, causes carbon diffusion 

within the surface during consolidation.184 Furthermore, surfaces may be rough: this 

roughness can induce regions of stress which may cause unprecedented failure during 

service. Therefore, prior to evaluating their mechanical or functional behaviour, it is 

critical that specimens are prepared in a way that: i) is reproducible, ii) forms flat, 

planar surfaces, and iii) does not introduce more defects along its surface. 

 

30 mm disc-shaped specimens were subject to grinding, polishing, and sectioning 

before any mechanical, thermal, or electrical testing. Grinding and polishing was 

performed using an automatic grinder-polisher unit (Ecomet™️ 30 Semi-Auto, Buehler, 

UK) allowing up to 4 samples to be treated at once. Polishing was carried out manually 

on individual samples in a three-step manner. Specimens for determination of flexure 

strength and functional behaviour were ground to 1200-grit finish, whereas specimens 

for micromechanical testing (hardness, indentation toughness) were polished to a 

mirror finish (to 1 μm). A summary of each grinding/polishing step is given in Table 

2.2. Cutting was performed with precision cutting/grinding equipment (Accutom-100, 

Struers, UK) accompanied with a diamond-bonded cut-off wheel (MOD13, Struers, 

UK). Parameters included a rotation speed (of the cut-off wheel) of 2750 rpm, and a 

feed rate of 0.010 mmmin-1.  
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Table 2.2 – Table of grinding and polishing steps taken to prepare ceramic-based 

materials for various mechanical tests – it should be noted that a different surface was 

utilised for each successive polishing step. 

 

Step no. 1 2 3 4 5 6 

Treatment Grinding Grinding Grinding Polish Polish Polish 

Surface MD-Piano 

(Struers), 

120 

MD-Piano, 

500 

MD-Piano, 

1200 

MD-Largo 

(Struers), 

9-μm 

diamond fluid 

MD-Largo, 

3-μm 

diamond 

paste 

MD-Largo, 

1-μm 

diamond 

paste 

Applied 

force (N) 

35 20 20 - - - 

Lubricant Water Water Water IPA IPA IPA 

Time Until planar 5-10 

minutes 

<5 

minutes 

<2 minutes <2 minutes <2 minutes 

 

 

 

 

 

  

Flexure testing 

+ physical 

properties 

Indentation 

toughness 
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2.3.2 Densities of fabricated materials 

 

2.3.2.1 Bulk density 

 

Bulk densities of freeze-cast scaffolds (prior to pre-sintering) were calculated by 

obtaining: i) the mass of the specimen with a 3 decimal precision balance (Explorer 

EX423, Ohaus, Switzerland), and ii) the volume, utilising a digital calliper accurate to 

±0.03 mm for measuring the diameter and height of cylindrical, freeze-cast materials. 

The reported volume was calculated based on an average of 1 height and 4 diameter 

measurements. 

 

2.3.2.2 Density through Archimedes’ principle 

 

Densities of sintered materials were determined from Archimedes’ principle, utilising 

a 4 decimal precision balance (LA-310s, Sartorius, Germany) fitted with a density 

determination kit (YDK-01, Sartorius, Germany). Samples were labelled with a felt pen 

before weighing, and the glass beaker filled with deionised water. The method began 

with boiling the samples in water for 2 hours and measuring their mass in water, 

before placing them in a drying furnace at 120 °C for between 2 hours to determine 

their dry weight in air. The temperature of the water was monitored using a 

temperature probe. The density of bulk alumina at 100 % theoretical density was 

taken as 3.99 gcm-3, whilst the density of rGO (possessing a high level of reduction) 

was taken as 1.90 gcm-3.185 These were both used to approximate the theoretical 

density of alumina-rGO composites through the rule of mixtures. The aim was to 

collect five measurements to generate an average and standard deviation, from which 

the relative density and remaining porosity were determined (Equations 2.4 – 2.6).186 

However, results obtained for monolithic alumina sintered at 1000 and 1400 °C are 

representative of only three and two measurements respectively. 
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𝜌𝑠𝑎𝑚𝑝𝑙𝑒  =  
𝑚1.𝜌𝑤𝑎𝑡𝑒𝑟

𝑚2
    Equation 2.4 

 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑎𝑡 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 (× 100)  Equation 2.5 

 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =  100 − 𝑅𝐷, %    Equation 2.6 

 

2.3.3 Vickers hardness 

 

Hardness measurements of sintered materials was carried out using a universal 

hardness testing machine (NOVA 360, InnovaTest, UK) fitted with a Vickers indenter 

between loads of 0.5 – 10 kg for 10 seconds. Small pieces of material were embedded 

within epoxy resin using a laboratory mounting press (Primopress, Struers, UK) prior 

to carrying out any measurements. Indentations made using 1 kg-force followed ASTM 

E384-17. Indentations were created at least 0.1 mm apart from each other to avoid 

the deformation created by other testing regions and images were collected via optical 

microscopy to manually measure the diameters of the indentations. Equation 2.7 was 

utilised to convert the measured diameters of indentations into hardness values, based 

on the force that is applied and the angle between opposite faces of the diamond 

tool.187 Equation 2.8 was used to convert Vickers hardness values into GPa. 

 

𝑉𝑖𝑐𝑘𝑒𝑟𝑠 ℎ𝑎𝑟𝑑𝑛𝑒𝑠𝑠, 𝐻𝑉 =  
2𝐹

sin (136°)

2

𝑑2
 = 1.854

𝐹

𝑑2
  Equation 2.7 

 

𝐻𝑉(𝐺𝑃𝑎)  =  𝐻𝑉  ×  0.00981   Equation 2.8 
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2.3.4 Fracture toughness 

 

Fracture toughness of sintered materials was determined using the VIF method, with 

the same equipment using for determining microhardness. Indentations were made 

on polished cross-sections of specimens between loads of 1 – 30 kg for 10 seconds to 

induce the propagation of cracks that could be observed and measured. The measured 

lengths were then applied to the formulas developed by Palmqvist and Anstis to 

calculate the fracture toughness (Equations 2.9 and 2.10 respectively).57,188 3 – 5 

indentations were performed, and the developed cracks were investigated using SEM.  

 

𝑊𝐾 ≈  𝐾𝐼𝐶  = 0.0028√𝐻. √
𝑃

𝐿
   Equation 2.9 

 

Where H is the hardness in GPa, P is the indentation load in N, and L corresponds to 

the sum of the length of the propagated cracks in m. 

 

𝐾𝐼𝐶 = 0.016(
𝐸

𝐻
)

1

2. √
𝑃

𝐶
3
2

   Equation 2.10 

 

Where E is the Young’s modulus in GPa, H is the hardness in GPa, P is the indentation 

load in MN, and c is the sum of the propagating cracks plus half of the diagonal width 

in m. An illustration is provided in Fig. 2.13 to display the lengths that were measured. 
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Figure 2.13 – Diagram illustrating the lengths to be measured for evaluating the 

indentation fracture toughness caused by a Vickers indenter. 

 

After the investigation of fracture toughness, surfaces were re-polished to a 3 μm 

finish for approximately 15 minutes to identify the type of crack that has propagated. 

Two types of cracking patterns form in hard materials, i.e., ceramics, which are 

referred to as Palmqvist or radial-median which is illustrated in Fig. 2.14. The former 

is representative of deformation patterns that do not connect with the propagated 

cracks, whilst the latter is representative of a pattern that is connected to the cracks.189 

Radial-median cracks are also characterised by a large crack that forms underneath 

the surface of the indentation.  

 

d l1 

c1 
L = l1 + l2 + l3 + l4 
 
c1 = l1 + d/2 
 
C = c1 + c2 + c3 + c4 

Indentation 
 

Cracks 
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Figure 2.14 – Illustration of two common types of cracking patterns seen in hard 

materials after indentation. Taken from Žmak et al.190 

 

2.3.5 Flexural strength  

 

Flexural strength of sintered materials was calculated with a 4-point bending moment 

in a universal testing machine (AllroundLine Z050, Zwick-Roell, UK). ASTM C1161 was 

followed. The top and bottom spans of the contacting rollers were 10 and 20 mm, 

respectively, and a crosshead speed of 0.1 mmmin-1 was used. Specimens were 

approximately 22 x 2 x 2 mm (with lengths up to 30 mm), and post-experiment their 

fracture surfaces were investigated using SEM. Four specimens of alumina were tested 

alongside three specimens of the composite material – although this is not a reliable 

sample size it is thought that the obtained values are still representative of any 



69 
 

mechanical changes. Time constraints (due to COVID-19) and issues with equipment 

restricted the further fabrication of specimens. The flexure strength, σf, was calculated 

with Equation 2.11 by determining: i) the bending moment about the neutral axis, M, 

ii) the distance to the neutral axis, y, and iii) the second moment of area about the 

neutral axis, I. These three components can be determined using Equations 2.12 – 

2.14 using the force measured at the yield point, Fbreak, the top and bottom spans of 

the rollers (ST and SB) and the thickness and width of bar-shaped specimens (d and b 

respectively). 

 

𝜎𝑓 =  
𝑀𝑦

𝐼
     Equation 2.11 

 

𝑀 =  
(𝑆𝐵−𝑆𝑇)𝐹𝑏𝑟𝑒𝑎𝑘

4
    Equation 2.12 

 

𝑦 =  
𝑑

2
      Equation 2.13 

 

𝐼 =  
𝑏𝑑3

12
     Equation 2.14 
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2.3.6 Electrical conductivity 

 

In-plane electrical resistivity of sintered materials was determined at ambient 

conditions with 2-probe resistance measurements on bar-shaped specimens that were 

approximately 12 x 2.7 x 1.8 mm. Two specimens were cut from a disc-shaped 

alumina-graphene composite to evaluate the connectivity of infiltrated graphene 

networks: one from the core, and one closer to the perimeter of the disc. Silver paste 

was applied to the end faces of bars, then the resistance was measured whilst one 

contact was stationary, and the other positioned at points along the other face. 12 

measurements were taken to create an average of the electrical resistivity, ρ, from 

Equation 2.15. 

 

𝜌 =  
𝑅𝐴

𝑙
     Equation 2.15 

 

Where R is the measured resistance in Ω, A is calculated cross-section of the specimen 

in cm2, and l is the length in cm between the contact probes. This was then converted 

into electrical conductivity using the inversely proportional relationship show in 

Equation 2.16. 

 

𝜎 =  
1

𝜌
     Equation 2.16 
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2.3.7 Thermal conductivity 

 

This work was conducted at the Carbon and Science Institute (INCAR-CSIC, Oviedo, 

Spain). Thermal diffusivity of sintered materials was measured between 25 – 750 °C 

in 100 mLmin-1 of argon flow using a laser flash analyser (LFA Microflash apparatus, 

NETZSCH, UK). Square-shaped specimens were prepared that were approximately 10 

x 10 x 2 mm to measure the out-of-plane thermal transport properties, and graphite 

suspension (GRAPHIT 33, Kontakt Chemie, Germany) was sprayed onto the faces of 

monolithic alumina as they were white/ivory in colour. The relationship between 

temperature and specific heat capacity was evaluated with a calorimeter (Calvet C80, 

Setaram, Spain) equipped with stainless steel crucibles. Measurements were carried 

out between 25 – 155 °C at a rate of 0.2 °Cmin-1 with 2 hours of stabilisation at the 

initial and final temperatures, then data was extrapolated up to 750 °C. Data analysis 

was carried out with compatible software (Calisto, Setaram, Spain). The thermal 

conductivity, k, was then calculated from Equation 2.17. 

 

𝑘 =  𝛼𝜌𝑐𝑝    Equation 2.17 

 

Where cp is the specific heat capacity in J(gK)-1, α is thermal diffusivity in cm2s-1, and 

ρ is the density in gcm-3. The latter was determined using the method described in 

Section 2.3.2.2. 
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Chapter 3 Fabrication of large alumina 

scaffolds with directional porosity and the 

consolidation of alumina 

 

During this Chapter an investigation into the fabrication of freeze-cast alumina 

scaffolds, and consolidation of ceramic materials are given. The preparation of large, 

freeze-cast alumina scaffolds between 20 – 40 wt.% ceramic loading is presented. 

One of the primary objectives is to create large ceramic scaffolds with pores that are 

aligned along one direction, therefore exploring the internal microstructure with 

respect to pore homogeneity and orientation is crucial during their evaluation. An 

appreciation of the porous architecture is also gained through μ-CT. Combined with 

pore diameter and lamellae thickness results from scanning electron microscopy, an 

argument is provided in the concluding remarks for porous scaffolds that are best 

suited for the following infiltration step. The final section involves Spark Plasma 

Sintering monolithic alumina specimens in which an optimal sintering temperature was 

determined, and the microstructure of a sintered, freeze-cast scaffold was interpreted. 

 

3.1 Optimising internal architecture of large, freeze-cast 

alumina scaffolds  

 

This section aims to demonstrate the results in upscaling the creation of porous 

materials with an appropriate internal structure that could mimic nacre and provide 

insight such that larger specimens may be fabricated in the future. Chapter 1 (Section 

1.3.2) discussed previous work that fabricated composite materials using freeze-

casting, which has the potential to create well-ordered and intricate microstructures 

inspired by the structures of natural materials, e.g., nacre. However, one was 
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processed with a different technique (MASC),94 and another utilised a 15 mm diameter 

freeze-casting mould which is relatively small.89 The target in this study is to fabricate 

larger freeze-cast materials (30 mm diameter, 35 mm height) that possess layers 

(lamellae) of material close to that of nacre, i.e., ~0.6 μm thickness. To achieve the 

smallest lamellae thickness whilst still maintaining enough mass for larger-scale 

mechanical testing, optimisation of the solid loading of alumina suspensions has been 

carried out by freeze-casting specimens within a cylindrical mould. Therefore, several 

suspensions with varying solids content between 20 – 40 wt.% were prepared to 

identify an optimal loading for ceramic scaffolds that will serve as the final composite 

material’s matrix. After further processing (including sintering), the final composite 

must have a minimum thickness of 2 – 3 mm so that larger scale testing can be 

performed – this is indicated in Figure 3.1 which illustrates the intended processing 

route. Fabricating larger specimens would also expand the potential applications of 

the final composite materials.  

 

 

Figure 3.1 – Diagram of the developed processing route towards ceramic-graphene 

materials. The orientation of mechanical and functional testing on sectioned 

specimens is also illustrated. The grey face indicates where Vickers indentations would 

be created for measuring the hardness and fracture toughness. Red lines indicate the 

direction in which the electrical/thermal behaviour was measured. 
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3.1.1 Preparation of alumina suspensions 

 

The objective in the casting stage was to freeze-cast a range of large alumina scaffolds 

with solid loadings between 20 – 40 wt.% to select the optimal loadings for 

subsequent GO infiltration. It was previously mentioned that these water-based 

formulations were chosen based on previous literature reports and contains alumina, 

DOLAPIX CE64 (a dispersing agent), PVA, and sucrose.105,116,157 Details on their 

addition with respect to either the ceramic powder or water can be found in Chapter 

2, Section 2.1.1. However, before their preparation characterisation of the selected 

alumina powder was carried out to confirm such its composition and morphology. 

 

3.1.1.1 Selection and characterisation of raw alumina 

 

It seemed appropriate to select a starting material consisting of sub-micrometric 

particles as the aim is to mimic the thin layers observed in the structure of nacre. 

Thus, the layers of material made during freeze-casting would consist of these small 

particles. The review by Deville describes that small grain sizes are key to fabricating 

freeze-cast materials with fine and intricate architectures, i.e., >100 μm pore sizes.103 

BA15-W alumina powder (described in Chapter 2, Section 2.1) was selected due to its 

composition of 100 % α-phase and possession of a sub-micrometric grain size. Prior 

to any fabrication, it was critical that the starting material was characterised. 

Therefore, a study on BA15-W was conducted to validate the size of individual particles 

and to confirm that there are no other phases present. The as-received alumina 

powder was accompanied by a certificate of analysis from the manufacturer’s R&D 

department, specific to the batch it was taken from. Details of the particle size 

distribution were provided, along with trace elements (detected using ICP-OES) that 

are shown in Table 3.1. According to dry laser diffraction analysis the d50 of alumina 

is 47.8 μm, whereas wet analysis gave a far smaller d50 of 0.12 μm. 

 



75 
 

Table 3.1 – List of trace elements and their concentrations found in BA15-W (provided 

by the manufacturer). 

 

Element Concentration (ppm) 

Ca 6.9 

Cr <1.0 

Fe 5.1 

K 14.6 

Mg 1.0 

Na 10.8 

Si 6.9 

 

SEM analysis performed on the α-alumina powder is displayed in Fig. 3.2. It was 

realised that the as-received powder are spherical agglomerates of alumina between 

15 – 150 μm in diameter. Their morphological appearance is consistent with a spray-

drying process that the manufacturer utilised to create spherical agglomerates from a 

fine powder. These spherical agglomerates are comprised of finer, sub-micrometric 

particles that are approximately 0.13 ±0.01 μm in size, visualised after some 

processing: this involved 1 minute of ultrasonic processing, followed by freezing and 

drying to isolate individual particles. The particle size distribution (Fig. 3.3) is also 

consistent with the manufacturer’s data and the results obtained from SEM; the sizes 

of the ceramic agglomerates lie between 15 and 144 μm, and the d50 value was found 

to be 51.8 μm. These results illustrate that, prior to casting, as-received agglomerates 

had to broke down to disperse the individual ceramic grains. 
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Figure 3.2 – Left) SEM image of as-received BA15-W alumina. Scale bar = 50 μm. 

Inset – higher magnification at the surface of an agglomerate. Scale bar = 1 μm. 

Right) SEM of individual grains after ultrasonic dispersion. Scale bar = 500 nm. 

 

 

Figure 3.3 – Particle size distribution of as-received BA15-W alumina powder. 
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The XRD pattern shown in Fig. 3.4 confirms the presence of α-phase alumina 

compared against a provided reference, with major peaks at 2θ values of 25.44, 35.08, 

37.70, 43.19, 52.50, 57.39, 61.09, 66.45, 68.12, and 76.83. There are three very small 

peaks (41.64, 59.65, 74.33) that are also accounted for in the reference for α-alumina 

which are lost slightly within the background signal. It could be argued that these 

belong to another phase of alumina, however, there are no other prominent peaks 

that suggest the presence of different alumina phases (γ, κ, δ).191 The weak, noisy 

region between 5 – 18 values of 2θ can be attributed to the specimen holders that 

were made from 3D-printed polylactic acid.192,193 It can therefore be concluded that 

this diffraction pattern is representative solely of the α-phase.  

 

 

Figure 3.4 – X-ray diffraction pattern of as-received BA15-W alumina powder with 

ICDD reference 00-005-0712 for comparison. 
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3.1.1.2 Verification of the dispersion of starting alumina powder 

 

This sub-section provides verification that the spherical agglomerates of BA15-W 

alumina powder are dispersed during ultrasonication. This was carried out for ceramic 

suspensions of 20, 30, and 40 wt.%. To determine an optimal time for sonication, a 

preliminary test was carried with a suspension of alumina containing a ceramic loading 

of 30 wt.% and sonication periods up to 10 minutes. During this investigation the 

suspensions of alumina also contained the dispersant (DOLAPIX CE64) at 0.5 wt.% 

with respect to the ceramic loading but did not possess the remaining casting additives 

(PVA and sucrose). Fig. 3.5 illustrates that a period of 2 minutes is sufficient time to 

produce a suspension of individual, sub-micrometric particles. However, 5 minutes of 

sonication produces a slightly narrower distribution. After 5 minutes, the temperature 

had increased from 17.7 to 35.2 °C. This result is akin to the distribution obtained for 

10 minutes of sonication, but this amount of time may have a negative effect as the 

overall temperature of the suspension rose higher (from 17.8 to 43.1 °C) during this 

extended period. A report on the effects of sonication states that a rise in temperature 

can improve the dispersion of agglomerates,194 and large increases may have 

unexpected outcomes such as water evaporation. Therefore, direct ultrasonication for 

a period of 5 minutes was carried forward to process suspensions containing varying 

ceramic content. Particles are found to be smaller than 1 μm, with corresponding d50 

values of 0.1 μm for all tested suspensions. This agrees with the manufacturer’s data 

for wet analysis of BA15-W alumina and provides evidence towards the dispersal of 

agglomerates into individual particles of alumina.  
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Figure 3.5 – Particle size distribution of a 30 wt.% BA15-W suspension processed 

with various periods of direct ultrasonication. The dashed line represents the size 

distribution of the raw alumina powder without any sonication. 

 

Additional suspensions with ceramic loadings of 20 and 40 wt.% were then 

investigated to confirm that the dispersal of agglomerates is similar across the ceramic 

loading range that has been selected. The particle size distributions shown in Fig. 3.6 

illustrate a vast decrease from the size of agglomerates into individual grains after 5 

minutes of ultrasonication in all three suspensions. The three size distributions are 

similar in their appearance which suggests that alumina suspensions with various solid 

loadings between 20 – 40 wt.% only contain sub-micrometric particles (with 0.1 μm 

average) after they undergo ultrasonication. 
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Figure 3.6 – Particle size distributions of BA15-W suspensions with various ceramic 

loadings after processing with direct ultrasonication for 5 minutes. The dashed line 

represents the size distribution of the raw alumina powder. 

 

Fig. 3.7 illustrates separate results for a 30 wt.% suspension that possesses no 

dispersant, i.e., DOLAPIX CE64, in which particles with varying degrees of size can be 

observed. Ceramic agglomerates are broken down to a lesser degree (d50 = 9.9 μm), 

and the individual, sub-micrometric grains do not stay separated. This is evident by 

the changes in the particle size distribution which illustrates six measurements taken 

successively (10 seconds apart). This demonstrates the fact that the low concentration 

of dispersant molecules is supporting the stabilisation of sub-micrometric alumina 

grains in all three solid loadings that were tested. This is vital for the freeze-casting of 

fine architectures and maintaining a suspension that will not settle during the casting 

period. 
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Figure 3.7 – Particle size distribution of a 30 wt.% alumina suspension without the 

addition of dispersant after processing with direct ultrasonication for 5 minutes. The 

6 scans are not processed to illustrate changes to the particle sizes over time, 

beginning with the result in blue. 

 

3.1.2 Processing ceramic scaffolds through unidirectional 

freeze-casting 

 

3.1.2.1 Appearance and densities of freeze-cast alumina scaffolds 

 

After the verification of agglomerate breakdown, unidirectional freeze-casting of 

alumina suspensions between ceramic loadings of 20 – 40 wt.% was carried out. All 

three casting additives (DOLAPIX CE64, PVA, and sucrose) are present in the ceramic 

suspensions. PVA solutions have been found to increase the viscosity of casting 

suspensions at small concentrations and improve the mechanical strength or freeze-

cast materials.116 Sucrose has two functions which are: i) modifying the crystallisation 

process as the liquid volume freezes, and ii) improving the surface topology of the 
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lamellae of freeze-cast materials.105 After freeze-drying, cast materials were 

approximately 30 mm in diameter and 35 mm in height with variations from scaffold 

to scaffold. One can visually ascertain that there are channels running in parallel with 

the faces of the cylindrical bodies, produced via the custom-made mould that was 

illustrated in Chapter 2, Section 2.1.2. The following images illustrate examples of the 

scaffolds fabricated scaffolds between the chosen solid loading range. Fig. 3.8 exhibits 

a 30 mm freeze-cast scaffold produced from a suspension containing 25 wt.% ceramic 

loading, showcasing its large size and the quality of fabrication. On the other hand, 

Fig. 3.8 illustrates that as the solid loading increased to 35 wt.% ceramic content and 

above, the quality of freeze-cast materials diminished slightly. Many of the cylindrical 

scaffolds became contorted in their shape with the sides of the scaffolds appearing 

concaved. 

 

 

Figure 3.8 – Photographs of alumina scaffolds after freeze-drying. Left) comparison 

of a 25 wt.% alumina scaffold with a 2 pence coin. Middle) view of surface that is 

exposed from mould. Right) view of surface that contacts the copper bottom inside 

the mould. 
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Figure 3.9 – Photographs illustrating inconsistencies in the geometries of some of 

the ceramic scaffolds cast from moderate ceramic loadings. 

 

3.1.2.2 Effect of pre-sintering alumina scaffolds 

 

Pre-sintering is the process of heating a specimen to a temperature below its typical 

sintering temperature and is commonly used to improve an object’s mechanical 

properties so that it may undergo further processing.195 This occurs because of the 

partial coalescence of neighbouring grains by virtue of neck formation between the 

particles. In freeze-cast objects, additives that include binders and dispersants may 

also exist which can be released from their porous structure. In their current state, 

the freeze-cast materials may be referred to as “green bodies” which was mentioned 

in Chapter 1, Section 1.1.1. They are very fragile and susceptible to damage,18,104,196 

so it is vital that these delicate structures are handled with care to avoid their collapse 

by mishandling them. The organics (sucrose, PVA, DOLAPIX CE64) added in their 

preparation are unwanted in the final, sintered materials because they would leave 

carbon residue within their internal microstructure if they remained. They become 

volatile at high temperatures and can be removed in a facile manner. This is 

demonstrated in Fig. 3.10 by a change in mass after pre-sintering alumina scaffolds 

at 900 °C for 30 mins. Once pre-sintering was carried out, alumina scaffolds lose a 

small portion of their weight (approximately 1 g) due to the removal of the additives. 

35 wt.% ceramic 
content 

40 wt.% ceramic 
content 
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The amount of sucrose is similar in each formulation as it is with respect to the mass 

of water, however there is small increases (<100 mg) in the amount of PVA and 

DOLAPIX CE64 utilised in the suspension preparation. Although, these small changes 

are not reflected in the calculated mass after pre-sintering. 

 

 

Figure 3.10 – Masses of freeze-cast alumina scaffolds before and after pre-sintering 

at 900 °C for 30 mins in air for a range of ceramic loadings. It should be noted that 

the result at 27.5 wt.% ceramic loading is indicative of only one specimen. 

 

Fig. 3.11 shows the apparent densities and porosities that were calculated using 

specimens’ geometric volume before and after pre-sintering. Freeze-cast materials 

created from 20 – 40 wt.% solid loadings of alumina possess very low bulk densities. 

This ranges between 0.25 – 0.59 gcm-3 before pre-sintering and decreases slightly to 

between 0.21 – 0.51 gcm-3 after the pre-sintering treatment. This also increases 

linearly with increasing ceramic content. The calculated porosities are substantial, 

reaching >85 % for all solid loadings and >90 % above 35 wt.% after pre-sintering. 

This is commonly seen in the literature for freeze-cast materials fabricated from low 

solid loadings which is well presented in the review by Deville.103 The standard 
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deviation is more prominent at higher ceramic loadings, which correlates with the less 

consistent casting that was illustrated in Fig. 3.9. 

 

 

Figure 3.11 – Calculated densities and porosities of freeze-cast alumina cast alumina 

for a range of ceramic loadings.  

 

3.1.3 Understanding internal architecture of large freeze-cast 

materials 

 

Prior to infiltration with a filler material, understanding the ceramic scaffolds’ internal 

microstructure with respect to the size and morphology of the host’s architecture is 

advantageous. Understanding the pore geometry is one of the main focuses, however, 

their orientation and homogeneity throughout a large volume (30 mm diameter) is 

also a key aspect of this study. The use of μ-CT is highly beneficial due to its non-

destructive nature, and some instrumentation have the capacity to image large 

entities, e.g., up to 300 mm inside the equipment utilised in this work. Although μ-CT 

was carried out, this technique is moderately time-consuming and expensive, and it 

would not have been feasible to investigate every freeze-cast structure that was 
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fabricated. Therefore, some scaffolds were cut and sectioned so that the pore size 

and lamellae thickness could be evaluated by SEM from the central core of each 

scaffold. This was conducted first to determine a suitable solid loading to focus on. As 

this fabrication strategy aims to process bulk composite materials, with the 

components themselves arranged in a particular fashion, identifying any defects in the 

long-range ordering of the host material will assist in future design considerations. 

Defects may include differences in the lamellae (wall) thickness and pore spacing of 

the architecture generated in the casting stage. 

 

3.1.3.1 Architectural features of freeze-cast structures 

 

Fig. 3.12 shows SEM images of pre-sintered, porous architecture that remained after 

the casting-drying process. Labels of freezing direction (FD), pressing direction (PD), 

and cross section (CS) have been designated to the three planes of freeze-cast pre-

forms which will be utilised throughout the remainder of this document. The height of 

the scaffold was defined as PD as these materials will be uniaxially compressed during 

later SPS cycles. Scaffolds are predominantly comprised of long, thin lamellae in the 

freezing direction separated by pores in which ice crystals were sublimated from 

(during the drying process). The long-range, lamellar appearance of the solid walls is 

a result of using water as a solvent and a controlled freezing rate.103,104,197  A few 

ceramic bridges connecting the internal walls of the scaffold across the cross sectional 

plane. In addition, some randomly aligned ceramic domains can be identified which 

are typically seen in other ceramic structures processed through water-based, 

unidirectional freeze-casting.104,106 

  



87 
 

 

 

Figure 3.12 – SEM images of freeze-cast architecture produced from a 25 wt.% 

alumina suspension. Left) low magnification image through the CS axis. Scale bar = 

500 μm. Middle) high magnification image that exhibits the surface roughness of 

ceramic lamellae. Scale bar = 100 μm. Red, dashed lines represent FD. Right) 

diagram representing the three planes that were defined. 

 

SEM images were utilised to estimate the average pore size and lamellae thickness in 

freeze-cast materials. Fig. 3.13 displays how the two properties were measured and 

Fig. 3.14 illustrates the size distribution of lamellae thicknesses in scaffolds fabricated 

with different ceramic contents. For scaffolds created from 25, 35, and 40 wt.% 

ceramic loadings, it was determined that: i) there is no major difference in the average 

pore diameter upon increasing the ceramic content (41 μm to 37 μm), and ii) 

simultaneously, the average thickness of lamellae rises significantly (5 μm to 15 μm). 

The pore size is roughly similar as this is predominantly affected by the freezing rate 

which was identical for each scaffold that was studied (5 °Cmin-1).91,103 The increase 

in lamellae thickness is noted in other work and correlates with the increase in solid 

loading of ceramic material causing the growth of thicker walls during particle rejection 

from the solidification front.91 The increase in average lamellae thickness with 

increasing ceramic loading can be clearly seen and the distribution of lamellae 

thicknesses also broadens. As scaffolds fabricated from 25 wt.% suspensions possess 

a narrower distribution of thinner lamellae thicknesses the focus of the following μ-CT 

characterisation utilises one scaffold made with this formulation. 

PD 

CS 

FD 
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Figure 3.13 – SEM image of a freeze-cast scaffold illustrating how the pore size and 

lamellae thickness was measured. Scale bar = 50 μm. This was conducted for 25, 35, 

and 40 wt.% alumina scaffolds. 

 

 

Figure 3.14 – Frequency distribution of the lamellae thicknesses within the core 

region of some porous, alumina scaffolds.  
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3.1.3.2 Visualisation through μ-computed tomography 

 

It was possible to visualise an entire, 30 mm freeze-cast scaffold using μ-CT (Fig. 

3.15e and 3.15f), however the voxel resolution (4.52 μm) was partially sacrificed. 

 

 

Figure 3.15 – a) photograph of a 25 wt. % alumina scaffold. b), c) and d) cross-

sectional μ-CT images of the alumina scaffold along various planes. e) and f) μ-CT 

3D reconstructions of the alumina scaffold. The dashed white line in a) represents the 

direction of freezing. 
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In the cylindrical structure, alumina lamellae are oriented along the FD axis which can 

be easily identified in Fig. 3.15c and 3.15d. The regular patterning of the lamellae in 

this fashion is indicative of unidirectional freeze-casting, and it has been stated 

previously that numerous channels (both the pores and solid walls) possess a lamellar 

appearance due to water-based processing. Randomly aligned domains that were 

observed in the previous sub-section can also be visualised across the entirety of the 

cylindrical entity (seen in Fig. 3.15b). However, there is a fan-like appearance to the 

ceramic lamellae following the FD axis: towards the sides of the freeze-cast material, 

there is deviation from the freezing direction (as much as 30°). It must also be 

highlighted that there is a section of the scaffold that does not appear to be porous 

unlike the rest of the freeze-cast pre-form which is displayed in Fig 3.16 from our 

results.  

 

 

Figure 3.16 – Left) 3D reconstruction of the core region of the alumina scaffold. 

Right) high-resolution, cross-sectional image illustrating the dense, solid region that 

exists in freeze-cast materials. 

 

This region of material is located at the “bottom” of scaffolds (along PD) which 

contacts the freezing surface during the casting procedure. This would signify a rapid 

solidification front which entraps the ceramic particles, as opposed to rejecting them 

from the freezing front.91,103 Therefore, particles do not congregate between the 

growing ice crystals and solid walls that follow FD will not be generated. Authors have 

identified this initial boundary layer (or zone) previously in computational and 
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experimental studies.159,198,199 The dense region is a result of the build-up of particles 

during the formation of the solidification front which, over time, forms a steady state 

to generate homogenous ice crystals.   
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3.2 Exploring the consolidation of alumina via Spark 

Plasma Sintering 

 

It was mentioned in Chapter 1 (Section 1.1.2) that several factors can affect the extent 

of consolidation of ceramic materials: this includes (but is not limited to) temperature, 

particle size, dwelling time, heating/cooling rates, and the atmosphere it takes place 

within (i.e., reducing, oxidising, inert environments). In the case of SPS the influence 

of applying uniaxial pressure must also be considered. From studies in a previous PhD 

project performed at Cardiff University which consolidated smaller alumina specimens 

(of 20 mm diameter), a sintering procedure for SPS was trialled with BA15-W alumina 

powder to identify its potential for creating dense, 30 mm specimens. Once a 

procedure was found that consistently generated unbroken alumina materials, the 

influence of sintering temperature on the density and grain size was investigated. The 

consolidation of a freeze-cast scaffold was also carried out early in the experimental 

investigations using the trial conditions to understand if alignment of ceramic material 

can be achieved without a filler material and how the processing has affected the 

microstructure. 

 

3.2.1 Optimising the consolidation parameters of as-received 

alumina 

 

3.2.1.1 Preliminary sintering conditions 

 

The first set of sintering conditions were as follows: a sintering temperature of 1300 

°C, an applied pressure of 60 MPa, a dwell time of 1 minute, a heating rate of 100 

°Cmin-1, and a natural cooling step. The DC pulse sequence was set as 10-5-12-2. It 

was previously stated that these conditions were used first based on a PhD project 

previously conducted at Cardiff University. Fig. 3.17 shows SEM images of a fracture 
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surface and the appearance of a fine, sub-micrometric grain size. However, the 

alumina specimens obtained with these conditions had broken into multiple pieces 

during the consolidation process: this is likely attributed to the low thermal shock 

resistance of alumina. As the material cools, if there are fluctuations in the 

temperature throughout the specimen, this can impose internal stresses which could 

lead to cracking.200,201 Three main complications were realised using the 

aforementioned conditions: i) alumina materials were not fully dense, reaching a 

maximum value of 3.93 gcm-3 (98.5 % T.D), ii) specimens were prematurely fracturing 

during the sintering process, and iii) the chosen pressure (60 MPa) was causing the 

graphite tooling to prematurely break now and again. 

 

 

Figure 3.17 – SEM images of alumina sintered using SPS from as-received powder 

at 1300 °C, 60 MPa, 100 °Cmin-1 heating rate, natural cooling, a 1 min dwell. Top) 

overall fracture surface. Scale bar = 1 mm. Black arrows represent the direction of 

pressing. Bottom) high magnification image. Scale bar = 10 μm.  
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To alleviate the issues that were experienced with the preliminary conditions, the 

sintering procedure was re-evaluated. First, the pressure was dropped from 60 to 50 

MPa – a compressive strength test demonstrated that the manufactured, 30 mm 

graphite punches could not withstand a maximum force of more than 45.4 kN (~64 

MPa). Secondly, the dwell time was extended from 1 to 5 minutes as the prior 

specimens were not fully dense (<99 % T.D). Furthermore, to improve the 

homogeneity of the temperature throughout the core region of 30 mm specimens the 

heating and cooling rate were set to 50 °Cmin-1, and the DC pulse sequence was 

altered from 10-5-12-2 (pulsed) to 1-0-1-0 (continuous). This change of parameters 

to slower and milder conditions resulted in the production of unbroken, 30 mm 

specimens fabricated from as-received BA15-W powder (Fig. 3.18). Using 

approximately 6.5 g of material, a sample of ~2.2 mm thickness is obtained. The 

average density based on 5 specimens was determined to be 3.96 gcm-3 (99.2 % T.D) 

which can be considered as fully dense. 

 

 

Figure 3.18 – Photographs illustrating the comparison between sintered alumina 

specimens. Left) preliminary sintering conditions. Right) modified conditions using a 

continuous DC pulse sequence, lower pressure, and lower heating/cooling rates. Scale 

bar = 10 mm. 
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3.2.1.2 Influence of sintering temperature 

 

Once monolithic alumina was fabricated more consistently through continuous DC 

sequencing, optimisation of the sintering temperature was carried out to evaluate the 

density and grain growth of alumina specimens. The selected temperature range was 

between 1000 – 1400 °C in increments of 100 °C. It was mentioned in Chapter 1 

(Section 1.1.2) that fully dense alumina had been consolidated with small amounts of 

dopant at a temperature of 1150 °C,35 however a study by Shen et al. illustrated the 

potential for monolithic alumina with a grain size of 0.4 μm to be consolidated through 

SPS to near theoretical density (>99 % T.D) at and beyond temperatures of 1250 °C 

with fast heating rates.202 The investigation by Santanach et al. on the consolidation 

of non-doped alumina powder (5 μm aggregates consisting of 0.14 μm particles) 

demonstrated that increasing the temperature over 1300 °C has little effect on the 

density of the fabricated ceramics except for changes in the growth of grains.203 

 

Table 3.2 illustrates that BA15-W alumina powder densifies to near theoretical density 

at and above a sintering temperature 1300 °C. The remaining parameters were as 

follows: a pressure of 50 MPa, heating and cooling rates of 50 °Cmin-1, a dwell time 

of 5 minutes, and a continuous pulse sequence (1-0-1-0). The trend of increasing 

density with rising sintering temperature is noticeable and is detected in other 

literature studies that have consolidated alumina powders with various starting grain 

sizes.202–204 However, the result at 1200 °C appears to be inconsistent considering that 

the density is marginally lower than that of specimens sintered at 1000 °C. Fig. 3.19 

illustrates these results with respect to the sintered specimens’ porosity and it is clearly 

visible that the calculated porosity of alumina consolidated at 1200 °C (average 

porosity of 3.3 %) is unexpected. The standard deviation is no more than 0.07 % in 

all five results which signifies there was little difference between measurements. 
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Table 3.2 – Table of density measurements for alumina specimens sintered with 

increasing temperature. 

 

 

 

Figure 3.19 – Plot of calculated porosities for alumina specimens sintered with SPS 

at different temperatures. 
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To support the density results, analysis of the piston speed with respect to 

temperature up to the dwelling segment is presented in Fig. 3.20, providing more 

insight into the consolidation process. The data shows that in all alumina specimens 

the consolidation process begins at 900 °C. Also, it is evident that for alumina sintered 

at 1000 and 1100 °C there is less compaction than specimens sintered at 1200 °C and 

above because the piston speed does not reach maximum curvature before the 

dwelling segment. However, the data for specimens sintered at 1200 °C suggests that 

their consolidation has not progressed as far as those sintered at 1300 or 1400 °C 

because the piston speed is still in decline once the dwell point is reached. The piston 

speed in the latter two results reaches a value close to zero before the dwell 

commences, suggesting that the densification of alumina has completed. This does 

correlate with the calculated porosity results from the density data, except for the 

material sintered at 1200 °C which would be expected to possess a higher density that 

what has been measured. 

 

 

Figure 3.20 – Plot of piston speed versus temperature up to the dwell from the SPS 

programs used for alumina specimens sintered with increasing temperature. The 

remaining conditions were 50 MPa, 50 Cmin-1 heating/cooling rates, 5 min dwell. 
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Further data was gathered by SEM from fractured surfaces of alumina specimens and 

temperatures of 1200, 1300, and 1400 °C to provide a visual comparison of their 

microstructure that can be paired against the porosity results. Fig. 3.21 illustrates the 

internal microstructures of alumina materials between 1200 – 1400 °C. Here, it is 

apparent that the ceramic grains within monolithic alumina have grown with increasing 

temperature. In addition, there are fewer observable pores with increasing 

temperature. The microstructure of the specimen sintered at 1200 °C is fine with 

limited grain growth, but porous in many regions with multiple grains that are not 

bound together. The measured grain size of the material sintered at 1300 °C are 

higher than those observed in the microstructure of alumina sintered with the 

preliminary sintering conditions, but this material possess a density closer to its 

theoretical value (3.96 gcm-3 compared to 3.93 gcm-3) which is more favourable. 

 

 

Figure 3.21 – SEM images of alumina specimens sintered from as-received powder 

at various temperatures. a) 1200 °C. b) 1300 °C. c) 1400 °C. Scale bars = 5 μm. 

Insets illustrate the visual appearance of 30 mm specimens. The dashed, red circles 

highlight some porous regions found in the microstructure.  

a) b) 

c) 
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Figure 3.22 illustrates the frequency distribution of measured grain sizes from alumina 

specimens sintered at 1200 – 1400 °C. There is a visible difference in the distribution 

of grain sizes as sintering temperature increases. Consolidation at 1200 °C produces 

an average grain size of 0.4 ±0.2 μm: measured grains were under 1 μm (after starting 

from 0.13 μm), however the prior SEM analysis illustrated large porous regions in 

these specimens. A sintering temperature of 1300 °C resulted in a grain size of 1.0 

±0.5 μm, with this increasing further to 1.7 ±0.8 μm at a temperature of 1400 °C. 

Monolithic alumina sintered at 1300 and 1400 °C was fully dense (>99 % T.D), but 

grain growth rises significantly (up to 4 μm) for specimens consolidated at 1400 °C. 

The distribution of grain sizes is broader in alumina sintered at 1300 °C and above, 

but there remaining porosity is slightly lower. 

 

 

Figure 3.22 – Measured grain sizes from the microstructures of alumina specimens 

sintered with increasing temperature via SPS. 

 

An X-ray diffraction pattern (Fig. 3.23) was obtained to clarify the retention of 

monolithic α-alumina, and to observe any possible contamination from the graphitic 

tools used during the sintering process. The pattern is akin to that obtained from the 

as-received powder; however, it could be acknowledged that the signal at 29.28 value 
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of 2θ could be some form of foreign matter. After verifying the signals for graphite,205 

or aluminium-containing species,206 it was deduced that this may belong to a minute 

amount of Al4O4C.207,208 This compound could have been generated from a high 

temperature reaction between the sub-micrometric alumina powder and the graphite 

tooling that surrounds it.206 Nevertheless, it is currently difficult to comment on 

whether this species is present or not without further chemical characterisation. 

 

 

Figure 3.23 – X-ray diffraction pattern of BA15-W alumina sintered at 1300 °C with 

as-received BA15-W powder for comparison. 

 

3.2.2 Consequences of sintering freeze-cast, alumina scaffolds 

 

Considering that the aim is to fabricate a layered composite material, it was worthwhile 

consolidating a freeze-cast specimen prior to reinforcement with a filler material. This 

was to investigate if layers of ceramic material could be observed along the freezing 

direction using the aid of uniaxial pressure from SPS and without the presence of a 

reinforcement phase. An understanding on the differences between sintering as-

received alumina and processing the powder (through sonication) may also be 
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accounted for. It must be noted that the scaffold that was utilised was comprised from 

a 27.5 wt.% alumina suspension. Fig. 3.24 illustrates the fracture surface and resulting 

microstructure of the freeze-cast scaffold.  

 

 

Figure 3.24 – SEM images of a freeze-cast alumina scaffold cast from a 27.5 wt.% 

suspension sintered using SPS at 1300 °C, 60 MPa, 100 °Cmin-1 heating rate, natural 

cooling, and 1 min dwell.  Top) overall fracture surface. Scale bar = 1 mm. Bottom) 

high magnification image. Scale bar = 5 μm. 

 

This scaffold was fabricated during the preliminary stages of the experimental work, 

so the sintering conditions were those used in Section 4.2.1.1. To clarify, these were 

a sintering temperature of 1300 °C, 60 MPa pressure, a heating rate of 100 °Cmin-1 

and natural cooling, a dwell time of 1 minute, and a pulsed DC sequence (10-5-12-2). 

For the purposes of this study, it was not vital that the conditions were not optimised. 

Visually, there is little difference in the fracture surface when compared to that of the 

as-received powder sintered using the same sintering procedure (shown in Fig. 3.16) 

with no significant evidence to suggest any alignment of layers across the FD axis. It 
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could be argued that the core region of the specimen possesses a slightly different 

appearance, but the ceramic lamellae created whilst casting were not preserved. The 

grain size appears to be slightly lower with far lesser connectivity between grains, 

although the density of this sample was 3.93 gcm-3 (98.5 % T.D) which is akin to that 

of the specimen sintered from the as-received powder.  
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3.3 Discussion 

 

3.3.1 On the fabrication of freeze-cast alumina with 

directionally-aligned architecture 

 

The casting mould shown in Chapter 2 (Section 2.1.2) used to freeze-cast the alumina 

suspensions was made from PTFE components and the design was originally created 

through FDM 3D-printing. It was used to solidify the ice in an orientation perpendicular 

to the cylindrical faces and is comprised of 4 parts for its easy separation without any 

potential detriment to the frozen specimen. It has been stressed that the orientation 

of pores plays a very important role in the considerations during the design of 

graphene-reinforced composites. One of the objectives of this work is to generate 

materials with directionally aligned material that will eventually be consolidated into 

layers via SPS after rotation of cylindrical materials by 90°. If the specimen was 

directionally frozen from one face to the other in the typical fashion, then vertically 

aligned channels would be generated. Subsequently, whilst under an applied load 

during SPS these channels would be destroyed, and the layering of material would be 

redundant.  

 

However, this alternative casting orientation caused a fan-like appearance along the 

FD axis. Recent computational work by Ilegbusi et al. involved constructing a valid 

model to predict the average pore size of freeze-cast chitosan-alginate structures 

which were fabricated with respect to various geometrical parameters of the mould.209 

This investigation included different mould wall diameters and found that this can 

affect the homogeneity of pore sizes because different temperature gradients will 

exist. The differences in the prototype mould’s wall thickness at various heights may 

have influenced the temperature distribution across the solidification front which 

resulted in poorer alignment of material across the CS axis. Commonly, the mould 

walls are fabricated from non-conductive material such as PTFE, but a study by Gil-
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Duran et al. shown the materials that the mould walls are fabricated from play an 

important role in the solvent crystallisation because of their thermal properties.106They 

cast large (40 mm diameter, 50 mm height) ceramic scaffolds of 30 wt.% solid loading 

and found that using mould walls with a low thermal conductance (rubber) creates a 

far more uniform lamellar structure as opposed to aluminium walls which possess a 

far greater thermal conductivity. Thus, the homogeneity of the porous architecture 

that forms during the casting process is not only indicative of the chosen freezing rate, 

but factors that include the mould’s composition, thickness, and its thermal 

properties.12,14 It could be suggested that utilising a different material (as opposed to 

copper) as the contact surface with lower thermal conductivity may reduce the size of 

the initial boundary layer which was illustrated in Fig. 3.16. 

 

The global microstructure of a large alumina scaffold was successfully visualised 

through μ-CT which displayed the creation of long-range lamellae predominantly 

oriented along the direction of freezing. Although, the resolution with the chosen 

working parameters was not able to detect the presence of small asperities that were 

roughly 5 – 15 μm in diameter along the ceramic lamellae (illustrated in Fig. 3.12). 

This surface roughness was located on one of the faces of the ceramic walls and is 

believed to be related to the addition of sucrose before casting.89,105,210 Munch et al. 

reported that the addition of 4 wt.% sucrose into suspensions of alumina generated a 

microscopic roughness along the cast lamellae.105 The visualisation of these intricate 

casting features demonstrates that the μ-CT analysis alone was not sufficient enough 

to provide an understanding of all the architectural features that large freeze-cast 

materials possess. Furthermore, the length scale at which the microstructural features 

exist on in freeze-cast materials from this investigation is one order of magnitude 

higher when compared to the architecture of the material nacre (displayed in Chapter 

1, Section 1.3.1). For context, the average thickness of ceramic lamellae that have 

been created were 5 to 15 μm from 25 and 40 wt.% suspensions respectively, whilst 

the mineral tablets in nacre are approximately 0.6 μm thick – this is a difference of 

one order of magnitude, the same which is reported by Munch et al.89 The review by 

Deville et al. describes that, based on extrapolated data, lamellae thicknesses can be 
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created as low as 1 μm when controlling the formulation and freezing rate,211 yet this 

is still double that of nacre’s mineral component. An earlier review by Corni et al. 

discusses the variety of fabrication routes towards the creation of nacre-like materials 

yet they state that the use of freeze-casting is one of the most promising routes to 

develop bulk nacre-like materials and mimic its mechanical performance.212  

 

3.3.2 Selection of optimal solid loading of freeze-cast alumina 

for further processing 

 

The microstructural analysis that was primarily conducted through SEM demonstrates 

that scaffolds fabricated with higher ceramic contents form larger and less 

homogeneous lamellae thicknesses, with a distribution between 10 and 30 μm: this 

would result in a final composite’s architecture that is far less homogeneous. In 

contrast, thinner ceramic walls (throughout the same volume) would generate far 

more interfaces if a secondary material is introduced within the pores. Considering 

that one of the aims is to produce bulk composite materials with a layered 

microstructure inspired by nacre it would be ideal to select host matrices with 

consistent, long-range ordering. Therefore, the data indicates that the most suitable 

materials to carry forward for subsequent infiltration would be 25 wt.% alumina 

scaffolds because they exhibit a narrow distribution of smaller lamellae below 10 μm. 

The number of potential interfacial sites (in a chosen area) would be greater if a 

composite is made with a scaffold cast from 25 wt.% (5 μm average lamellae) when 

compared to 40 wt.% (15 μm average lamellae) because the alumina walls would be 

far thinner when consolidated using SPS. It is true that scaffolds produced below 25 

wt.% were not investigated. They may have generated a finer microstructure with a 

lower wall thickness, however their final mass (<6.5 g, from Section 3.1.2.2) is quite 

low and would not have created sintered specimens that are thick enough for 

mechanical testing. More specifically, bar-shaped specimens with a thickness that is 

above 2 mm are commonly utilised in flexural strength testing. 
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3.3.3 Consolidation of alumina through Spark Plasma Sintering 

 

It was found that the densification of BA15-W powder through SPS is limited below 

temperatures of 1200 °C. Specimens sintered at 1200 °C exhibit little grain growth: 

however, the presence of pores was observed in Fig. 3.21 and led to alumina 

specimens that were not dense (<99 % T.D). The sintering (piston speed) data and 

density calculations are comparable between specimens sintered at 1300 and 1400 

°C, yet the extent of grain growth in specimens sintered at 1400 °C grows to micron-

sized grains predominantly 1 – 4 μm in size (with an average of 1.7 ±0.8 μm). 

However, the grain size distribution was narrower in specimens sintered at 1300 °C 

which produced an average of 1.0 ±0.5 μm. This matches the findings by Santanach 

et al. that were mentioned at the beginning of Section 3.2.1.2 who found little 

difference in the densities of monolithic alumina specimens when sintering above 

temperatures of 1300 °C.203  

 

A smaller grain size would be advantageous with regards to the ceramic’s mechanical 

properties.213 Larger grains are more prone to intragranular fracture which refers to 

the propagation of cracks through the grains, as opposed to intergranular fracture 

which describes the propagation of cracks along the boundaries of neighbouring 

grains.214 The work of fracture increases if a crack must propagate around the sides 

of neighbouring ceramic grains, so materials that exhibit a smaller grain size are likely 

to possess greater mechanical behaviour including fracture toughness.213 A mixture of 

both modes is exhibited in the SEM images shown in Fig. 3.21 with intergranular 

fracture occurring less frequently in specimens consolidated at 1400 °C. Therefore, a 

sintering temperature of 1300 °C was selected as the optimal temperature (in 

conjunction with the remaining parameters) to be used for consolidating composite 

materials.  

 

With regards to the internal microstructure of the freeze-cast scaffold, there was little 

difference in comparison to specimens consolidated from the as-received powder. 
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Using the same sintering conditions, grain growth was slightly suppressed within the 

freeze-cast scaffold. This is likely to be related to the dispersal of the individual grains 

during ultrasonic processing. Their densities were also the same (98.5 % T.D) which 

provided further evidence for altering the sintering conditions to a longer, milder 

procedure. Also, without the use of any filler materials, individual ceramic layers 

aligned with the FD axis could not be distinguished after the sintering process – 

neighbouring lamellae that were compacted together during the pressing segment 

would have coalesced without the presence of a secondary material between them.  
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3.4 Concluding remarks 

 

In summary, this chapter involved the preparation and casting of freeze-cast alumina 

scaffolds with directional porosity from a variety of ceramic loadings. Scaffolds with 

consistent ordering of the solid and porous features were then selected to use in 

further studies. Studies were also conducted on the consolidation of BA15-W alumina 

through SPS to define a procedure that would create unbroken, 30 mm specimens. 

The influence of sintering temperature on the density of as-received alumina was also 

investigated. It was found that the optimal scaffolds to focus on in the fabrication of 

ceramic-graphene composites were those cast from 25 wt.% alumina suspensions. 

This was because they possessed thin, ceramic lamellae (5 μm average) throughout 

the bulk of their structure and consisted of a mass akin to that of materials sintered 

from as-received powder (~6.5 g). Scaffolds formed from suspensions with a higher 

ceramic content were less consistent in their cylindrical geometry and generated less 

homogeneous and thicker lamellae. 

 

Regarding the SPS of alumina from BA15-W powder, sintering conditions of 1300 °C, 

50 MPa pressure, 50 °Cmin-1, and 5 minutes dwell was selected as the optimal choice 

from the work that cycles that were investigated. The aim of the sintering experiments 

was to generate dense, unbroken 30 mm specimens and the formerly mentioned 

conditions produced alumina that was dense (99.2 % T.D) with observable grain 

growth from 0.13 to 1.0 μm. Faster, harsher conditions that included 60 MPa pressure, 

a heating rate of 100 °Cmin-1, and 1 minute of dwell produced specimens that broke 

during the sintering process and possessed a lower density. A separate study with a 

consolidated freeze-cast specimen demonstrated that, without the presence of any 

filler material, these materials exhibited little alterations from those materials produced 

from the as-received powder. Although, this was carried out with the preliminary 

sintering procedure which is not entirely representative of the optimal choice of 

conditions. 
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Chapter 4 Infiltration of alumina scaffolds 

using graphene oxide suspensions and 

their consolidation by Spark Plasma 

Sintering 

 

In this chapter, an investigation into the uptake of water-based suspensions of GO 

inside the pores of freeze-cast alumina materials was carried out. Vacuum-assisted 

infiltration was carried out on scaffolds with, and without, the dense region of freeze-

cast scaffolds that was identified in the previous chapter. This was to, eventually, 

identify ceramic-graphene pre-forms with well-dispersed reinforcement that was also 

homogeneously arranged throughout the microstructure. GO was selected as the 

infiltrate material to avoid the utilisation of hydrophobic graphene-like materials. This 

is advantageous in this processing route as quantities of the solid material may be 

mixed solely with water to form a suspension of readily dispersible material. 

Additionally, the use of organic solvents is avoided which is beneficial in developing 

environmentally-friendly processing strategies. The first section identifies a suitable 

concentration of GO to provide continuous, well-dispersed inclusions of GRM. The use 

of two different GOs into porous ceramics was also evaluated after some of their 

physicochemical features were characterised. Namely, the two water-based 

suspensions were as follows. 

 

i) Graphenea, 1 wt.% GO suspension in water 

 

ii) Imperial College London, custom-made GO suspension 
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The custom-made GO was previously prepared at Imperial College London through a 

modified Hummer’s method by chemical exfoliation of 300 – 500 μm flakes of natural 

graphite powder, but no data was provided on the quality of the material: thus, 

physicochemical characterisation is imperative. Once alumina-GO pre-forms were 

obtained, they were consolidated through SPS, under similar conditions to those used 

for the as-received alumina – primarily, the aim was to consistently reproduce dense 

specimens to compare against the monolithic alumina specimens fabricated in the 

previous Chapter (Section 3.2.1.2). Density measurements and data from the sintering 

cycles provide information towards the extent of their consolidation, whilst fracture 

surfaces were investigated using SEM to identify the microstructural arrangement of 

both the ceramic and GRM components. 

 

4.1 Optimisation of the concentration of GO suspensions 

 

A suitable concentration of GO had to be identified such that the infiltration within 

porous alumina materials processed by freeze casting (Chapter 3, Section 3.1.2). 

generated a continuous and well-dispersed layers of reinforcement after sintering by 

SPS. Three concentrations were tested using the commercial GO suspension: namely, 

these are 0.025, 0.1, and 0.25 wt.% which were all diluted from the stock 

concentration (1 wt.%). The composite materials were named with the notation of 

XAl2O3:YGO, where X represents the solid loading of the suspensions used in freeze-

casting, and Y refers to the concentration of the GO suspension. Figure 4.1 displays 

the microstructures of alumina-rGO materials obtained after SPS sintering using a 

temperature of 1300 °C – however, the dwell time and heating/cooling rates differ for 

each specimen as they were fabricated during preliminary work. 
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Figure 4.1 – SEM images of rGO-reinforced alumina composites sintered at 1300 °C 

that were fabricated by drop casting and vacuum-assisted infiltration of alumina 

scaffolds with different water-based GO suspensions. a) 22.5Al2O3:0.025GO, b) 

25Al2O3:0.1GO, c) 25Al2O3:0.25GO. Scale bars = 1 mm. The images shown in Fig. 

4.1a and 4.1b were taken with secondary electron signals, whilst Fig. 4.1c was 

captured with in-line, back-scattered electrons. 

 

Regardless of the sintering conditions, the results show the possibility to successfully 

infiltrate (and sinter) porous alumina scaffolds made from low solid loadings (22.5, 25 

wt.%). All three sintered composites were 30 mm in diameter, roughly 2.2 mm in 

thickness, and close to 6.5 g in weight. This matches the weight and dimensions of 

specimens sintered from the as-received powder in Chapter 3 (Section 3.2.1). The 

presence of highly-oriented filler material is visible perpendicular to the direction of 

pressing during the sintering procedure. Although, the two materials that had been 

infiltrated with 0.025 and 0.1 wt.% of GO (Fig. 4.1a and 4.1b respectively) exhibit 

large regions of the microstructure that are void of any continuity of reinforcement. 

a) 

b) 

c) 
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These areas that are solely composed of the alumina matrix were found to be as large 

as 220 μm which is 10 % of the overall thickness. On the other hand, the composite 

material displayed in Fig. 4.1c exhibits a well-dispersed reinforcement across its cross-

section which led to the decision to use 0.25 wt.% suspensions of GO. As such, the 

remainder of this Chapter demonstrates the fabrication of materials shown in the latter 

image, which is based on the infiltration of 0.25 wt.% GO suspensions within porous 

alumina scaffolds. 
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4.2 Physicochemical features of graphene oxides 

 

Prior to utilisation, the flake size and degree of order of the two GOs used were 

characterised. The former was conducted after dilution and careful deposition that 

was described in the methods (Section 2.2.4), whilst the latter was carried out using 

X-ray diffraction (section 2.2.6) and Raman spectroscopy (Section 2.2.7). XRD also 

evaluated the lattice spacing of GRMs rather than the phase of the material that was 

assessed in Chapter 3, Section 3.1.1.1. This is important analysis to conduct as the 

quality and chemical composition of GO flakes could vastly differ. Furthermore, 

understanding the size of the flakes is critical – if the flakes are very large in 

comparison to the pore sizes of the ceramic scaffolds, this may have an impact on the 

success of infiltration. For clarity’s sake, the commercially-available GO will be denoted 

as “GOsupplier”, whilst the suspension provided by Imperial College London will be 

referred to as “GOcustom”. 

 

Dispersed flakes of GOsupplier were observed (Fig. 4.2) using OM and found to have an 

average size of 8 ±2 μm. Some of the single-layer flakes can be seen crumpling over 

themselves after deposition, exhibiting their extremely thin and flexible nature. In 

some regions, agglomerates of multi-layer GO were also identified (inset of Fig. 4.2) 

by virtue of a stark change in optical contrast – these do not contribute to the 

determined flake size. The frequency distribution illustrates that most of the individual 

flakes are below 10 μm, which is valid according to the manufacturer’s data. 
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Figure 4.2 – Top) OM image of deposited flakes of GOsupplier on Si-SiO2(300 nm). 

Scale bar = 20 μm. Inset illustrates GO agglomerates. Scale bar = 20 μm. Bottom) 

frequency distribution for the size of GOsupplier flakes. 
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The custom-made suspension was previously fabricated at Imperial College London, 

but there was no previous characterisation to validate our findings. The collected 

results show a clear difference in the lateral size of GOcustom as flakes are much larger 

than GOsupplier, with an average size of 22 ±9 μm. Multiple optical images are provided 

in Fig. 4.3 illustrating their larger size over GOsupplier. The distribution of flake sizes is 

also far broader with some flakes found to be as large as 50 μm in diameter, but no 

flakes were found to be less than 5 μm. 

 

 

Figure 4.3 – Top) OM images of dispersed flakes of GOcustom. Scale bars = 20 μm. 

Bottom) frequency distribution for the size of GOcustom flakes.  
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The data provided by Raman spectroscopy (Fig. 4.4) demonstrates a clear difference 

in GO with respect to graphite however no major difference between the two GO 

batches can be identified. Graphite was used as a comparison because its structure 

closely resembles that of GO, without intercalation of oxygen-containing functional 

groups. Both GO samples show two main peaks situated at 1350 and 1596 cm-1 that 

correspond to the D and G bands respectively, although it is true that another broad 

peak centred close to 2700 cm-1 exists which was illustrated in the methods (Section 

2.2.6).215–217 

 

 

Figure 4.4 – Raman spectra of GOsupplier, GOcustom and graphite. 

 

In GRMs, the D band is derived from a disorder-induced mode and this is far less 

intense in graphite than the G signal which are located at 1350 and 1581 cm-1, 

respectively.218 The intense G peak arises due to the symmetry elements present in 

graphite which forms a major E2g optical symmetry mode.219 This can be further linked 

to a strong presence of sp2 hybridisation within the hexagonal lattice structure of 

graphite, in comparison to the mixed sp2 and sp3 character found in GO.220,221 The 

ratio between the peak intensities (D/G ratio) can signify the extent of disorder, with 

more ordered GRMs possessing lower D/G ratios.219 When compared to graphite that 
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possessed a D/G ratio of 0.61, GO exhibits a much higher D/G ratio of 0.94, which can 

be attributed to a material with far more disorder;222 GO contains a number of oxygen-

containing functional groups (epoxides, hydroxyls, carboxyls) which disrupts its long-

range crystallinity, particularly when compared to graphite. The Raman spectrum 

obtained for GOcustom is very similar to that of GOsupplier, but it may be argued there are 

some subtle differences. It is difficult to observe, but the peak positions of both D and 

G signals have shifted by no more than 5 cm-1. Plus, the intensity between the two 

peaks, i.e., the D/G ratio, has also dropped slightly from 0.94 to 0.91.  

 

The collected X-ray diffraction pattern is characteristic of GO – one major peak at a 

2θ value of 10.48. Compared to graphite, which produces an intense, line-like peak at 

a scattering angle of 26.24, the d-spacing of GO is much larger (0.84 nm compared 

to 0.34 nm). There is a stark contrast between the patterns of GO and graphite which 

is clearly displayed in Fig. 4.5, much like the Raman data that was acquired. This is a 

similar result to previous reports, with the change arising due to the partial expansion 

of graphitic layers during the exfoliation process.223,224 After an oxidative process, 

carbon sheets in GO will possess a variety of oxygen-containing functional groups 

decorating the axial positions of tetrahedrally-bound carbon. Considering the inclusion 

of oxygen moieties is not consistent at every carbon atom, there will be some variation 

in the d-spacing across sheets of material,225 creating the broader signal, i.e., there is 

signal broadening due to steric effects. The smaller peaks at higher scattering angles 

(42.54, 44.54, 53.82, and 77.38) are related to smaller, crystallographic domains that 

are not aligned with the path of the oncoming radiation. 
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Figure 4.5 – XRD pattern of GOsupplier, GOcustom and graphite. 

 

The XRD pattern of GOcustom closely resembles the pattern obtained for GOsupplier. The 

custom-made GO produces a signal that matches GOsupplier, with respect to both the 

intensity and peak position (10.48). The two signals have a similarly broad nature, 

provided in the previous Raman spectrum. It is clear from these simple analytical 

techniques that the physicochemical features of procured GOs can vary. This is 

predominantly in the size distribution of GO flakes; however minor changes could be 

revealed using diffraction techniques or spectroscopic characterisation. 
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4.3 Infiltrating porous ceramic materials with water-

based suspensions of graphene oxide 

 

Previous studies have identified the capacity of pre-sintered, porous ceramics to be 

infiltrated with filler materials, including metals through melt infiltration,226,227 and 

ceramics through the infiltration of polymer-derived constituents.228 Ceramic particles 

have also been deposited within porous materials via slurry impregnation, often under 

reduced pressure inside a vacuum.229–231 One example involves the impregnation of 

reticulated ZrO2 scaffolds with a less concentrated slurry of ZrO2 particles to alter the 

morphology of internal pores – before infiltration, the pores are triangular in geometry, 

with failure of these materials initiating at their sharp corners.229 However, after 

infiltration the apices had become denser and rounder, providing an enhancement to 

the mechanical strength. Yet, there is little evidence towards approaches that deliver 

GRMs into the pores of a material. In 2014, Dhawan et al. demonstrated the feasibility 

of drop-casting suspensions of rGO onto vertically aligned MWCNTs, i.e., a MWCNT 

forest, as-described by the authors.232 This resulted in a sandwich-panel composite 

structure, with rGO acting as the face sheets after its deposition. Drop-casting was 

also utilised in recent work by Schütt et al. to deposit exfoliated graphene along the 

walls of a ceramic (zinc oxide) scaffold.233  

 

Therefore, two approaches for infiltration were selected: first, drop-casting was trialled 

to visually comprehend the effectiveness of infiltration in various regions of the porous 

ceramics. This method is quite trivial and does not require any prior lab experience. 

The second technique requires more involvement and utilised a pressure chamber to 

encourage greater uptake of solid material into the pores of the ceramic scaffolds. It 

was illustrated in Fig. 4.1 that infiltration of porous ceramics with GO suspensions can 

lead to well-dispersed and continuous reinforcement. This was seen when utilising 

suspensions of 0.25 wt.% as opposed to lower concentrations of 0.025 and 0.1 wt.%. 

Therefore, this section describes the processing strategy to deposit GO from a water-
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based suspension with a concentration of 0.25 wt.% within 30 mm, porous cylindrical 

alumina matrices. 

 

4.3.1 Preparation of graphene oxide suspensions 

 

Prior to their use, the weight percentage of the stock GO suspensions were validated 

after freezing and freeze-drying small aliquots of the liquids to isolate the solid 

material. This was critical to verify, especially for the custom-made suspension 

considering its stock concentration is unknown. It was determined (from three 

aliquots) that the solid material in GOcustom is 0.36 ±0.01 wt.%, which was far lower 

than the concentration of GOsupplier; this was found to be 1.06 ±0.04 wt.% which is in 

close agreement to the manufacturers value of 1 wt.%. Furthermore, the viscosities 

of stock and diluted GO suspensions of 0.25 wt.% were measured at a constant shear 

rate to evaluate their viscosity during flow, which may affect the infiltration process. 

The measurements in Fig. 4.6 illustrates a clear decrease in viscosity with decreasing 

GO concentration in both batches. 
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Figure 4.6 – Viscosity measurements provided for various suspensions of graphene 

oxide and water for comparison at a shear rate of 50 s-1. 

 

The stock solutions of GO exhibit viscosities of 286 and 144 mPas (after 120 seconds), 

for GOsupplier and GOcustom respectively. These values decrease to 75 and 16 mPas after 

the stock solutions are diluted to 0.25 wt.%. For reference, the viscosity of the dilute 

suspension containing GOsupplier (8 μm) resembles that of low-weight aqueous 

glycols,234,235 whilst the value obtained from dilute GOcustom (22 μm) is comparable to 

cooking oils.236,237 The difference in viscosity can be attributed to the size of GO flakes 

present in each batch. Larger flakes would possess a greater surface area, and 

therefore, would be more likely to interact with each other (whilst in suspension) when 

compared with smaller flakes.238 This would reduce the extent of flow and 

subsequently increase the viscoelastic behaviour. What can be suggested is that the 

data illustrates GO suspensions containing larger flake sizes possess higher viscosities 

than those with smaller flakes; the difference may play a role during the infiltration of 

ceramic scaffolds that exhibit pores on the microscale. 
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4.3.2 Optimisation of the infiltration method for depositing 

graphene oxides within porous ceramics 

 

In the first instance, simple drop-casting was utilised to verify that this processing 

route could be realised. This strategy was intended to allow for the uptake of GO 

suspensions within the pores of freeze-cast scaffolds to provide an effective dispersion 

of GRMs throughout a ceramic matrix. This was performed on porous alumina cast 

from both low and moderate solid loadings (22.5 and 40 wt.%) to identify its 

applicability on a range of freeze-cast materials with varying degrees of porosity. To 

clarify, freeze-cast materials have been pre-sintered at 900 °C for 30 minutes 

(illustrated in Chapter 3, Section 3.1.2.2) prior to these studies. Figure 4.7 

demonstrates the viability to drop-cast GO suspensions within the porous ceramic 

materials (followed by freezing and drying). One can visually ascertain a grey-brown 

appearance to the outside of scaffolds post-infiltration: upon examination of the 

internal core (in the xy plane), this off-white appearance is also visible. The trials 

through drop-casting provides visual evidence that GO has been deposited on the 

perimeter and inside the core of the freeze-cast material. 

 

 

Figure 4.7 – Images of a 40 wt.% alumina scaffold that has been drop-cast with a 

0.025 wt.% suspension of GOsupplier. Left) infiltrated scaffold. Right) core section of 

the specimen that illustrates the deposition of GOsupplier through FD axis. 
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A GO “skin” also formed along the top face of the scaffold due to an excess of solid 

flakes agglomerating on the surface of the ceramic material during the freezing period. 

This is an unwanted feature and could be carefully extracted with tweezers. The 40 

wt.% alumina scaffold was not perfectly cylindrical which was illustrated in the 

previous Chapter (Section 3.1.2.1). Once the infiltration route was realised as a 

possible technique to disperse GO flakes throughout porous freeze-cast materials cast 

from low to moderate solid loadings, the primary method of infiltration was 

investigated: vacuum-assisted infiltration. The reasoning for focussing on 25 wt.% 

scaffolds as the host material primarily was because they exhibit a mass close to 6.5 

g which will produce sintered materials with a thickness close to 2.2 mm (as seen in 

Chapter 3, Section 3.2.1) and possess well-ordered ceramic walls in comparison to 

those made from higher solid loadings. The intention for using this method was to 

allow for the permeation of GO flakes throughout the entirety of porous alumina bodies 

with the assistance of reduced pressure. The following tests involved the use of 

suspensions containing 0.25 wt.% of either GOsupplier or GOcustom. Fig. 4.8 depicts the 

first experiment using vacuum-assisted infiltration.  
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Figure 4.8 – Unsuccessful test of an alumina scaffold infiltrated with a 0.25 wt.% 

GOsupplier suspension using vacuum-assisted infiltration. Left) before the infiltration 

procedure. Scale bar = 10 mm. Right) scaffold destroyed after the infiltration process. 

Larger cracks are highlighted with thin, white arrows. 

 

As the pressure was lowered to -1 bar, bubbles were observed evacuating from the 

sides of the scaffold which was promising. Unfortunately, when the pressure was 

lowered during a period of approximately 2 minutes, it was visible that the ceramic 

scaffold was destroyed during the latter stage of infiltration. Note the severe cracking 

throughout the scaffold and debris that has formed around the sides of the scaffold in 

the container. A steadier decrease in pressure over a period of 10 minutes was 

performed in subsequent tests, leading to successful infiltration without collapse of 

the delicate ceramic material. Thus, for any following experimentation the pressure 

was lowered to -1 bar in a far steadier decline whilst infiltrating scaffolds with GOsupplier 

and GOcustom. 

 

The subsequent images show the extent of infiltration within two, pre-sintered 25 

wt.% alumina scaffolds using 0.25 wt.% suspensions of GOsupplier. The first scaffold 

was left whole, whilst the second underwent removal of a dense region of material 

that was identified through μ-CT in Chapter 3 (Section 3.1.3.2). It is clearly visible that 

the whole scaffold has a large section of the porous alumina body (through the core) 
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has not been infiltrated with the water-based suspension: however, the process does 

deposit GO inside the perimeter of the scaffold. Comparison against a sectioned 

scaffold that is displayed in Fig. 4.9 (with the dense region removed) depicts a much 

more homogeneous deposition of the filler material. Once the dense section was 

extracted, the water-based suspension was able to permeate towards the core. 

 

 

Figure 4.9 – Images of 25 wt.% alumina scaffolds vacuum-infiltrated with a 0.25 

wt.% GOsupplier suspension. Left) a whole scaffold with no physical changes. Right) 

a scaffold with which the dense region of material has been removed. Scale bars = 10 

mm. 

 

After cutting open scaffolds infiltrated with GOcustom, a result akin to that of GOsupplier 

is visible. Fig. 4.10 depicts that the perimeter of the cylindrical ceramic body has been 

penetrated by the water-based infiltrate. However, there was still a limited amount of 

GO flakes that had reached the core of the whole scaffold, since the homogeneity of 

the pores was compromised at the “bottom” of the freeze-cast alumina. After removal 

of this section of the scaffold, there was much more homogeneous deposition of 

GOcustom within the core. Although, some white streaks are still visible which may 

suggest there are some internal regions that have not been successfully infiltrated by 

the water-based suspension of GO flakes.  
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Figure 4.10 – Images of 25 wt.% alumina scaffolds vacuum-infiltrated with a 0.25 

wt.% GOcustom suspension. Left) a whole scaffold. Right) a scaffold with the dense 

region of material has been removed. Scale bars = 10 mm. 

 

Comparing the visual homogeneity of sectioned scaffolds of 25Al2O3:0.25GOsupplier and 

25Al2O3:0.25GOcustom, GO deposition throughout the host alumina is slightly better 

when utilising GOsupplier. This difference in the extent of infiltration is likely due to the 

difference in flake sizes (8 μm compared to 22 μm averages in GOsupplier and GOcustom 

respectively), combined with the increase in viscosity with increasing flake size. What 

this investigation illustrates is that smaller GO flakes are more susceptible to 

permeation into the pores of freeze-cast scaffolds formed from 25 wt.% alumina 

suspensions. Due to the time constraints imposed by COVID-19, it was not possible to 

sinter specimens of 25Al2O3:0.25GOcustom. Therefore, the following section describes 

the sintering of materials infiltrated with 0.25 wt.% suspensions of GOsupplier. 
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4.4 Consolidation of alumina-GO pre-forms through 

Spark Plasma Sintering 

 

This section outlines the sintering results of alumina-GO specimens that consistently 

produced unbroken disc-shaped specimens, alongside some comparisons to 

monolithic alumina sintered with the same conditions. This is with regards to the 

composite specimen referred to as 25Al2O3:0.25GO that was infiltrated with GOsupplier, 

i.e., the suspension which contained smaller flake sizes. The results gathered from the 

composite material are compared alongside monolithic alumina fabricated from as-

received powder with the same sintering conditions. 

 

4.4.1 Sintering and density of alumina-rGO materials 

 

After freezing and drying GO-infiltrated alumina scaffolds, sintering was the final step 

in this processing route that has been illustrated herein. This was performed using 

SPS with two primary objectives in mind: i) take advantage of the simultaneous 

application of pressure to consolidate large, freeze-cast cylindrical specimens whilst 

preserving the internal layered structure, and ii) onset the thermal reduction of GO to 

create rGO, forming graphene-like material throughout the composite’s 

microstructure. This sintering technique also has the added benefit of vastly reducing 

the consolidation time of alumina-based materials, which is commonly a few hours 

during conventional sintering to obtain high densities (depending on the starting 

powder size).29,190,239 First, 30 mm green bodies of alumina-GO required placement 

inside graphitic moulds for SPS consolidation. The skin of GO material surrounding the 

composite was removed before fitting cylindrical specimens within partially-assembled 

moulds. This process was somewhat time-consuming, but necessary to avoid any 

potential defective regions around the sides of the specimens post-sintering. The task 

was performed carefully as to not disrupt or destroy the delicate, lightweight material. 

Cold pressing of the top (and bottom) die followed its insertion within the mould to 
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contain the entire specimen. Fig. 4.11 demonstrates how free-standing, alumina-GO 

materials were (carefully) inserted into graphitic die sets to undergo Spark Plasma 

Sintering. 

 

 

Figure 4.11 – Photographs of alumina-GO material prior to the SPS consolidation. 

Left) free-standing scaffold after the freezing and drying process that followed 

infiltration. Scale bar = 10 mm. Right) fitting the composite entity within a 30 mm 

graphite mould for the SPS procedure. 

 

Chapter 3 (Section 3.2.1.1) involved obtaining sintering conditions that could 

consistently generate unbroken, 30 mm specimens of monolithic alumina that were 

fully dense (<99 % T.D). This was after identifying multiple issues with sintering the 

as-received alumina powder whilst using the preliminary sintering conditions. As a 

reminder these were a sintering temperature of 1300 °C, a pressure of 60 MPa, a 

heating rate of 100 °Cmin-1, a natural cooling step, and a dwell time of 1 minute. 

Optimal alumina-GO bodies (25Al2O3:0.25GO) were subject to the sintering conditions 

that produced unbroken and dense alumina specimens which were a sintering 

temperature of 1300 °C, a pressure of 50 MPa, a heating rate of 50 °Cmin-1 (followed 

by a cooling rate of 50 °Cmin-1), and a dwell time of 5 minutes. Piston speed data was 

gathered after sintering a composite specimen to compare against that of monolithic 

alumina sintered with the same conditions. The plot shown in Fig. 4.12 illustrates a 

change in the densification process that commences in monolithic alumina around 900 
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°C, with consolidation of the composite initiating slightly before at a temperature of 

approximately 850 °C.  

 

 

Figure 4.12 – Plot of piston speed versus temperature up to the dwell from the SPS 

programs used for alumina and 25Al2O3:0.25GO specimens sintered with 1300 °C, 50 

MPa, 50 °Cmin-1 heating/cooling rates, 5 min dwell. 

 

Consolidation in both materials up to the dwell point ceases at a similar point which is 

a sign that the composite may possess a theoretical density close to that of monolithic 

alumina (99.2 % T.D). The curvature of the piston speed peak is slightly broader, 

which may provide some evidence towards greater consolidation under the same 

sintering parameters: an explanation could stem from the higher thermal conductivity 

of the graphene-like material throughout the alumina matrix; in particular, during the 

transformation from GO to rGO.240 This would provide more effective heating within 

the ceramic material, which relies on non-conductive sintering (in monolithic ceramic 

specimens).  
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The composite’s microstructure which, after heat-treatment under vacuum in an inert 

atmosphere, is expected to contain rGO like other studies that have thermally reduced 

GO materials through SPS.93,241–243 To determine the amount of carbon-based 

material, i.e., rGO, that was incorporated within the sintered composites, an 

investigation through TGA was conducted after grinding samples. This would 

eventually lead to calculating the density of alumina-rGO composites. Fig. 4.13 depicts 

that after increasing the temperature (in air) alumina-based composites lose a very 

small portion of their mass.  

 

 

Figure 4.13 – Plot of TGA curves to determine carbon content within 25Al2O3:0.25GO 

composites. 

 

An average loss of approximately 0.8 wt.% (1.7 vol.%) of the total weight was found. 

With this value, the sample referred to as 25Al2O3:0.25GO will be simplified to 

“alumina-0.8rGO” during the remainder of this document. This weight loss is 

associated with the combustion of carbon-related content, primarily between the 

temperature range of 450 – 650 °C.244,245 Although, mass loss begins at 200 °C (due 
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to remaining oxygen-containing functionality),246,247 until a temperature of 

approximately 700 °C which is consistent with previous work by Lavin-Lopez et al. that 

performed a similar procedure.247 There is a slight drop around 170 °C during the 

measurements taken for Specimen 2, but it is thought that this is related to the 

combustion of fatty acid compounds rather combustion relating to graphene-like 

material,248 i.e., in this instance, human contamination. 

 

After estimating the carbon content, the relative density of alumina-0.8rGO could be 

approximated to compare against monolithic alumina. As the composite materials 

contain an average of 0.8 wt.% rGO, the volume percentage (1.7 vol.%) was 

calculated that could be utilised to evaluate their density. Using the rule mixtures 

(which is based on isotropic composite materials), the average theoretical density of 

composite materials was determined to be 3.95 gcm-3. This is lower than monolithic 

alumina (as shown in Table 4.1), due to the addition of a filler material with a lower 

density. However, the relative density of the composite specimens is partially higher 

(99.5 % T.D), with alumina-0.8rGO composites averaging a density of 3.93 gcm-3. 

This increase in density is also seen in work by Jiang et al. who also sintered alumina-

rGO materials;143 furthermore, work by Zhou et al. presented similar values (close to 

theoretical density) for 1 wt.% addition of GO to alumina-based materials.243 

 

Table 4.1 – Densities of alumina and alumina-rGO materials sintered using SPS at 

1300 °C. The theoretical density is provided (in red). 

 

Material Density (gcm-3) Relative density (%) 

Alumina 3.96 (3.99) 99.2 

Alumina-0.8rGO 3.93 (3.95) 99.5 
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4.4.2 Microstructural evaluation of alumina-rGO composites 

 

As mentioned previously in Section 4.1, the disc-shaped specimens based on 25 wt.% 

alumina suspensions were similar in weight and thickness (6.5 g and 2.2 mm 

respectively) to those sintered from the raw powder. The SEM images provided in Fig. 

4.14 illustrate the obtained microstructure of alumina-0.8rGO on various length scales. 

 

 

Figure 4.14 – SEM images of the microstructure of alumina-0.8rGO at various length 

scales a) 38x magnification. Scale bar = 1 mm. b) 200x magnification. Scale bar = 

200 μm. c) 5000x magnification. Scale bar = 10 μm. 

 

Upon close inspection, the dispersion of rGO is moderately homogeneous throughout 

the PD axis of the sintered material which is predominantly visible as regions of 

continuous ribbon-like material. Although, the flakes themselves are not monolayers, 

but rather stacks of few- or multiple-layer rGO which is visible in several regions of 

the composite’s microstructure. With the aid of higher magnification images, one can 

a) 

b) c) 

FD 

PD 
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realise that the ceramic walls are separated by layers of graphene-like material. During 

SPS, the applied pressure has collapsed the once tubular pores (of ~40 μm) into thin 

channels that contain the graphene-like reinforcement. The walls of the host matrix 

are between 0.5 – 7 μm, with an average thickness of 2.7 μm: prior to sintering, the 

lamellae thickness was up to 10 μm in 25 wt.% scaffolds. The average alumina grain 

size was evaluated to be 0.7 ±0.4 μm for alumina-0.8rGO, whereas the average of 

monolithic alumina is slightly larger (1.0 ±0.5 μm). Fig. 4.15 demonstrates the 

difference in the size of alumina grains that are present in the bulk of the composite 

compared to its monolithic counterpart. 

 

 

Figure 4.15 – Measured grain sizes from the microstructures of alumina-based 

materials sintered at 1300 °C via Spark Plasma Sintering. 

 

Measured grains within the composite material were found to be below 2.5 μm, 

compared to the higher value of 3.5 μm for monolithic alumina. The difference in grain 

sizes between monolithic and reinforced alumina suggests that the incorporation of 

GO influences grain growth within the ceramic matrix during its consolidation. These 

changes can be associated to the graphene-like reinforcement which is impeding the 

growth in the ceramic grains by creating several barriers throughout the cross-section. 
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Thus, the number of nearest neighbouring grains is reduced. This limitation in grain 

growth has been noted in other graphene-reinforced ceramics sintered with similar 

sintering equipment.143,241,249,250 The obtained microstructure possesses many 

similarities to the alumina-FLG composite fabricated by Sun et al. that was illustrated 

in Chapter 1, Section 1.4.2.2.137 The microstructure consisted of highly-oriented layers 

of expanded graphite (5 vol.%) sandwiched ceramic walls that are similar thickness 

as those observed in alumina-0.8rGO (0.5 – 7 μm). Although, they processed the 

material in a reverse-like manner, intercalating an expanded graphite network with 

liquid ceramic precursor and an organic coupling agent. The microstructure of 

alumina-0.8rGO is also a close match to the rGO-reinforced alumina composite 

processed by Zhou, Qiu, Wang, and Fang et al.243 They introduced 1 – 4 wt.% of 

reinforcing material through ball-milling GO and alumina powder with ethanol as a 

lubricant, however their alignment of rGO with 1 wt.% addition is far less 

homogeneous when compared to the FD axis of alumina-0.8rGO. The comparisons to 

the referenced literature demonstrate that it is possible to create similar 

microstructures of alumina-based composites with graphene-like reinforcement 

through this water-based, environmentally friendly process. 
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Characterisation through Raman spectroscopy and XRD was also carried out on rGO-

reinforced materials to compare to their monolithic counterparts. The Raman spectrum 

obtained from alumina-rGO composites shown in Fig. 4.16 possesses some evidence 

that illustrate a change to the graphene-like reinforcement after heat-treatment, i.e., 

sintering. Although, the low intensity of the composite’s spectrum arises due to the 

difference in laser spot size when compared to the thickness of rGO inclusions (single-

layers, or multiple-layer agglomerates) within the material. The spot size is much 

larger than these reinforcements, therefore it was difficult to obtain a well-resolved 

spectrum unless more time-consuming methods such as Raman mapping are utilised. 

 

 

Figure 4.16 – Raman spectrum of alumina-0.8rGO material sintered at 1300 °C and 

GOsupplier for comparison. 

 

Nevertheless, some information can be extracted. The peak position of the G signal 

has blue-shifted slightly (from 1596 to 1584 cm-1), relating to the conversion of GO to 

a more graphitic-like compound with sp2 hybridisation.219,223,251 This was illustrated in 

Section 4.1.1 where the spectrum of graphite is compared to GOsupplier. There is little 

change to the D/G ratio of the reinforcement found in alumina-0.8rGO (0.98 compared 

to 0.94). Also, a small shoulder has appeared in the G peak at 1553 cm-1: some 
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researchers point out that this is related to stacking of disordered material which has 

retained some of its oxygen content after the reduction stage.215,252 This was realised 

through Gaussian curve fitting between 1500 – 1550 cm-1, with the signal being 

labelled as the D3 peak. This could be associated to the multiple-layer stacks of rGO 

noticed in previous SEM images. 

 

The diffraction pattern shown in Fig. 4.17 is a close match to that of sintered alumina, 

except for the broad region relating to the PLA holder used to house the solid sample. 

Although, there is no clear evidence of the reduction of GO to rGO in this data, which 

was expected to produce a signal between 2θ values of 23 – 26 (as found in other 

studies involving the production of rGO).222,253,254 This broad peak would also coincide 

with one of the alumina peaks, situated at 25.44. What this pattern demonstrates is 

that rGO has no major effect on the crystalline structure of the α-alumina matrix. The 

signal at a value of 29.38 remains, evaluated as a negligible amount of an alumina-

containing species (suggested as Al4O4C) within Chapter 3 (Section 3.2.1.2). This may 

have formed from a high-temperature reaction between the alumina matrix and the 

graphene-like reinforcement and/or the graphitic tooling. 
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Figure 4.17 – X-ray diffraction pattern of alumina-0.8rGO sintered at 1300 °C and 

BA15-W alumina for comparison. 
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4.5 Discussion 

 

4.5.1 Characterisation of GO batches 

 

According to the evaluation of physicochemical features of two GOs, the primary 

difference between the manufacturer and custom-made batch was the average flake 

size and their size distribution. The batch procured through an international supplier 

exhibited a narrow distribution of flake sizes between 2 – 16 μm, whilst that of the 

custom-made suspension was far broader across 5 – 50 μm. This can be directly 

related to the manufacturing process itself which may have utilised different flake sizes 

of pristine graphene. Imperial College London utilised graphite powder with a flake 

size between 300 – 500 μm, so it is likely that the manufacturer (Graphenea) uses a 

smaller flake size. Although, there is one feature of the flakes which was not evaluated 

during the characterisation of GO which is the thickness of single-layer flakes. The 

assessment may be conducted through height mapping from atomic force microscopy 

measurements, which is illustrated in literature studies who have characterised 

graphene-like materials in this manner.119,217,243,255 

 

Furthermore, additional characterisation would be needed to provide more 

comprehensive evidence for the quality of these GOs; with regards to their extent of 

oxygen content and the functional groups that are present. The Raman spectra of 

both GOs were very similar, but the ratio of D/G signals was slightly lower in GOcustom 

and could relate to less disorder in its structure, i.e., lower variation in oxygen 

functionalisation. It could also be argued that the diffraction pattern caused by 

GOcustom is slightly sharper. This may confirm a more ordered structure with less 

variation in its oxygen moieties, which is the same suggestion from the Raman data. 

Further data should be acquired by using XPS to assess the carbon/oxygen ratios of 

the two GO batches and determine the percentage of oxygen in each batch which can 

provide further analysis on the extent of disorder.217,222,224 Simultaneously, 
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quantitative evidence of the various functional groups can be acquired by assessing 

the binding energy of the C1s orbital.217,222 

 

4.5.2 Infiltration process and extent of GO deposition 

 

It was realised that the water-based infiltration of freeze-cast materials can be a viable 

route to create structural ordering of two components. This was primarily 

demonstrated for the vacuum-assisted infiltration of porous alumina freeze-cast from 

low solid loadings (22.5, 25 wt.%), although it also illustrated that drop-casting could 

be performed on scaffolds cast from moderate solid loadings, i.e., 40 wt.%. However, 

the effectiveness of the secondary material’s dispersion will predominantly depend on 

its size. This strategy could also be a possible method to incorporating other types of 

material (metals, other ceramics) into the ceramic scaffolds to form other ceramic-

based composites. If dispersibility is an issue, then a dispersant may be added which 

would need to be removed prior to sintering. In these studies, the “size selectivity” is 

based on the pore diameter created during casting process and the dimensions of the 

infiltrate, i.e., the flake size of GO, being deposited within the channels of the scaffold. 

The viscosity of 0.25 wt.% GOsupplier and GOcustom varied, which may have also 

influenced the behaviour of suspensions during their uptake inside pores because the 

custom-made batch contained larger flakes and exhibited a higher viscosity. It was 

found that scaffolds infiltrated with larger flakes still contained some areas (within the 

core) that did not visually show any GO deposition. This was through a difference in 

colour, where regions where still white as opposed to possessing a grey-brown 

appearance.  

 

Although, a different problem may have played a role in the extent of infiltration with 

larger flake sizes which is the potential blockage of pores. In Chapter 3, Section 3.1.3.1 

the internal pores of 25 wt.% alumina scaffolds were found to be approximately 41 

μm, and when compared to the distribution of flake sizes in GOcustom (5 – 50 μm) it is 

easy to see that a problem may occur. It relates to the size selectivity of the infiltration 
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process. Once a flake above 41 μm reaches a small, tubular channel that it is being 

forced through (under recued pressure), it can become clogged and may impede 

further deposition of solid material along that specific pore. This effect has been noted 

in other work such as the infiltration of suspended particles into the pores of zeolitic 

columns,256 and the permeability of sand and gravel particulates into concrete.257,258 

 

After sintering materials infiltrated with GOsupplier, it was shown that the extent of filler 

dispersion is good throughout the (roughly) 2 mm specimens of alumina-0.8rGO, but 

after a thorough study of several regions of the core sections, some areas were 

observed which do not visually possess any reinforcement – this area of material within 

the microstructure is on a length scale of approximately 100 μm which is illustrated in 

Fig. 4.18. This is a similar finding, although on a slightly smaller scale, to the 

preliminary study (shown in Section 4.1) which investigated the infiltration of varying 

concentrations of GO. In turn this may adversely affect the behaviour of the 

composite, but this does impose the idea of future work to extend the period which 

scaffolds remain under vacuum during the infiltration process (from 15 to 30 or 60 

minutes). This could allow solid material to reach pores of the alumina scaffold that 

may not have encountered the GO suspension. 
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Figure 4.18 – SEM images of two sections of an alumina-0.8rGO composite sintered 

at 1300 °C, 50 MPa, 50 °Cmin-1 heating/cooling rates, 5 min dwell. Left) a typical 

homogenous region of the composites. Right) inhomogeneity of the arranged rGO 

reinforcement within the core of the specimen. Scale bars = 50 μm. 

 

4.5.3 Evidence for rGO in ceramic-based composites 

 

The characterisation that was conducted provided little evidence towards the addition 

of rGO into the alumina matrix, or its extent of thermal reduction during SPS. The 

obtained Raman spectrum possessed a very low intensity because the laser spot size 

was much larger than the size of the rGO inclusions when measuring through the FD-

PD plane, therefore it was difficult to obtain a well-resolved spectrum unless more 

time-consuming methods such as Raman mapping are utilised. A spectrum with far 

higher intensity would have produced a more reliable D/G ratio which may have been 

evaluated. However, this would not have assessed the reduction process of GO to rGO 

through SPS. XPS could be utilised to determine the change in oxygen content 

(mentioned previously in 4.5.1) and provide a C/O ratio, which has been shown in 

previous works by Yan et al. who studied the thermal transformation process with a 

number of characterisation methods.259 In addition, the XRD pattern did not provide 

any conclusive evidence on the formation of rGO in alumina-based composites – 

although, this is a similar result to the pattern obtained in the investigations of 

alumina-graphene materials (sintered with field-assisted sintering techniques) by 
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Rivero-Antúnez et al. and Zhou et al. Both of their results indicate that the alumina 

structure is not affected by the presence of graphene-like materials, hence no peak is 

formed in their diffraction patterns.243,260  
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4.6 Concluding remarks 

 

In summary, the infiltration of porous alumina materials with water-based suspensions 

of GO, and the subsequent consolidation of alumina-GO entities to generate alumina-

rGO composites were shown. Prior to their use, the physiochemical of two graphene 

oxides were characterised with the main difference being the size distribution of flake 

sizes; the custom-made GO suspension was far broader than the batch manufactured 

by an international supplier (22 μm average, compared to 8 μm). The infiltration of 

porous, freeze-cast alumina was shown to be a promising avenue to create reinforced 

alumina with a homogeneous dispersion of GO. Results demonstrated that the 

infiltration of smaller GO flakes creates a more consistent dispersion throughout the 

porous host material due to the size-selective nature of the procedure. Although, this 

novel strategy is far from optimised and would require further experimentation. 

 

After consolidation though SPS, highly-oriented GRM (rGO) was found to be distributed 

in a ribbon-like fashion throughout the cross-section of composite specimens; 

however, large regions of microstructure were found to be void of the filler material 

after infiltration with suspensions of 0.025 and 0.1 wt.% GO. Alumina scaffolds cast 

from suspensions of 25 wt.% solid loading infiltrated with 0.25 wt.% suspensions of 

GO were found to contain 0.8 wt.% of rGO after sintering. Regions that comprised 

solely of the alumina matrix were also found after infiltration with this concentration 

of GO, but they were smaller by a factor of approximately 2. A refinement of the grain 

size was also determined when compared to a monolithic counterpart. XRD analysis 

showed that the addition of rGO did not affect the structure of alumina. On the other 

hand, more conclusive evidence is required to obtain a better understanding on the 

extent of thermal reduction of GO (through SPS) in the composite materials.  
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Chapter 5 Mechanical and functional 

properties of alumina-based materials 

 

This Chapter illustrates the measurements of mechanical and functional properties of 

alumina-based materials that were described in the previous Chapters to evaluate their 

potential applications. Two materials were tested: monolithic alumina, and alumina-

0.8rGO that possesses highly-oriented GRM. Both these materials were identified as 

fully-dense materials (<99 % T.D) when sintered with the following conditions: 1300 

°C, 50 MPa applied pressure, heating/cooling rates of 50 °Cmin-1, and a dwell time of 

5 minutes. The obtained values are also compared to results gathered from literature 

which produced alumina-GRM composites. Ultimately, the aim of this testing was to 

identify the mechanical and physical influences of a small proportion of GRM that was 

distributed in a specific fashion within the host material. The disc-shaped samples 

were ground and cut to produce square- or bar-shaped specimens that are illustrated 

in Fig. 5.1. The orientation of the testing procedures is also highlighted – to clarify the 

mechanical testing, 4-point flexure tests were carried out on sectioned bars and 

Vickers indentations were created along the PD-FD plane afterwards. 

 

 

Figure 5.1 – Illustration of the specimens produced from disc-shaped, sintered 

materials to produce square- and bar-shaped specimens for mechanical and functional 

testing. 
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5.1 Mechanical properties 

 

Three mechanical properties were investigated in this section: namely, the hardness, 

flexural strength, and fracture toughness. Hardness values were calculated at different 

loadings to probe both the bulk hardness and the localised microhardness around the 

filler material within alumina-0.8rGO. The fracture toughness was determined using 

the VIF method, then the possibility of extrinsic toughening mechanisms was 

investigated through SEM (provided in the discussion section). 4-point flexure tests 

were carried out on bar-shaped specimens to provide an indication on the influence 

of highly-oriented rGO. In all testing scenarios monolithic alumina sintered through 

SPS with the same conditions (1300 °C, 50 MPa, 50 °Cmin-1 heating/cooling rates, 5 

minute dwell) is used as a comparison. 

 

5.1.1 Vickers hardness 

 

Indentation tests were carried out along the FD axis (shown in Fig. 5.1) of specimens 

to determine both the bulk hardness and microhardness. A separate test along the CS 

plane was also performed to evaluate the nature of the dispersion of rGO throughout 

the alumina matrix on the microhardness. Fig. 5.2a and 5.2b display optical 

microscopy images of cross sections of polished surfaces for monolithic alumina and 

alumina-0.8rGO, whilst Fig. 5.2c and 5.2d show Vickers indentations produced from a 

2 kg load. There were no major defects detected along the surfaces except for a few 

minor scratches that are predominantly visible on the composite material. While 

monolithic alumina shows a homogeneous surface, the presence of rGO reinforcement 

is noticeable (from left to right) along the FD axis of the composite.  
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Figure 5.2 – Optical micrographs of the FD-PD plane of alumina-based materials 

polished to a 1 μm finish, and Vickers indentations created using a 2 kg load. a) 

monolithic alumina. b) alumina-0.8rGO. c) monolithic alumina after indentation. d) 

alumina-0.8rGO after indentation. Scale bars = 50 μm. 

 

Figure 5.3 illustrates the microhardness values at indentation loads between 0.5 – 10 

kg. Following the methods for determining hardness described in Chapter 2 (Section 

2.3.3), monolithic alumina reaches a hardness of 21.89 GPa. After reinforcement with 

a low proportion (<1 wt.%) of rGO, hardness decreases to 20.16 GPa. This change is 

relatively small (a 5% reduction), demonstrating that the composite material retains 

a high measure of hardness. At higher loads beyond 1 kg the bulk hardness is 

measured, which was found to be lower in both materials falling to 20.27 and 17.17 

GPa respectively (at 10 kg loading). This illustrates a loading dependence on the 

obtained hardness values in these two materials: this relationship is referred to as the 

indentation size effect and is commonly seen in other literature data.261–264 

a) 

d) c) 

b) 
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Figure 5.3 – Calculated hardness values at various loads for alumina-based materials 

sintered at 1300 °C, 50 MPa, 50 °Cmin-1 heating/cooling rates, 5 min dwell. 

 

A separate study was performed at the lowest applied load (0.5 kg) to understand if 

the dispersion of rGO was different along the FD-PD and PD-CS planes of the 

composite. Fig. 5.4 illustrates the two planes and exhibits no major evidence to 

suggest any inhomogeneity as the layered reinforcement appears to be consistent 

along both directions. Fig. 5.5 supports this claim as the plot of microhardness 

measured along both planes displays there was no significant difference in hardness 

between the FD-PD and PD-CS planes. Furthermore, indentations created in regions 

through the reinforcement of rGO provide similar results to those that were performed 

on areas that appeared to be free of them – although, rGO may lie just below the 

surface.  
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Figure 5.4 – SEM images of alumina-0.8rGO across two different planes to illustrate 

the homogeneity in rGO reinforcement. Left) FD-PD plane. Right) PD-CS. Scale bars 

= 50 μm. 

 

 

Figure 5.5 – Microhardness values of alumina-0.8rGO (at 0.5 kg load) through two 

different orientations, representing regions that were indented between or through 

visible areas of rGO. 
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5.1.2 Flexural strength 

 

The flexural strength of alumina-based materials was investigated through 4-point 

bending tests using the method explained in Chapter 2 (Section 2.3.5). This was 

conducted in combination with microscopy studies to understand the influence of 

highly-oriented rGO layers within the composite material. Table 6.1 displays the 

calculated results for monolithic alumina and alumina-0.8rGO, indicating that the 

composite specimens were 20 % stronger during 4-point flexure. 

 

Table 5.1 – Flexural strength values for alumina-based materials sintered at 1300 °C, 

50 MPa, 50 °Cmin-1 heating/cooling rates, 5 min dwell. 

 

 

 

 

 

 

 

The SEM images of fracture surfaces in Fig. 5.6 show the microstructures of monolithic 

and rGO-reinforced alumina (Fig. 5.6a and 5.6b respectively) specimens and a clear 

difference in their fracture surfaces is visible. In monolithic alumina the fracture 

surface is smooth and homogeneous, whilst the surface of alumina-0.8rGO clearly 

show a layered microstructure where areas of rGO material, i.e., white stripes 

extending across the FD axis, appear to have been pulled out from the ceramic matrix. 

Fig. 5.6c and 5.6d demonstrate a step-like morphology on the microscale of the 

composite, arising from fracture through the layers of ceramic and graphene-like 

components. The presence of slightly agglomerated rGO material can also be observed 

in the microstructure of alumina-0.8rGO, e.g., in the middle of Fig. 5.6b. 

Material Flexural strength 

(MPa) 

Standard deviation 

(MPa) 

Alumina 262 ± 35 

Alumina-0.8rGO 314 ± 32 
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Figure 5.6 – SEM images of the <99 % T.D fracture surfaces illustrating the 

differences in their microstructures. a) monolithic alumina. b) alumina-0.8rGO. c) and 

d) step-like morphology of alumina-0.8rGO after failure. Scale bars = 50 μm. 

 

 

  

d) c) 

a) b) 
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5.1.3 Indentation fracture toughness 

 

The Vickers indentation fracture method was chosen to analyse the toughness of the 

composite material and comparing it with the monolithic one. Testing was conducted 

following the methods reported in Chapter 2 (Section 2.3.4) between indentation loads 

of 1 – 30 kg. Two different equations – the Palmqvist and Anstis formulae – were 

utilised to evaluate fracture toughness. SEM images displayed in Fig. 5.7 show the 

indentations created in monolithic and rGO-reinforced alumina at the highest load of 

30 kg.  

 

 

Figure 5.7 – SEM images of Vickers indentation patterns at a load of 30 kg on alumina 

and alumina-0.8rGO cross sections. Left) monolithic alumina. Right) alumina-

0.8rGO. Scale bars = 200 μm. The red arrow indicates the FD axis. The dashed white 

lines illustrate which cracks were taken into consideration and measured to calculate 

the fracture toughness. 

 

The cracks emanating from the apices of Vickers indentations made in monolithic 

alumina were quite linear which is representative of brittle failure in materials. In 

contrast, the cracking pattern in alumina-0.8rGO was far more complicated, with a 

multitude of cracks propagating from both the apices and the sides of the indentations. 

The indentation itself was also slightly larger due to the decrease in microhardness 

that was determined in the previous section. Furthermore, cracks appeared to be 
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slightly shorter (than those in monolithic alumina), whilst several of them have been 

deflected from the PD axis towards the FD axis. This can be attributed to rGO that has 

been incorporated throughout the host alumina that has created interfaces for cracks 

to propagate along. The complex cracking pattern can make it difficult to identify 

which cracks should be utilised when determining the fracture toughness – the 

annotations in Fig. 5.7 provide an indication on which cracks should be used, and 

which ones that were avoided. In some instances, cracks were not produced on the 

apices of indentations and in these cases the crack length was taken as zero. Fig. 5.8 

illustrates the fracture toughness values obtained from the VIF method following the 

Palmqvist and Anstis formulae. The plot of results shows that the alumina-0.8rGO 

possesses a higher fracture toughness than its monolithic counterpart at all tested 

loads. However, the indentation size effect has caused varying values of toughness 

(akin to the hardness values).265 When both formulae are applied to the composite 

material, the results are in good agreement with each other: however, evaluating 

monolithic alumina with the Palmqvist equation generated higher results than those 

from the Anstis equation. 

  



153 
 

 

 

Figure 5.8 – Calculated VIF values at various indentation loads using the Palmqvist 

and Anstis formulae for alumina-based materials sintered at 1300 °C, 50 MPa, 50 

°Cmin-1 heating/cooling rates, 5 min dwell. 
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5.2 Functional behaviour 

 

In Chapter 1 (Section 1.4.1) the attractive properties of graphene and GRMs were 

discussed regarding their integration within composite materials. This included their 

incorporation to alter other functional properties, including their thermal and electrical 

behaviour. The capability of electrical or thermal transport will be directly affected by 

the homogeneity, orientation, and the extent of agglomeration of the reinforcement 

material.139 Moreover, the connectivity of GRMs within the matrix will influence 

electrical transport. The following segment illustrates the thermal and electrical 

behaviour for alumina-based materials. 

 

5.2.1 Thermal conductivity 

 

The thermal conductivity was measured through the thickness of square-shaped 

specimens, such that the out-of-plane conductivity was measured along the PD axis. 

One composite specimen was also fabricated using a sintering temperature at 1500 

°C with the goal of measuring a difference based on the extent of rGO reduction. The 

disc-shaped specimen broke during SPS which is why further mechanical testing was 

not conducted – fortunately a square-shaped specimen could be recovered and 

prepared to measure its thermal properties. The thermal conductivity results were 

obtained through the method described in Chapter 2 (Section 2.3.7) and calculated 

after identifying the relationship between temperature and specific heat capacity for 

each material (illustrated in Table 5.2) that were derived from calorimetry testing.  
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Table 5.2 – Calculated specific heat capacity relationships for alumina-based 

materials. 

 

Material Measured relationship 

Alumina Cp = 0.0015T + 0.7257 

Alumina-0.8rGO@1300 Cp = 0.0014T + 0.7109 

Alumina-0.8rGO@1500 Cp = 0.0016T + 0.6951 

 

Fig. 5.9 displays the thermal conductivities of the three tested materials. The trend 

illustrated by monolithic alumina is a decrease in thermal conductivity with increasing 

temperature. Unexpectedly, the addition of highly-oriented rGO throughout the 

alumina matrix has reduced the out-of-plane thermal conductivity across the chosen 

temperature range. However, the trend shown by alumina-0.8rGO sintered at 1300 

°C appears to be somewhat linear in its appearance as the measurement temperature 

rises. At 25 °C, the conductivity of monolithic alumina is 39.6 W(mK)-1, dropping to 

9.5 W(mK)-1 after the incorporation of highly-oriented rGO when the composite is 

sintered at the same temperature. At high temperatures (750 °C), these values 

decrease to 20.3 and 7.3 W(mK)-1 for the monolithic and composite material 

respectively. When alumina-0.8rGO is sintered at 1500 °C, the results are higher than 

that of the same material sintered at a lower temperature; a value of 26.2 W(mK)-1 

was determined at 25 °C which drops to 12.6 W(mK)-1 at 750 °C. 
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Figure 5.9 – Plot of the out-of-plane thermal conductivity at increasing temperatures 

for alumina-based materials. 

 

5.2.2 Electrical conductivity 

 

It was expected that during the SPS process the GO is thermally reduced and be 

transformed into rGo which is an electrically conductive material. The electrical 

resistivity was measured (to determine the conductivity) following the method 

described in Chapter 2 (Section 2.3.6) with the aim of providing evidence if the 

alumina-based composites: i) become conductive after the addition of highly-oriented 

rGO at the defined mass fraction (0.8 wt.%), and ii) possess an interconnecting 

network of rGO throughout the whole specimen that is above the percolation 

threshold. Two regions of the disc-shaped specimens obtained from SPS were probed: 

namely, the core and perimeter of composite materials. Fig. 5.10 displays the 

orientation that bar-shaped specimens were cut from to measure the in-plane 

electrical resistivity along the FD axis of material.   
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Figure 5.10 – Illustration of the orientation that 2-probe resistivity measurements 

were conducted along. The dashed lines represent the electric field lines that would 

be generated due to electrical transport. 

 

Table 5.3 displays the electrical resistivities (and conductivities) from two sections of 

the disc-shaped composite. As an electrically insulating material, alumina exhibits a 

very high resistance and therefore possesses significantly limited conductivity. 

However, after the addition of a small fraction of rGO, there was a stark difference 

which has increased the electrical conductivity by at least six orders of magnitude 

when compared to the monolithic material. Although, the conductivity of the core and 

perimeter were considerably different: the specimen cut from the perimeter 

demonstrated a conductivity that was two orders of magnitude higher than the core, 

rising from 1.3 x 10-4 (0.00013) to 6.9 x 10-2 (0.069) Scm-1. This difference can be 

related to the SEM images shown in the discussion of the previous Chapter (Section 

4.5.2) which illustrated sections of the core that did not possess any filler material. 
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Table 5.3 – Table of in-plane electrical resistivities and conductivities at ambient 

conditions for alumina-based materials sintered at 1300 °C, 50 MPa, 50 °Cmin-1, 5 min 

dwell. Literature data for monolithic alumina from Centeno et al. is included for 

comparison. 

 

  

Specimen Electrical resistivity 

(Ωcm) 

Electrical conductivity 

(Scm-1) 

Alumina241 1 x 109 1 x 10-9 

Alumina-0.8rGO (core) 7.7 x 103 1.3 x 10-4 

Alumina-0.8rGO (perimeter) 15 6.9 x 10-2 
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5.3 Discussion 

 

5.3.1 Mechanical behaviour 

 

The microhardness measurements for monolithic alumina agree with other dense, 

fine-grained alumina (<0.6 μm) which have been sintered using field-assisted 

techniques.266,267 However, the mentioned literature does apply much higher pressures 

beyond 70 MPa,267 or slightly higher temperatures of 1350 °C.266 The decrease of 9 

% microhardness (at 1 kg loading) in alumina-0.8rGO suggests a lesser ability to resist 

plastic deformation compared to its monolithic analogue. This small reduction is 

indicative of adding a low amount of reinforcement that is more compliant than the 

ceramic grains that surrounds it.143,266 Regardless of the refinement in the grain size 

from 1 to 0.7 μm (demonstrated in Chapter 4, Section 4.4.2) in monolithic and rGO-

reinforced alumina respectively, the results suggest that the addition of the soft 

graphene-like material is the dominant factor in the drop of the hardness values. The 

similar values obtained from testing the microhardness of alumina-0.8rGO in two 

different planes is most likely attributed to well distributed layers of rGO throughout 

the host alumina along both the FD and CS axes.  

 

The value obtained for the flexural strength of monolithic alumina (262 MPa) appears 

to be quite low considering that one author state values as high 490 MPa,268 but it is 

generally observed to be between 280 - 400 MPa depending on the processing 

conditions that are utilised.143,241,269 This is a broad range of values, however flexural 

strength results can drastically differ depending on the type of test fixture utilised. It 

was briefly mentioned in Chapter 1 (Section 1.1.3.1) that the four-point flexure 

method may be preferred as it provides a more uniform stress concentration across 

the volume of test specimens, which typically results in lower reported values than 

those calculated from three-point flexure. For example, Centeno et al. sintered at 

higher temperatures of 1500 °C, 80 MPa pressure, and a shorter holding time of 1 



160 
 

minute and they report that the flexural strength (through three-point flexure) of 

dense monolithic alumina with a grain size of up to 4 μm reached 350 MPa.241 Liu and 

Wang et al. sintered alumina platelets through hot-pressing to a density of 96 % T.D 

at 1300 °C, 30 MPa, and a two hour dwell and determined its strength (through three-

point flexure) to be 326 MPa.268 Unfortunately, they did not provide a grain size for 

their fabricated microstructure. Boniecki et al. fabricated dense (99 % T.D) alumina 

with a grain size of 0.8 μm through cold pressing and conventional sintering using 

1350 °C and a one hour dwell.269 Testing (through four-point flexure) on thirty samples 

produced an average flexure strength of 277 MPa which is a close match to the value 

determined from this study. It has been proposed that large differences in flexural 

strength may arise from the porosity fraction,270 although the alumina-based materials 

that have been fabricated herein are fully dense (<99 % T.D). Work by Rowthu et al. 

produced alumina with remaining porosity (of 7 %) and a grain size of approximately 

0.3 μm after cold pressing and sintering at 1300 °C inside a conventional furnace with 

one hour dwell.270 Their flexure strength values (through four-point flexure) ranged 

between 260 – 490 MPa from at least ten samples, with most of the samples sintered 

at the stated conditions lying closer to the middle of the specified range. The grain 

size is far lower than what was shown in this work which could correlate with their far 

higher flexure strength values although the porosity fraction is far higher. However, 

this is contradictory to what the authors suggest which is that the total porosity is a 

key microstructural property that will affect flexural strength (as opposed to the grain 

size).270 

 

Nevertheless, the trend of increasing flexure strength is consistent with previous 

studies that produced alumina-based materials with small amounts of 

GRM.93,137,143,241,271 Centeno et al. demonstrated that incorporating 0.22 wt.% of rGO 

within alumina can lead to a flexure strength of approximately 610 MPa – this is an 

increase of roughly 74 % over monolithic alumina.241 The alumina-FLG composite 

containing 5 vol.% reinforcement that was fabricated by Sun et al. demonstrates a 32 

% increase in its flexural strength when compared to its monolithic counterpart (424 

to 560 MPa).137 They state that the SPS conditions were a temperature of 1400 °C 
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and 40 MPa but they did not provide a dwell time. Unexpectedly, the addition of 0.5 

vol.% rGO in the study by Lee et al. demonstrated no major change to the flexural 

strength, but integration of expanded graphite raised the flexural strength from 330 

to 424 MPa, i.e., an improvement of 28 % over alumina.272 The materials were cold 

pressed then consolidated with conventional sintering using 1700 °C and three hours 

of dwell. The enhancements in these studies are thought to be related to the interfaces 

between ceramic and reinforcing components which can impede the motion of 

fracture.272 Some agglomerates of multiple layers of rGO appear to be visible within 

the microstructure of alumina-0.8rGO shown in Fig. 5.6b which may contribute 

towards the small increase (20 %) in strength from 262 to 314 MPa.93,143,241 Limitations 

in the improvement of flexural strength can be caused by agglomerates of GRMs 

forming defects within the composite microstructure which may serve as origin points 

for crack initiation.93,144 This suggests that the incorporation of highly-oriented, multi-

layer agglomerates of rGO may only improve the flexure strength by a small 

proportion. Otherwise, the findings conform with the results obtained by other groups 

that show an improvement after the integration of GRMs into alumina.143,241 

 

The results obtained for the fracture toughness varied when applying the Palmqvist 

and Anstis formulae, which is the same result demonstrated by Fabijanić et al. who 

studied several formulae that showed varying results for the fracture toughness of 

cemented carbides.189 Their study also illustrates that identification of the type of crack 

can provide evidence towards an appropriate selection of formula in relation to the 

variation of fracture toughness values. Radial-median cracks (shown in Chapter 2, 

Section 2.3.4) can be characterised by cracks that connect to the deformation pattern 

after polishing the surface. This type of cracking pattern formed in the Vickers 

indentations that are shown in the optical micrographs of Fig 5.11 for both alumina-

based materials in patterns made at 30 kg; deformation patterns created at the lower 

loads were also checked and found to display the same cracking pattern. These radial-

median cracks provide evidence to promote the use of the Anstis equation as opposed 

to the Palmqvist equation for both alumina-based materials based on the referenced 

literature.189 Some groups that have worked with ceramic-based materials propose 



162 
 

that results at loads <10 kg are more valid in hard materials.189,190,260,273–275 Thus, this 

suggests that the values of fracture toughness are more likely to be those calculated 

from loading at 30 kg so it can be thought that the values of 3.52 MPam1/2 for 

monolithic alumina and 6.43 MPam1/2 for alumina-0.8rGO are the most representative. 

 

 

Figure 5.11 – Optical micrographs of material surfaces before and after polishing 

which illustrate the radial-median cracks produced from Vickers indentations (made at 

30 kg). a) monolithic alumina before polishing, b) alumina-0.8rGO before polishing. 

c) monolithic alumina after polishing. d) alumina-0.8rGO after polishing. Scale bars = 

200 μm. 

 

With these values in mind, an increase of approximately 80 % is seen after the addition 

of highly-oriented rGO at both 10 and 30 kg loadings. Some previous authors suggest 

an increase after the addition of similar proportions of GRMs into ceramic-based 

composites.266,274 Several studies also suggest a dependence on the fraction of 

d) c) 

a) b) 
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graphene-like materials that are incorporated within ceramic matrices,143,241 which can 

sometimes lead to a diminished toughness.93,276 Although, it is difficult to compare the 

absolute values as many studies utilise notched beam methods which are considered 

more appropriate (over indentation techniques). Otherwise, percentage increases 

close to those reported herein are seen in studies by Ahmad et al. (73 %, with 50 nm 

graphene sheets) and Kim et al. (75 % with 150 μm, electrochemically-expanded 

graphene flakes).272,277  

 

The improvement in fracture toughness and flexural strength for the composite can 

be attributed to extrinsic toughening mechanisms (exhibited in Fig. 5.12) that have 

been introduced due to the addition of rGO within the alumina matrix. Many of these 

mechanisms are reported in prior research on ceramic-GRM composites and have been 

referenced where necessary. It was previously illustrated that the deformation 

patterns from Vickers indentations displayed deflected cracks predominantly along the 

FD-axis. This deflection can be related to the layer-by-layer fashion in which rGO is 

distributed through the alumina matrix, promoting propagation along the interfaces 

between the host and filler materials (as shown in Fig 5.12a).137,241,266,278 

Subsequently, this generated a more torturous cracking pathway throughout the 

microstructure compared to the monolithic material and increases the work of fracture. 

In addition, debonding between the two components can be observed (in Fig. 5.12b 

and 5.12c) along cracks in several regions that the rGO inclusions are located, which 

would require further energy to disrupt the frictional force that would be generated.279 

This also leads to the crack bridging of the flexible rGO inclusions and improves the 

material’s toughness by plastically deforming.93,137,241,266,278 Furthermore, crack 

branching is also evident (in Fig. 5.12c), raising the work of fracture because 

propagating cracks are redirected.93,266 
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Figure 5.12 – High magnification SEM images of alumina-0.8rGO after Vickers 

indentation and flexure strength testing. a) crack deflection, b) crack bridging and 

rGO debonding, c) crack branching and intergranular fracture, d) pull-out of matrix 

and reinforcement. Scale bars = 5 μm. Higher contrast thresholds were set in c) and 

d) so that exposed ceramic grains were in view. 

 

The pull-out of both ceramic and highly-oriented rGO components was visible in 

fracture surfaces after 4-point flexure tests (in Fig. 5.12d) which contributes as a 

toughening mechanism towards the improvement in mechanical behaviour.93,243,266,278 

This mechanism plays a role in the step-like fracture appearance which was previously 

exhibited in this Chapter. Friction between the crack faces absorbs some energy and 

hence increases the toughness; higher contact area between the two would promote 

a higher degree of toughening.137,243,266,278,280 The wavy appearance of many of the 

rGO inclusions would also increase the frictional forces required to initiate the pull out 

of materials.137 The presence of both intergranular fracture and intragranular modes 

a) a) 

d) c) 

b) 
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are present in the fracture surfaces of the composite material similar to that of 

monolithic alumina shown in Chapter 3, Section 3.2.1.2. Cracks in Fig. 5.12c can be 

seen predominantly propagating along the boundaries of neighbouring grains rather 

than propagating through the grains themselves. This would also increase the work 

of fracture and contribute to the improvement in toughness.266 

 

5.3.2 Electrical and thermal transport 

 

The reduction in the out-of-plane thermal conductivity is unexpected given that the 

thermal properties of single-layer graphene is extremely high. Although, the 

proportion of rGO that has been introduced into the ceramic matrix is quite low (0.8 

wt.%), leading to suggest that another factor may be in effect. Evidence in the 

literature work by Tuan et al. suggests that the grain size of the host matrix plays an 

important role in thermal conductivity.249 This grain size dependence is due to thermal 

boundary resistance (often referred to as Kapitza resistance) of neighbouring grains; 

as the number of grain boundaries increases within a given material, the number of 

interfaces that must be overcome increases.276,281–283 This leads to greater carrier 

scattering of phonons within the crystal structure lattice which disrupts the transport 

capabilities and decreases its thermal conductivity. In the previous Chapter (Section 

4.4.2), the grain size of monolithic and rGO-reinforced alumina was found to be 1.0 

to 0.7 μm respectively. Also, the composite material sintered at 1500 °C possessed a 

grain size of 0.9 μm. As the grain size of monolithic alumina is higher than those of 

the composite materials this would correlate with less interfacial resistance, and 

therefore a higher thermal conductivity value. One may presume that the in-plane 

conductivity of alumina would increase after the addition of rGO, however literature 

work by Çelik et al. demonstrates that this behaviour is only seen at temperatures 

above 600 °C for graphene-like additions between 5 – 15 vol.%.284  

 

Comparing the obtained values to work that has been previously performed, a similar 

decrease in alumina-GRM materials is noted when measuring the out-of-plane thermal 
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conductivity.276,284 Rutkowski et al. fabricated dense, alumina-based composites that 

were reinforced with multilayer graphene platelets and consolidated through SPS at 

1550 °C. They demonstrate that conductivity decreases from 31.6 to 27.1 W(mK)-1 

(measured at 25 °C) when increasing the wt.% of 4 nm thickness graphene from 0 to 

1.284 It is true that the composite with 0.8 wt.% rGO that was fabricated from this 

study does exhibit agglomeration of rGO in regions of its microstructure. 

Unfortunately, the Rutkowski and co. do not provide SEM images of their material that 

contains 1 wt.% reinforcement so it cannot be clarified whether agglomerates exist. 

The value of 31.6 W(mK)-1 decreased as the mass fraction increased (to 19.7 W(mK)-

1 with 10 wt.% addition) which they suggest is based on the poorer orientation of 

graphene material when compared SEM images of a composite that possess 2 wt.% 

reinforcement. Altering the thickness of graphene did not produce a significant change 

to the out-of-plane measurement.  

 

Their conductivity value is akin to obtained by Tuan et al. (27 W(mK)-1 at 25 °C).249 

Çelik et al. also demonstrated that an addition of 3 vol.% graphene nanoplatelets (with 

an average diameter of 400 nm) decreased the thermal conductivity from 

approximately 34 to 28 W(mK)-1.276 This a similar result to the study by Rutkowski and 

co., but this group incorporated a marginally higher proportion of graphene. Although, 

the authors changed the sintering temperature based on the vol.% of reinforcement 

that has been included within the alumina matrix, stating this is to exhibit the highest 

densification possible. It remains unclear why result for the composite material 

obtained at 25 °C (9.5 W(mK)-1) is very low. It may be difficult to compare absolute 

out-of-plane values against the mentioned literature because they utilise various 

sintering conditions that produce different grain sizes (in the host material) starting 

from their respective raw materials. Nevertheless, the evidence shows that the 

incorporation of GRMs into an alumina matrix will influence the out-of-plane thermal 

conductivity because of a grain size refinement. Furthermore, this suggest that the 

extent of thermal reduction on rGO (by raising the sintering temperature) does not 

appear to be a dominant factor in altering the conductivity value. 
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It was also determined that alumina-0.8rGO was electrically active: although, the 

value obtained of the core and perimeter of disc-shaped specimens was different. It 

was also mentioned that the measurements of the perimeter section were found to 

be in the range of 10-2 Scm-1. The value obtained for the perimeter section is of notable 

importance as the material possesses eligibility for preparation through EDM; this 

method of machining requires an electrical conductivity value in the stated order of 

magnitude.285 This provides an alternative method to machining the ceramic-based 

composites which would not be possible without the inclusion of rGO. However, this 

higher conductivity was only found in the perimeter specimens. This provides evidence 

that the percolation network throughout the perimeter section is more connected, 

suggesting that the deposition of GO (during infiltration) has not fully permeated the 

core of freeze-cast specimens. 

 

The resistivity for the perimeter section of alumina-0.8rGO (15 Ωcm) is eight orders 

of magnitude lower than monolithic alumina and is the same result as the in-plane 

resistivity calculated by Centeno et al.241 They sintered ball-milled, alumina-GO 

powders through SPS. However, their alumina-rGO specimens contained smaller mass 

fractions of graphene (0.22 wt.%) that was mentioned in the discussion of flexural 

strength. This does suggest that their lower amount of reinforcement was better 

dispersed throughout the alumina matrix. Regarding other studies on alumina-rGO 

materials, conductivity values differ significantly. For example, nacre-like composites 

investigated by Li et al. demonstrated an electrical conductivity two order of 

magnitude higher (6.3 Scm-1) than the perimeter section of our specimens.286 The 

microstructure of their nacre-like material is comparable to the one produced herein, 

containing layer upon layer of alternating alumina and graphene-like components: 

however, they state the utilisation a chemical reduction step (with hydrazine hydrate) 

to partially deoxygenate GO. Moreover, they do not provide any details on the fraction 

of reinforcement that was incorporated within the host matrix. This makes it tough to 

relate the reported high conductivity to any microstructural component except for the 

highly-oriented stacking of rGO.286 Work by Hong et al. on alumina-rGO shows a lower 

value of conductivity whilst introducing a similar amount of filler material (1 wt.%, 
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compared to 0.8 wt.%).274 The conductivity was determined to be 7 x 10-3 Scm-1 which 

is one order of magnitude lower than the perimeter section of alumina-0.8rGO. Their 

processing steps also incorporate chemical reduction to transform GO (like the 

previously mentioned study), but they utilise molecular-level mixing by sonication as 

opposed to more intricate processing.274 This avenue did create well-distributed GRM, 

but a highly-oriented microstructure was not characterised. The plot in Fig. 5.13 

displays more in-plane conductivity values for alumina-graphene materials compared 

to the mass fraction of reinforcement, illustrating that the composite fabricated in this 

work generated an appreciable result. 

 

 

Figure 5.13 – Plot of electrical conductivities compared to the mass fraction found in 

the literature for alumina-GRM materials.241,274,276,287–292 Note that this has not 

considered sintering temperature for rGO-reinforced materials. 

 

  

1E-3

1E-2

1E-1

1E+0

1E+1

0 1 2 3 4 5 6

El
e

ct
ri

ca
l c

o
n

d
u

ct
iv

it
y 

(S
cm

-1
)

Graphene content (wt.%)

rGO FLG MLG

This work 



169 
 

5.4 Concluding remarks 

 

In conclusion, the results show that the addition of small amounts of highly-oriented 

rGO into the microstructure of alumina will alter the mechanical capabilities, and the 

electrical and thermal transport behaviour in specific directions. In comparison to 

monolithic alumina, the microhardness of alumina-0.8rGO decreased slightly by 9 % 

(at 1 kg loading), whilst the bulk hardness was reduced by 18 % (at 10 kg loading). 

The flexural strength measured through 4-point bending increased by 20 %. Most 

notably, the fracture toughness increases by 80 % (at 10 and 30 kg loadings) which 

was determined using the VIF method and applying the Anstis formula. The 

enhancements were attributed to extrinsic toughening mechanisms (crack deflection, 

bridging and branching, and pull-out) that were generated because of rGO addition. 

 

With regards to functional behaviour, composite materials possess a lower out-of-

plane thermal conductivity between a temperature range of 25 – 750 °C, attributed 

to a refinement in the grain size. This is not regarded as a negative influence in this 

instance as this may prove useful in thermal shielding applications. Also, the electrical 

behaviour was altered from insulating (in alumina), to conducting in varying degrees 

(in alumina-0.8rGO). In the core sections of disc-shaped composites, conductivity 

increases by six orders of magnitude (from 1 x 10-9 Scm-1), whereas this increases 

further by eight orders of magnitude (to 6.9 x 10-2 Scm-1) in perimeter sections. This 

does demonstrate a difference in the homogeneity (and connectivity) of the graphene-

like reinforcement in specimens of alumina-0.8rGO. Nevertheless, this may prove 

beneficial towards smart, low-voltage applications such as structural health monitoring 

in multi-material devices, or electrical signalling components. 
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Chapter 6 Potential applications of 

alumina-rGO composites 

 

This Chapter identifies possible applications of the composite material created during 

this investigation. The ideas are based on the mechanical and functional properties 

illustrated previously with the material in question (alumina-0.8rGO) that is stronger, 

tougher, and electrically active in comparison to a monolithic counterpart. Small 

reductions in the hardness and thermal conductivity were also measured. Although, 

the geometry of the ceramic-based composites made from the processing route and 

the timescale in which they are produced are both large factors that affects their 

potential applicability when compared to well-established industrial practices. With 

regards to the simple geometry fabricated through SPS, more complex components 

such as gears and turbine blades have been consolidated over recent years with 

different materials (from powder).293,294 However, the fabrication route towards the 

composites described herein is restricted based on the freeze-casting process: 

fabricating large and complex geometries that contains homogeneous pore sizes (and 

wall thicknesses) requires significant understanding and development of the casting 

method.158 Machining ceramics into small, complex shapes can be challenging due to 

their brittleness.295 Therefore, the listed applications are predominantly based on the 

disc-shaped geometry that was produced. 

 

6.1 Ring-shaped components 

 

One application is the production of ceramic-based bearings and seal rings.296–299 The 

former supports a moving part whilst carrying a load, and the latter is used in 

fastenings to block the leakage of gases or liquids. Predominantly, they see usage in 

high-temperature scenarios such as during the operation of furnaces and refineries in 

which commonly used steel materials may fail. This is due to their lower resistance to 
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physical and chemical attack.298 Further high-performance applications may include 

their usage in helicopter rotors and X-ray tubes which are prone to sustaining 

substantial physical and chemical attack, respectively. A simple, flat seal ring (of 30 

mm diameter) could be fashioned from the disc-shaped composite by creating an inner 

bore with a diamond-based drill tip that must be of similar diameter to that of the 

screw. The hole can then be ground to the desired finish using appropriate diamond-

based tools. The production of bearings possessing inner or outer teeth, i.e., gear-

shaped components, might be more challenging from our composite material because 

of the simple geometry created during freeze-casting. 

 

These ceramic-based components are typically comprised of silicon carbide (SiC), Si3N4 

or ZrO2; however, all three are more expensive raw materials than alumina. Alumina-

rGO components could be effective as an alternative because the measured fracture 

toughness rivals that of monolithic ZrO2 (4 – 8 MPam1/2),300 and it also possess a 

hardness close to that of Si3N4, which can be between 16 – 20 GPa depending on its 

sintering conditions and particle size.263,301,302 Although, the thermal conductivity of 

SiC (with sintering aids) is higher than our composite which may prove significant in 

the resistance to thermal shock and failure at high temperature.303,304 Additionally, the 

low density of the composite material (3.95 gcm-3) would make it a lightweight 

alternative to common steels which are typically twice as dense.305 However, the 

tribological properties such as the rate of wear and coefficient of friction have not 

been investigated which would be appropriate to understand in these scenarios. It has 

been proposed by Sun et al. that alumina-graphene materials can display extremely 

low coefficients of friction due to the presence of lubricating tribofilms generated by 

GRMs.137 For utilisation in X-ray tubes, further testing on their irradiation by electrons 

and X-rays would also be needed.  



172 
 

6.2 Blade-like tools 

 

Disc-shaped specimens of the composite could be also fashioned into the tips of blade-

like implements such as small culinary knives or straight cut-off knives. They would 

primarily serve as a cheaper alternative to expensive, ZrO2-based analogues which 

outperform stainless steel components based on their far greater hardness and 

resistance to corrosion. The combination of these two properties give rise to longer-

lasting blades that would require less frequent sharpening, but the sharpening process 

would require specialised equipment for ceramic-based materials. The composite 

material exhibits a higher hardness (~17 GPa at 30 kg loading), although the 

moderately low flexural strength (of 314 MPa) may limit its applicability to softer 

materials to prevent chipping of the cutting edge. 

 

The production of turbine blade geometries with ceramic-based components when 

compared to metals can provide benefits that include weight reduction and operating 

temperature capabilities.306 However, the proposed casting technique would require 

significant evaluation. Work by NASA illustrated the potential to develop turbine blades 

from raw powders by freeze-casting (including alumina), although the underlying 

principles of the casting technique was not well established at the time of this study.307 

Little characterisation was performed in their investigation, so the extent of material 

(and pore) homogeneity of these blade-like components is unclear within this report. 

The casting of complex geometries would require analysis on the thermal gradients at 

different sections of the mould and the mould composition akin to the studies shown 

in Gil-Duran et al.106 Engagement in freeze-casting these geometries would be 

valuable towards the progression of fabricating ceramic-based turbine blades (and 

other complex shapes) using alternative processing routes. 
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6.3 Heat-shielding 

 

Considering the composite material possesses a lower thermal conductivity, it could 

be possible to utilise them in thermal protection systems to resist heat absorption. 

This may be to insulate thermally-sensitive structures, or to protect an operator from 

being burnt. However, it must be stated that oxide-based ceramics (except thoria, 

ThO2) are not suitable for usage in ultra-high temperature applications (<2000 °C) 

such as rocket nozzles for the re-entry spacecraft because of their respectively low 

melting points compared to carbides, borides, and nitrides.308,309 Suitable high 

temperature applications may include protection for small electronics and motors, 

components in fuel injectors and exhaust nozzles, and barrel shrouds on firearms. The 

lightweight nature of the composite material would also be beneficial in these 

scenarios as many of these objects are manufactured from steels that possess a much 

greater density. 

 

6.4 Electrical signalling 

 

One application that could take advantage of the composite material’s electrical 

conductivity is the fabrication of signalling components in electrical circuits. Ideally, 

they would be integrated into low current scenarios as the resistivity of the composite 

is relatively high, i.e., 15 Ωm within the perimeter section, which is comparable to sea 

water.310 Potential components may include power resistors (to convert large electrical 

signals to thermal energy) or fixed capacitors. Using alumina-0.8rGO within the listed 

components would be advantageous over metallic-based conductors due to greater 

stability in high temperatures. It may be suggested that brushes found in electrical 

motors would be a suitable application. These components transfer electricity between 

the stator and rotating shaft (commutator) within motors experience frictional forces 

during their service.311,312 They are commonly comprised of graphitic material but may 

include additions of materials such as copper or molybdenum disulfide to improve the 
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tribological properties by the generation of thin, solid lubricants called tribofilms.312,313 

However, they do require a low resistance to operate effectively, e.g., within a range 

>1 Ω for a copper-graphite brush,314 therefore utilising alumina-0.8rGO may not be 

practical. 

 

6.5 Structural health monitoring in layered components 

 

Based on its electrically active nature, it may be possible to utilise alumina-0.8rGO to 

sense damage through ET. This concept is classed as NDE which has received little 

attention in the field of ceramic materials but is an active area of interest in polymer-

graphene materials.315 NDE is critical to monitor the structural integrity of objects 

during their lifecycle without causing further damage to an object.316,317 If conducted 

correctly, defective regions of objects will produce a measurable change in the 

electrical resistance after the application of voltage.315 The conductive, ceramic-based 

layer that is bonded within a component that may experience cracking or wear can 

monitor its structural integrity and aid in deciding when maintenance is necessary. 

During the former, an increase in the measured electrical resistance would suggest 

that the continuous electrical network has been disrupted by failure within the 

composite’s structure, i.e., crack propagation, material pull-out. In the latter, if wear 

progresses through a component, this may be monitored by evaluating its electrical 

resistivity along the length in which the composite is present.  

 

Limitations may arise based on the bonding of alumina-0.8rGO to other materials. 

Ideally, this would be compatible with materials that undergo a lower sintering 

temperature than alumina to not compromise the microstructure of the composite. 

One example using solely alumina-based materials could be to include the composite 

layer that has been sandwiched between two monolithic regions of alumina – this 

layered material could be fabricated by adding alumina powder above and below an 

alumina-GO scaffold prior to sintering through SPS. However, improvement of the 

dispersion within the core of the composite would be necessary as the in-plane 
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electrical conductivity of core and perimeter sections of the disc-shaped specimens did 

show a difference in the order of two magnitudes. 
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Conclusions 

 

This thesis described an investigation into the fabrication of alumina-rGO materials 

using advanced processing techniques to generate an ordered microstructure, with 

the goal of obtaining superior mechanical performance. The included studies provide 

insight into freeze-casting large, cylindrical entities to generate a highly oriented 

porous architecture which is aligned with the faces of the cylinder. This was beneficial 

in generating a layered composite microstructure (after Spark Plasma Sintering) and 

extends the knowledge base in upscaling this casting approach towards the creation 

of bigger prototype materials. The developed processing strategy also offers another 

route for creating dense, rGO-reinforced ceramics in an environmentally friendly 

manner when compared to those that utilise toxic solvents. The main conclusions from 

processing and testing the composite materials are listed below. 

 

• Highly porous, cylindrical alumina scaffolds were produced through freeze-casting 

suspensions of sub-micrometric ceramic particles. These were cast between low-

to-moderate ceramic loadings of 20 – 40 wt.%.  25 wt.% scaffolds was identified 

as the optimum based on the homogeneous size of the alumina channels, plus the 

target weight of sintered materials (6.5 g). Scaffolds made from higher solid 

loadings also exhibited more inconsistent casting. 

 

• The water-based infiltration of porous alumina scaffolds was found to be a size-

selective approach to integrate graphene-like materials. Both drop casting and 

vacuum-assisted infiltration may be utilised to infiltrate scaffolds cast from low or 

moderate solid loadings. After preliminary infiltration (and sintering), the utilisation 

of 0.25 wt.% GO suspensions was deemed suitable in creating continuous layering 

of the reinforcing material.  

 



177 
 

• Once sintered through SPS, specimens of composite material (made from 25 wt.% 

alumina scaffolds) possess ceramic layers between a thickness of 0.5 - 7 μm 

separated by well-dispersed rGO reinforcement material along the material’s cross-

section. After infiltration with a 0.25 wt.% GO suspension, the proportion of rGO 

within the alumina matrix was determined by TGA to be roughly 0.8 wt.%. The 

incorporation of rGO layers also invoked a refinement in the grain size of alumina 

(from 1 to 0.7 μm). 

 

• When compared to monolithic alumina, the hardness of alumina-0.8rGO (at 1 kg 

loading) decreased slightly by 9 %, whilst the flexural strength and fracture 

toughness increased by 20 and 80 % respectively. The thermal conductivity 

decreased between 25 – 750 °C, whilst the electrical conductivity increased by at 

least six orders of magnitude, and up to eight orders of magnitude in perimeter 

sections of disc-shaped specimens. 

 

• Potential applications from the disc-shaped specimens may include sealing rings 

and washers, blade tips for small cutting tools, and electrical signalling components 

such as power resistors or fixed capacitors. However, further applicability is 

hindered by the inability to fabricate complex geometries through freeze-casting, 

and processing time considerations which are both major factors in cost-effective 

industrial fabrication. 
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Future work 

 

There are several, further experimental studies that can be carried out with regards 

to the alumina-rGO materials that were explored. Some inhomogeneity in the porous 

architecture was observed in the cylindrical scaffolds that were freeze-cast using the 

prototype mould. Whilst this demonstrated the potential of casting cylindrical bodies 

with microstructure aligned with the faces of cylinder, it may be preferable to fabricate 

square-based geometries. This would overcome the observed problem of aligning 

outer pores with the freezing direction because the thermal gradient would be more 

homogeneous along the PD-CS plane. Of course, this would also require square-

shaped, graphite die sets during the sintering procedure. The investigation into freeze-

casting complex geometries, which was briefly discussed in Chapter 6 (Section 6.2), 

could also be studied. This would further progress the knowledge in this field, 

however, this would require thorough understanding of the different thermal gradients 

that would likely arise due to differences in a mould’s dimensions and the freezing rate 

that is applied. 

 

Additionally, it may be thought that increasing the amount of graphene would give 

rise to materials with enhanced mechanical and functional performance, yet, on the 

contrary the reverse is true because GRMs exhibit extreme properties in single layers. 

A more in-depth study on the concentration of GO suspensions to incorporate well-

dispersed reinforcement during the infiltration process could identify a lower 

concentration that still retains the continuity found when using 0.25 wt.% GO. More 

sintering parameters could also be investigated – for example, reducing the holding 

time for unbroken specimens could further inhibit ceramic grain growth whilst 

maintaining near theoretical density. The same is true for altering the heating and 

cooling rates, which was not investigated with a continuous pulse sequence. The effect 

of sintering temperature on the composite materials was only utilised to provide insight 

on the extent of rGO reduction through thermal conductivity measurements. 
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Also, only a small batch of alumina-rGO materials was fabricated, with a limited 

number of specimens being available for testing, e.g., in 4-point flexure tests. It is 

true that this is not a large enough sample size to provide a reliable result on the 

flexural strength, but the provided data still suggests an improvement. An increase in 

the number of fabricated specimens would also allow for fracture toughness testing 

through more reliable methods to be performed, i.e., notched beam techniques. R-

curve testing would also be beneficial to perform to provide further insight into the 

extrinsic toughening. Further testing of functional behaviour including wear properties 

including the rate of wear and coefficient of friction, and the electromagnetic shielding 

capabilities would be extremely useful to study. The latter has been recognised as a 

very promising application for use in various sectors to mitigate the interference that 

electronics experience from unwanted electromagnetic fields such as radio- and 

microwaves.139 This additional testing may have been accomplished if it were not for 

time constraints imposed by the COVID-19 pandemic. 

 

It was mentioned in Chapter 4 (Section 4.5.2) that this processing route can offer the 

possibility to fabricate alternative composite materials, provided that the filler material 

is hydrophilic like GO. If not, alternative infiltration solvents such as alcohols could be 

utilised, but this would compromise the solely water-based strategy. It is thought that 

the generation of an ordered microstructure with multiple interfaces can have 

profound effects on the behaviour of materials with secondary components.318 This 

may primarily involve the use of other ceramics or metal components: specific 

examples for infiltrating alumina could involve a suspension of metal particles such as 

iron or nickel, or ceramics including iron oxide or magnesia. The incorporation of 

metals would be useful to create composites with improved ductility and generate 

magnetic capabilities that would only further their applicability.319 On the one hand, 

an advantage is that they may be more facile to process in comparison to GRMs. On 

the other hand, it is easy to suggest numerous different reinforcements, however their 

integration must consider factors like: i) the sintering temperature of both 

components, which for the mentioned metals through SPS, are slightly lower than 

alumina,320,321 and ii) potential mismatches in thermal expansion or shrinking.318 Many 
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of the emerging possibilities towards creating new composite materials that exhibit 

multifunctional behaviour are still in their early stages of development but show 

considerable potential. 
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